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Physics. - ,. Tlze specific heat at low tempe1'atzwes. Il. Meastt1'ements 
on the specific !zeat of copper between 14 anc! 9n° K." By 
W. H. KEESOM and H. KAM1WLINC+fJ ONNES. Oommunication 

N°. 147a from the PhJsicctl Laboratory at Lelden. (Commu

nicated by Prof. H. IÜl\fERUNGH ONNES). 

lCommunicated in tbe meeting of June 26, Hl15). 

§ 1. In Oomm. N°. 143 (Oct. 1914, These Proceedings Dec. 1914) 
§ 6 we published a series of mljasnrements 011 the specific heat of 
roppel' between 15 and 22° K. We have since made so~e improve
ments iJl the experimental arrangement, pal,ticularly as regards the 
resistance meaSUl'ement fol' the purpose of the determination of the 
temperature incl'ease in the calorimetric experiment. The determination 
of the "sensitivHy" of tbe TaOl\f&ON-bridge al'l:angement (cf. Oomm. 
N°. 143 § 2) was made this time by shunting the standard resistance 
of 1 .Q (cf. OOlllm. N°. 143 Fig. 5) by a known l'esistance and 
reading the resulting galvanometer deflectioll. Il'l'egulal'ities as meu
tioned in Oomm. N°. 143 § 4 110te 1 did' not occur now. 

At a new calibration of the thermometer wire AU~3 it appeared 
not to bave l'emained so constant, especially at Jiquid bydrogen 
temperatures, as at the time of the measnrements of Oomm. N°. 143 
we concluded from detel'minations in liquid hydrogen on two different 
days (tabIe I Oomm. N°. 143), and also from the comparison of the 
result of acontrol measnrement 1) at the boiling point of oxygen on 
May 25 with the l'eslllts of the measurements of May 18 1914. See 
tabla 1. 

Hence the l'esibtance of the gold wire AUe3 2), whieh is enclosed 
in enamel between metal, appears to show smal1 differences when 
bl'ought to the same tempel'atul'e at different times. This behadour 
agl'ees with w hat has been expel'ienced with wires sealed in glass: 
cf. KA"MERUNGH ONNES and HOLS'!', Comm. N°. 141a § 4. 

At liqtl1d oxygen temperatures the differenC'es are, llOwever, 60 

srnall, that fol' the calorimetrie detel'Cnmation at these temperattU'es 
they are unimpol'tant. At liquid hydl'ogen temperatul'es acrount has 
to be taken of these changes. 

1) This control measurement, which was not mentioned in Comm. N°. 143, gave: 

T }]i~AuC3 
May 25 '14 90.45 3.6616 

2) The preliminary treatment consisted in (cf. Comm. NO. 143 § 3 -: glowing 
before the wmding, tben 6 tunes cooling in llquid air and allowing it to return 
to room lemperatul'c, likewise 2 times in liquid bydrogen. 
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TABLE I. Resistance of Auc3. 

NO. T W I 
Standard- W 

thermometer WMay'14 
1 

27 Febr. '15 II 14.10 0.6164 1.0034 

III 16.91 o 6431 H2 vapour pressure 34 apparatus 
I 20.41 0.6952 33 

25 Febr. '15 11 56.94 2.0822 

I III 60.65 2.2582 
I 

IV 68.65 2.6385 [1.0033] 2) 
PtI' 

V 11.93 3.0119 

\ 

1.0010 

I VI 86.41 3.4759 

I 90.28 3.6550 0.9999 

30 April '15 II 14.49 0.6188 

I 
1.0023 

IV 16.97 0.6432 25 
Ptp 1) 

III 18.49 0.6633 

\ 
24 

I 20.49 0.69545 15 

12 May '15 II 60.69 2.2580 

1II 68.77 2.6429 Ptl' with changed [1.0027] 2) 

IV 77.84 3.0718 
zero resistance, cal-

1.0004 culated from the 

I 89.89 ' 3.6360 
resistance of Ptl2 at 
points III and IV. 0.9997 

V 89.89 3.6368 I 0.9999 

This was done fOl' the measurements treated in this paper by 
determining for each sedes of rneaSl1rements in liquid hydrogen 3, 

point of the scale of AUc3 with tbe aid of tbe tem perature d81'ived 
from the pressure of the liquid hydl'ogen bath ~). 

1) Checked by comparison with the temperatures calculated from the pres su re 
of lhe bath. 

2) It has appeared sillce thal at [his temperature the calibration of the auxiliary 
thermometers used in the measurement of May '14 was less accurate. 

S) Tn tabte I it appeal's from the measurements of April 30 '15 that even in a 
single series of measuremenLs at hydrogen temperatUl'es small changes jll A2t'3 
may occur. With a view to this fact we intend in future measnrements 10 deler
mine each time at least two points of the scale of AZtc3, viz. one at the boiling 
point and one at the melting point of hydrogen. 
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§ 2. Heat caprtcity of the core [(111. With. a Vlew to thë iiregu
lal'ities which had occurred in the meaSUl'ements of 1914 (Comm. 
W. 143 § 4) thit. heat capacity was determined onee more. In these 
measurements at a pressure of 75 6 ems. of the hydl'ogen bath, 
which cOI'l'esponds to 1'= 20.31, TYAuC3 was found equal to 0.694002, 

whereas accol'ding to the calibration of Febr. 27, '15 th is resistance 
cOl'l'etlpohds to T = 20.34. 'rhe difference between these two valnes 
of T corresponds to a displacement of the curve, which l'epl'esents 
the beat capacity of Km as a function of the tempel'atllre to au 
amount of 0.3 oio of the heat capacity at 15° K., and to au appre
ciably smaller tWlOllnt at 20° K. As this is far witbin the limit ot 
accul'acy reached in the measurements the calibl'ations of 25/27 Febr. 
'15 could be uSEid fol' the ealcnlation of the temperatures. 

TABLE 11. Heat capacity of the core ~II' 

NO. 
I 

Mean 

I 
Temperature I Heat capacity 

temperature increase in joules/degree K. 

27 Jan. '15 II 14.815 1.018 0.714 

III 15.07 1.174 0.732 

IV 15.87 1.227 . 0.822 

. V 18.02 1.171 1.082 

VI 20.56 0.895 1.419 

I 20.865 1.005 1.488 

VII 25.40 0.856 2.29 

VIlI 30.33 0.939 3.325 

IX 39.91 0.856 6.23 

X 49.91 0.736 9.43 

28 Jan. '15 1 60.13 1.024 12.66 . 
Il 61.04 0.993 12.13 

III 70.40 0.834 15.21 

IV 80.58 0.718 17.44 

V 81.10 0.701 17.95 

VI 

I 

89.01 5 0.768 19.45 

VII 89.575 0.758 19.49 
-

The heat capacity appeal's to be a little smaller in the l'egion 
ot the liquid hydrogen temperahl~'es in thes~ measurements than at 
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those of 1914, v~z. 0.023 joulesjdegree at 15° K., and 0.038 joulesj 
degree at 20° R. 1) 

This drfference can be explained by the fact that fol' the meas
urements of 1915 on [(111 fol' the wires which carry the heating 
Cl1l'l'ent a little less platinum bad been used. This rirCllmstance was 
taken into acrount as far as possible. 

~ 3. Atomie heat of COppe?'.2) For tlle meaSUl'ements the same 
block of coppel' was used as fol' those of Comm. W. 143 ~ 6: 
electrolytlc copper of FELTEN and GUILIJAUl\lE, 596,0 gl'ammes. 

As a check on the' purity of the copper aftel' the measurements 
a strip was cut fl'om the bloc1\:; the strip was filed to a l'ectangulal' 
sectIOn, th en rolled and annealed. The l'esistance was tben measl1l'ed 
at room temperature anel in liquid hydl'ogen 3). 

1) The nïeasurements of 1914 being correcLed for the change of AZk8. 

2) The atomic heat of cap per has already been measured between 23 and 
bSo K. by W. NERNST, Ann. d Phys. (4) 36 (1911), p. ö95. 

3) We taak advanlage of thlS opportunily la test at lhe same time the purily 
of the lead WhlCh we had use.! fOl lhe measurements on lhis metal of Comm. 
NO. 143. and to invesl gate the mfluence of lhe treatment of the metal on the 
decrcase of the reslstance. The re'iults are collected in the foJlowing tabie. 

- - I 

W2O.36"K W 17.0., K W14.93°K 
1 dW 

, - Wll .8c 0 W il .8o C W ll .8o C 
Woo 0 . dT 

at 10° C. 

Copper filed 0.01287 0.01229 0.00426 

" 
rolled 0.02359 0.02311 0.02295 420 . 

" " 
and . 

annealed 0.01042 0.00982 430 

Lead cut 002827 0.01229 411 

11 rolled 0.02828 0.01222 410 

These data lead to the following conclusions regarding the influence of the 
treatÎnent of the metal on the change of the resistance with change of temperature: 

For copper rolling diminishes the decrease of the resistance between room tem
peratuJ'e and the boiling point of hydlogen in a large degree. 

By subsequent annealing the influence of rolling Ihe copper is not only annullect, 
bull the decrease of the resistance between the temperatures mentioued above is 
now- even greatel' than tbat of copper which has not been rolled and annealed; 
appä1.'ently~ annealing has afso anoulled the influence of p~evious mechanical treatment 
(filing), probably in consequence of the fact Lhn.t the metal has united again to 
lar gel' crystals. 

The temperaLure-coefficient at hydrogen tempemtures undergoes only a small 
change by the l\1anipulalions mentioncd above. 

The change of the reslstance of lead suffers na or only a small change by rolling. 
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TifT = 0.0104 at 20.40 K. 
W1l80 C. 

= 0.0098 at 14.9° R. 1) 

The temperature coefficient at 10° C. wa; also determined by 
measurements at 0 and 20° O. : 

1 . (id
n
T
l1 = 0.00.J:30 at 10° U. 

Wooc 
These values point to a high degl'ee of purity, which is certainly 

suffieient fol' the rneasurements on the atomie heat l). 
In the measurements in hydrogen at a pressure of the bath of 

75.2 ems, to which belongs T = 20.30, AUc3 was fou-nd equal to 
0.6932 S~. Aecording to tbe calibration of Febr. '15 tbis resistance 
corresponds to T = 20.29. The agreemellt bet ween these va lues of 

TABLE lIl. Atomie heat of copper. 

I Mean 
I Heat capac. of Atomie heat 

NO. Temperature copperblock+ in call5} 
& I tem perature increase I co re in joules} degree K. 

degree K. Cp I Cv 

16 Dec. '14 II 14.51 I 1.206 2.246 0.0396 330 

III 15.595 

I 
0.955 2.791 506 326 

IV 17.17 1.047 3.691 687 325 

V 20.195 1.065 5.959 0.1155 321 

I 20.745 0.880 6.255 1217 324 

VI 25.37 0.918 11.42 234 319 

VII 29.73 0.667 18.01 377 317 

VIII 40.22 0.822 40.55 - 870 315 
I 

IX 50.04 0.672 66.38 1.434 315 

15 Jan. '15 1 59.75 0.537 94.42 2.06 310.5 

11 6033 0.540 95.40 2.08 312 

III 69.66 0.598 118.2 2.59 2.58 313 

IV 80.32 0.588 137.7 3.055 3.04 317 

V 88.86 0.532 151.85 3.37 3.35 321 
-

VI 89.38 0.522 1548 3.44 3.42 316.5 

1) Cf. aJso H. KAMERLINGH ONNES and B. BECKMAN. Comm. N°. 129a, Table VII. 
2) Cf for instanee W. MEISSNER, Ann. d. Phys. (4) 47 (14 Sept. 1915), p. lOOI. 

[Added in the tl'anslation 1-
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'1 is- sufficient to CalClllate the temperatures from that calibration. 
In Fig. 1 1) the reslllts of our measl1l'ements are represented. In 

the uppel' lefthand diagram the l'egion up to 25° K. is l'epresented 
on a largei' scaJe. 2

) • 

q225 r---,----.---,---;--
o 

0."5 1 
1/ 

ti V ",' 0 

V 
2, 

~ r /e 21 ",' 

D,125 

D,ll'S 

Cv 

t 
qD25 

13 -T 16 
19 

L' 
V 

~ 
V 

V' 

~ 
10 20 30 

-T 
50 60 

Fig. 1. 

V 
V 

'0 30 0 

3,DO 

2,00 

ISO 

100 

Cv 
t 

qsa 

D,IlO 

The curve has ueen ealeulated fl'om DEllI,JE'S formllla 3) with 
() =.315. DEBIJE'S fOl'll1ula appeal's again to be eapaule of repre
senting the atomie heat ovet· a lal'ge region - the ratio of the 
lal'gest to the smallest value of the measured atomie heats amountR 
to more than 80 -' \vith a good appl'oximation. 

In table IV we have compal'ed the atomie heats of eoppcl' in the 
region of the liquid hydl'ogen temperatm'es with the T3_h1.w derived 
by DEBIJI~ for low temperatlll'es: 

\ (T)3 Cv = 4641 7f . 

1) In Fig, 1 the vertical line which indicates T = 80 has been drawn inaccura
tely; it has to be moved 1.25 mmo to tbe right. [No te added in the translalion 1. 
• 2) At 88" K. OUl' l'esulLs agrl'e I'aidy weil wllh those found by NERNST l.c., at 
the lower temperatures (33° - 23° K.) our values are smaller 

8) P. DEBIJE. Ann. d. Phys. (4) 39 (1912), P 789, 
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TABLE IV. Copper. 

Cv calc. I Obs.-Ca\c. 
No. T Cv fJ 

(fJ = 325.1) , I in Oio 

16 Dec. '14 

II 14.51 0.0396 :'\29.6 0.0412 -0.0016 -4.0 

III 15.595 506 326.3 512 - 6 -1.2 

IV 17.17 687 324.6 684 + 3 +0.4 

V 20.195 0.1155 321.1 0.11125 + 425 +3.7 

I 20.745 1217 324.1 1206 + 11 +0.9 
--

mean 325.1 

In these measurements, wllIch are more accurate than those of 
Jul) '14 (Uomm. N°. 143 § 6), a small devialion from the Ta·law 
shows !tself. The deviatlOl1 is in the sense thai at decreasing tem· 
perature tIJe ntufllJC heat decrea'JeiS m01'e mpidly thaJl follows from 
the Ta·law. 

The uevlation beeornes sttiI more appal'ent, if Ol1e compares the 
atomic heat over the \~Thole l'egion of the measmements of this paper 
viTith DEBIJE'S general fOJ'mula fol' the atomie hear, cf. tig. 1 and the 
vallles of fJ in table lIL 

In the liqmd hydl'ogen regiol1 and above it, \lp (0 400 K., the 
vallles of () decrea'3e continually (fig. 2). In this respect the 

330 
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~ 
0 ~ 

, ~ 0 
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~ 
0 ~ 
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~ 

- ---- - ---ó 
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306 
12 Z~ 36 
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l~ig. 2. 

behaviour of roppel' differs fl'om tllé~t of lead. For the latter rnetal 
the values of () increase with incl'easing temperature in the liquid 
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hydrogen region, and begin to decrease beyond about 30° K. 1) 

§ 4. Table V contains vallles of the energy U, which are derived 

-
TABLE V. Copper. 

l' U U 
f)u in ca115. T 

-
20 o 557 o 02785 322 

30 2.86 0.0952 320 

40 8.94 0.223 317 

50 20.31 I 0.405 3165 

60 37.8 0.629 315 

70 61.1 0.873 314 

80 89.4 1.118 314 

90 121.7 1 352 315 

1) Our results point further to an lllcrease of f) for copper above 700 K It is 
true, tbat the increase hardly exceeds the degree of accuracy reached in our 
measurements, but meanwhile It finds a confirmation in the results obtained by 
SCHIMPFF, ZS. physlk. Chem 71 (1910), p. 257, by RICHARDS and JACKs ON, ZS. 
physik. Chem. 70 (1910), p 414, by ICOREF, Ann. d. Phys. (4) 36 (1911), p. 49, 
R. EW.HD Ann. d. Phys. (4) 44 (1914), p. 1213 and by ROLf,A. Gazz. chim. 
4.4 1 (1914), p. 64.6, at temperatures between th at of hquid air and room tem
peruture or 00 C. respectively. A cnrve WhlCh is drawn through our results below 
900 K.. and which l'epresents the obsel "atJOns mentioned above as follows: 

Interval of 
Temperature 

83-290° K. 

194- 290 

85-293 

83.5-190 

196.5 -273.1 

82.0-191.1 

197.9-273.1 

82-191.5 

198.2-273.1 

1--- ~-I from curve I observed 

0.0790 I 0.0786 

0.0879 

0.0794 

0.0710 

0.0873 

0.0708 

0.0874 

0.0709 

0.0874 

0.0880 

0.0789 

o 0720 

0.0878 

0.0722 

0.0881 

0.0720 

0.0860 

gives i. a. the following values of Op : 

Obs.-Calc. 

-0.0004 
( SCHIMPFF. + 1 

-
5 RrCHARDS and JACKSON. 

+ 
j-

+ 
+ 
+ 

10 ! KOREF. 
5 

14 \ ! EWALD. 
7 

11 I ROLLA. 
14 \ 

32 
Proceedings Royal Acad. Amsterdam. Vol. X VIlI. 
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by graphical integration from a curve which has been drawn through 
the expel'imental points of fig. j, with an extJ'apolation below 14° K. on 
the basis of the assumption that the Ta-Iaw is the ultimate limiting law. 

Ot. 
The last column gi yes the values Ou calculated from m = 1" x 

being derived from DEBIJE'S formula for the energy: 
x 

U=9NkT- ~ 1J~3d1: 
,'/]3 es-1 

o 
The change of Ou with T has the effect of making the values of 

8, which are derived directly from the atomie heats, differ some
what from those of Ou. 

For copper Ou appears to decl'E'ase with increasing tempel'atnre in 
the region of 20 to 70° K., the rate of decrease being more rapid 
at the lower than at the higher temperanll'es of this region. 

§ 5. The values of 0" found in § 4 (and also those of 0, § 3) 
are smaller than thobe following from the formula given by DgBIJE 

l.c., whiC'h with tbe valne fou!ld by MrLLIKAN for the AVOGADRO 

. !llllliber ((·f. Snppl. N° B6b, March '14) changes to: 

3,65710-3 1 
11= , 

MIJBt< IloxH~ [f (liJ] 'I. 

yIZ.: fOl' IS- C.: f) = 333, fOl' - j 9Jo 0.: 0 = 344 1
)." 

111 LINDl<]MANN'S formula 2) : 
lL 7'/12 

O=kL----
k M 1/2 t' ll//3 

Olie filldt> fOl' (ll frolll 0 = 315 : /cL = 2.72.1012 

wh('I'eas tor' Pb from IJ = 88 follows: /cL = 2.81.1012
, where for 

v./ fhe valut's at T = 0,2 1~ have been llsed. 

T = 120. 160, 200 240, 280 , 
Cl' = 4.22. 4 85 5 28, 5 60, 5 805 • from which WE' fiud: 
~ = 331 , 343. 3q6 

On the contral'Y tt>e results of E. H. and F.:Zr.R GHIFFITHS, Phil Trans. 214 A 
(1914), P 319, catmot he reconciled so easily with ours as can he sef'n from the 
fact th at th~y give: at 138) K. 6 = 278, at 149.5° K. G = 285 

1) Galculated from: 18 C.:!! = 8,94, IC = 0.74.10-12, Ij = 0,35 
-191 0 C.: 9,/ '2, 0.69.10-12, 0,35. 

The value of " at 18" C. has bE'en taken from E. GRÜNEISEN Ann. d. Phys. (4) 
25 (1\108), p. 848, the change of ' with temperature from E. GRÜNEISEN, Ann. 
d. Phy>. (4) 33 (1910). p~ 1264. 

(J' has been assllmed lo change inappreciably wilh the temperature according to 
E. GRÜ:-<EIS~;N, Ann. d. Phys. (4) H3 (1910), p. 1 û2. 

2) F. A. LIND~MANN, Physik. ZS. 11 (1910), p. 609. 
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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* 


