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an ideal mixtw'e, again leasing molecular l'otations and intI amolecnlar 
motions out of account, may be e<t&ily del'ived if GIBBs' theorem, 
accol'ding to wilich the entropy bf snch a mixture is obtained by 
calcnlating the entropy for each component as It' it wet'e present by 
itself in 1;he vohune occu pied by the mixture and adding the valnes 
so obtained, is supposed to remain valid when the egmpal'tition 
Iaws no Ionger hold. We th en obtain: 

á. fol' low temperatures 

. (16) 

~. for ltigh tempel'atul'es, retaining the fir&t term which gives a 
deviation from the equipal'tition la,""s: 

.'; = Nk I : In {JT V2/3 + ! ~ Cl In Ml -.2 Cl In Cl + 4 + 

7~O ({JTV 2/3)-2 . .2 c1
7/a M l -2 t . . (17) 

If at constant yolume the temperature rontinually decl'eases, at 
sufficiently low temperarm'es (fol' densities' of the order of magnitude 
of the nOl'mal densJty at extremely low tempel'atures, cf. Suppl. 
N°. 30a § 5b) a positive deviation from the eqnipártition value begins 
to de\'elop itself. This deviation finally caUFies tlle entt-opy fol' a 
mixture also to approach to 0 proportionally to ]73 as shown by 
(16) inE-tead of becoming - 00. 

Physics. - "Flt7'thel' expe1'iments' with liquid helium. H. On the 
electricat l'esistance etc. (continueel). VUf. The sudden disappem'
ance of the 07'dinal'Y resistance 'of tin, anti tlte super-conductive .. 
state of lead." By Prof. H. KAMERLINGH ONNES. 

(Communicated in the meeting of May 31) 1913). 

§ 13 1). Fi1'st ObSel'vation of the phenomena. a. Passing ti'om the 
investigation of the snper-conduciive state of mercul'y to thttt of the 
change in the resistance ot' val'ious other metals when they are 
cooled to helium temperatures, although I hoped to find more super
conductors, I did not think it likely, judging from our experiences 

1) The §§, tables alld figures are numbered successively to those of Comm. VU 
of this series. (These Proceedings May alld June 1913). 

I 

\ I 
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with gold and platinum (see Uomm. N°. 119, IIl and Comm. N°~120, 
IV of this series) that we should be able to get more than a systematic 
survey of different case::, of additive admixtm'e-resistance (see Comm. 
VII of this series ~ 10). Very soon, howevel', the surprising relmIts 
with tin and lead were obtamed, which we mentiQned in Comm. 
VII ~ 1 and ~ 12. 

In the fil'st place on Dec. 31(1 j 912 we III veshgated a wil'e of 
pnre tin, and perceived that thü; metal ;00, at helium temperatm'es 
became super-eonducting. 

The tin was of the specially pure lnnd supplieel by KAHI,BAUM. 

It was melteel in a vaeuum and poureel into a glass capilIary U-tube. 
The capillal'y tube had tlll branches at elther end, by which the 
conducting wh'es and the mea::'Ul'ing wires were attacbed. The 
resistance at the ordinary temperatul'e, 290° K., WaS 0.27 9-. 

We found th at at the boiling pomt of helium a small ordmary 
l'esistance 1.3. 10-4 .!~ remained. At 3° K. th is h~el elisappeared 
« 10-6 02) and when the field of tempel'ature between 4°.25 and 
3° K. was gradually gone through, we found that the disappearance 
took place suddenly at 3°.78 K. 

In order to be better able to judge of the micl'o-l'esidual resistance, 
,we tried to make a tin wil'e of greater resistance, in the same way 
in whieh we had formerly succeedeel in making a long thin lead 
wil'e 1). A steel core was covered with a substantial layer of pu~e 
tin, anel turneel down on the lathe. Then with a razorshaped chisel 
a thin spiral 'shaving was cut off 2). This method, which seemed 
preferabIe to elrawlllg (comp. ~ 14a) by whieh the metal might 
undergo a greater change, yields without difficlllty wires of 0,01 mm2

• 

section. Several of these wil'es were then joined into one long wire 
by melting them on to eachother, cluring whieh it was necessary to 
carefully avoid the possibility -of oxide being introduced into the 
surfaces to be united., The tin wires, one of whieh 1.75 m. long 
had a 1'esistanee of 19.2 .!~, anel the other 1.5 m. long aresistanee 
of 6, 7 .!~, were wound upon glass ey linders, between a spiral o-f 
silk thread whieh' separateel the windings of the tin thread from 
earl! other. Leading wires of tin fasteneel to the up tumed ends of 
the wire, were led elownwal'ds through the liquid anel attached to 
copper wires. With these resistances immersed in liquid helium the 

1) KAMERLINGH ONNES and BE~GT BECKMAN. Comm N0. 132c. Dec. 1912. 

2) A rew of lhe lID wires first made did not become super·conducting j fthe inferior 
method of working tfie metal had perhaps caused addltive admixture resistance, (Ir 
more probably very insufficient ëGntinuity of material. 
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sudden disappal'ance was obsel'ved when the tempel'ature feil to 
3° 806 K. (boiling under 47 cm. mcrcury pressure). At 3°.82 K. 
the resistance of one was -still 0.0183 ,Q, of the othel' 0.00584, at 
30.785 K of both < 10-6 .2: In this case too the highest limit fol' 
a possible micro-residual resistance was thus very low. We may put 

wOK 
~-<10-7 . 
w2i30K 

Besides the sudden disappearance of the resistance of the wire, 
we also ob-served, as in the mercury _ thread, that for each tempe
rature below the vanishing point a threshold value fol' the Cllrrent 
density 1) determined by this temperature, (in the case of the last 
mentioned wire the thl'eshold Clu'rent was 0.28 amp. at 3°.785 K) 
could be fixed, below which'the r.url'ent passes without any perceptible 
falI of potential, and above which it is accompanied by potential 
phenomena, which (see § 14) increase rapidly with the inerease of 
the excess of the eurrent above the threshold value. In a word, the 
tin wire behaves below the vanishing temperatllre of the tin, 3°.8 K, 
qualitatively pl'ecisely the same as a thread of mereury below the 
vanishing point of that metal. 

{j. Lead of KABLBAUM, made into a wire in the same way as the 
tin, 1.5 m. long and 10.8 .Q resistance at ordinary temperature, 
w hen it was immel'sed in liquid helium appeared to be ~uper
conducting, without the neeessity of redncing the pres su re at which 
the helium boiled. When !he temperatme was raised as far as the 

"'cryostat pel'mitted, that is io 4°.29 K. (the pressure was raised 11 cm. 
-mereury above 76 cm.) the lead remained super-condueting. The 
tempel'ature at whieh the ordinary resistance of the lead disappears 
will probably, as indicated in § 15, not be far above the boiling 
point of helium. 

Whether this disappearanee, as with mercury and tin, a180 takes 
place suddenly, has yet to be inveótigated. For" temperatures below 
14° K., where lead has still a relatively high ordinal'y l'esistance, 
and above 4°.3 Kwhere it has disappeared, we do not yet possess 
a satisfactory cryostat. At the temperatllre just mentioned of 4°.29 K 
we found that the thl'eshold value of the current was not yet reached 
at 1.3 amp. 

1) COllcel'lling the dependence of the Lluesho!d va!ue upon the dimensions of 
·the wire and the conditions undel' which the !le,ü is given 0[, further illvesti. 
gation is needed. .. 
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y. Besides lead and tin, amalgamated 
tin foil was investigated. We examined a 
layer of it spread out on a mil'ror glass,
in which layer grooves were made fil the 
mannel' shown in fig. 8. In helium boiling 
at atmospheric pl'essul'e, it appeared fo 
have lost the ol'dinary resistance (2.3 ,Q 

at 2900 K.). At 4°.29 K. we found 0.12 amp.
for the threshold value of the eurrent, and 
a potentialof :1.3. 10-6 volt, at 0.30 amp. 
19.8.10- b volt, and at 0.363 amp. 34.6. 
10-6 volt. 

It is worth-notiring'that tlits amalgamated ~ 
tinfoil becomes more easily superconducting 

I than either tin or mercu!'y. Pel'haps the soft [ - m tin-amalgam, though a soJid solution (of 
o -3 b c . merclll\y in tin), has this property. This 

Fig. 8 Fig. 9 wOl{ld only need ~o becorne a continuous 
whole in order to provide a llomesisting path for the current beside 
that of the ti'ee mereury (comp. (§ 9) Ol' tiÎl that might be present 
in the tin foil. 

§ 14. Fw,ther investigation of tin. The further investigation of tin 
and lead does not form by any means a romplete whole yet. Sevel'al 
of the meaSllrements we had in view were failures, so that the 
reslllts attained are very disconnected-; nevertheless, in connection 
with our experiments with mereury, I think them worth communieating. 

a. Met/wels of wOl'kin,q tlte tin. In the previous § we said that 
worldng the tin into a spiral shaving dirl not intel'fere with the 
sudden disappearance of the resistance. What is of even more 
importance is that the rolling out of the wire to a thickness of 
0.01 mmo has not any influence upan the supel'-conducting state 
either, so that we may feel confident that a very thin nonresisting 
tinfoil could be made 1). 

We must rem ark that in working tin, heating must be avoided. 
The increase of hardness which is caused in the dl'awing of metals 
by the rompression and stl'etching, which is accompanied by an 

1) The resistance of commercial tin foil, pasted on glass and cut out as in 
llg 9, appeared not to become zero, 

I 
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incl'ease of l'esistance anel elecl'ease of the temperatul'e coefticient, is 
l'emoved in gold allel platinum fol' installce, by heating. With tin, 
on the otbel' hand, heating is injurious, it causes the resistance to 
increase 1), morebver, it causes thin wires to go into angular forms 2). 
The threads we nsed w€'l'e, ther~fore, not heated aftèr being' wm'ked, 
alld showe~ regular Cl1l'vatllres when bent. 

~ Potential pltenomena in the super-conducting state. The following 
observations allow us to judge of the highest limit of the possible 
micro-residl~al resistance, and of the potential differences above the 
thl'eshold vaille of the Cl1rrent density jllst below the vanishing point. 
They were made with a branching tin wil'e exactly like the one 
l1sed in the experiments with mercury of Table IV anel V in Comm. 
VI of th is series, § 6 and 7. The resistance consisteel of a principal 
wire Wc 4 ,m. long, and mainly 0.0097 mm2• section 3) with two 

1) According to TAMM.A.l\N and his school, the crystals are shattered by wire 
drawing, and arranged in such a way that in the cases meant the resistance 
increases. By heating, larger crystals are again formed, and the resistance resllmes 
its original value. In the investigations of KAM;.:;aLINGH ONNES and CLAY, lComm. 
NO. 99b § 4, June 1907), it is pointed out that the additive resistance of platinum 
and gold wires is always found gleater by continued drawing even aftel' heating 
to glowing. We aUributed this to tbe acquiring of admixtures through the drawing. 
In gold it is possible to test for such small quantities of admixture as are here of 
importance. ln gold wires carefully drawn by HERAEUS (Comm. N°. 99c § 2, Jlme 
1907), under repeated treatment with acids, largel' quantities of admixtures were 
found in proportion as the resistance fel! less at reduction to hydrogen tempera
tures. At the same time it is possible th at the drawing itself has an influence. 
HENNING (Ann. d. Phys. 1913), thinking as we do, aUributes the difference found 
with his platinum thermometers in the temperature coefficient from that found by 
us,' to a larger amount of ad mixtures in OUl' thermometer. The diffen'nce becOlnes 
greater still, when we consider that HENNING'S wire lO.05 mm.) was drawn out 
further than ours (0.1 mm.) (wbich is of importance in tIle applicatioll to thermo· 
metry). As mentioned above aud as we found confirmed in compm'ing the wires 
Pt1 \0,1 ml11') and Pta (0,05 mm.), thinnel' wires fal! less in resistance, aresult 

by which we also explained, J. c., why HOLBORN'S thick wires (0.2 mm.) showed 
a greàter fall than o~rs. Our ",~res we re at the time most carefully drawn by 
HERAEUS fr_Of lhe purest platinum supplied by him. Thp, platinum obtained by 
HERAEUS later' on may have been even pUl'er. Improvement mayalso have been 
made in the inethod of drawing the wit'es. 

2) Where broken, tin wires exhibil comparatively large crystals. See also 
§ 15 note 1. 

8) In. this investig~tion the section is deduced from t~e length of the )vire and 
the reslstance at ordmary lemperature. We only ascertamed, whether thi~ agreed 
approximately with the result of direct measurement. The values given are there-
ore only to be considered as rough mean values. • 

\ \ ( 
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sentinel wil'es' WSA and 1iVsB 1) of 0.8 m.length and abollt 0.02 rnm2• 
section, wOllnd rOllnd a glass tube and insulated with silk. We found, 
(Febr. 1913) 2) : 

I 
TABLE VIII. 

Resistance of a bare tin wire at, and a little below 3°,8 K. 
Section of wC: 0.0097 mm2• 

wSA I 
wSB I 

Wc 
T -

Current density 0.61 amp./mm2 in C. 

3°.85 K. 6.84.1O-3 .Q I 6.50.1O-3 .Q 69.6.10-3 .Q 

.82 5.50 0.90 34.9 

.79 2.82 0.03 1.23 

.785 1.5 0 0 

.78 0.7 0 0 

.75 0.15 0 0 

.74 0.02 0 0 

.72 0 0 0 

Current density in C 154 amp./mm2 (and higher?) 
. 

1°.6 0 
I • 0 I 

0 

With a coil of 252 windings of tin wire inSlllated bJ" plcem (see 
§ 16) of 0.014 mm2

• section, (with pieces of 0.02, 0.012 and 0.03) 
and 79 .9 resistanee at ol'dinary temperatllre 290° K., the disappeal'ance 
of the resistance was followed, at thl'ee different Cllrrent strengtbs 
as in § 8 was done with mercury. We found : 

1) The object of the sentinel wit'es was the same as in VU § 6. We had namely 
calculated on sen dm!;' much sb'ongel' curl'ents thl'ough than we actuaJly did, and 
on that supposition it was necessary to make sure that na JOULE heat penetl'ated 
to the wil'e from elsewhere . 

. 2) In one of the senlinel wires WSA there is obviously a thinner place which 
causes locally a much greater current density lhan the 'inean, Probably the same 
case occurs bere as in the experiments with mercury in Table IV, but here the 
dlsappearance of the l'esistance at lowel' tempel'ature makes it improbable that the 
lin wire should be intel'l'upted by a fol'eign l'esistance. 
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TABLE IX. 

Disappearance of the resistance of a tin wire, under reduced giving off 
of heat, at different currents. 

T 1 0.004 amp. 1 0.04 amp. 1 0.4 amp. 
1 

0.6 amp. 11.0 amp. 

0 I 

3.82 I(. 0.0533 ~). 0.0535 ~2 0.0536 .Q 

.805 500 534 536 

.79 488 533 

.785 425 

.78 162 , 508 

.765 0.00137 
-' 

.75 0.00005 0.0039 

.74 1 14 0.0532 

.72 0.000000 0.00025 

.70 

.68 0.000012 

.66 0.000000 0.0050 

.64 

.54 38 

.42 22 

.28 10 

.125 0.0002 

2.69 0.000012 

.35 O.OOÖOOO 

1.6 0.000000 great 

This table give5 iu general the same as fig. 6 and 7 of § 8. 
The disappearance of the resistance extends over a much larger 
field of temperature than with the mercury thread, probably Qecause 
the giving oir of heat is considerably l'educed by the winding up 
of the wire protected by picëin; which is probably also the reason 
why at the lowest temper~ture the strength of the cm'rent cannot 
be raised above 0.8 amp. and Ihe threshold value of the current 
density theref'ore only real'hes 56 amp/mm2

• 

.. 
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1. Experiments concerning the mflllence of the contact with an 
ordmary conductor of a metal which can become super-condllctmg, 
up on lts super-condllctmg properties, were in continuation of those 
of § 10 made with tin In two different ways, fil'st with a gernlan 
silver tube, which was hnned, anel thl\Ough the layel' of tin of 
which a spiral was cut, and second with a constantin wlre which 
was tinned. In t11e fil'st experiment the resistance did not disappear, 
m t11e second, as al ready said in § 10, it did; from which we
conclude th at the continuity of the layer of tin in the first case was 
not suffieient. In the second expel'Ïment the threshold value was, 
however, also \ery low, even at the lowest temperatbre 1.°6 KI. it 
remained below 0.095 amp. for the bare wil'e immEfrsed in liquid 
helium. It is simplest to assume in the mean time, :that the layer -
of tin berornes super-conducting, but that the section of it, which 
was, deduced from the resistance, 0,0125 mm2

., accordihg' to meaSUl'e-
I ments down to 0,1 mm2

., was very small here and there. Tl~el'e 
wa,s in tbis case no reason to suppose a want of contact betw~en 
tm and cOl1stantin, as in the corresponding experiment with merchl'y 
between ii and the steel. :! 

! I 

§ 15. FU1't/tel' exrt1nination of lead. ]n the fi,'st 'place we ~ill . 
mention a few experiments on the heating of a wil'e 'which' was at 
a temperatllre below the ,anishing point, which correspond to th;ose 

TABLE X. l Potential differences in a lead wire carrymg 
a current 

1 = 6 M., section = 0.014 mm2• 

T Current density Potential difference 
i~ amp/mm2 in microvolts 

1°.7K. 560 0.0 

645 0.2 

675 3.5 

695 5 

710 6 

720 10 
I 

750 19 \ 

791 ±40 \< 

>790 very great 
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in Table VI for mercury. The lead resistances ware arranged. exactly 
like the tin l'esistances described in § 14, the bare wh'es were wound 
upon gla6s between siJk. With a wil'e of 0.025 mm 2

• section 
(10.8 .Q resistallce at ol'dinary temperature) containing six joints, 
which were made with a miniature hydrogen flarne, we ascertained 
that joints do not intel'fere with the expel'iments. The reslllts (Febr. 
1913) wIth one of the wires (92 .Q at ordinal'r teml!erature) are con
tained in Table X (the observations were confirmed later on repetition). 

A similal' experiment with the wil'e containing six joints at less 
low tempemture gave; 

TABLE XI. 
Threshold value of current 

density for bare lead wlre of 
section 0.025 mm2• 

T Threshold value 
in ampjmm2 

4° .25 K. > 420 

< 940 

At a current density of 940 the wire was dammaged (calefaction?) 
and upon repetition

1 
it appeared th at it was broken. 

Similal' conditions of external condnctlOn of heat to those of the 
tin coil descl'ibed in § 14, prevailed in a lead wil'e (see § 16) of 

I TABLE XII. 
Potential difference In a lead wire carrying a current 

with reduced extern al condudion of heat. 
l= 55,5 M. section = 0.014 mm2 

T Current density Potential difference 
in ampjmm2 in microvolts . 

4°.25 K. 33 0.03 

36 0.65 

38 1.15 
1 40.2 1.35 

41.3 
I 

22.0 

1°.1 
/ 

60 ./ 3.1 

11 
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1000 windings (l'esistance at ol'dinary temperature, 2906 K., 773 52) ~ 
insulated by silk soaked in liql1id helium. We found: (See table XII 
p. 681). 

Judging by this we may perhaps estim~te that th~ lowel' limit of 

) I 
I 
I 

- -~ 

c 

b 

a 

d 

,---,--_ .... ' --' I I I 
" lot S 1Z 0 10 to 30 

Fig. 10. Fig. 11. 

the threshold value at 4°.25 K. gi\'en above cannot be raised much, 
and that the vanishing point fol' lead lies at about 6° K. 
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FlIrthel', meaSUl'ements were maue with lead wil'es placed in à 
vaCUllm, the object of which is obvious by ~ J 2. The apparatus 
which sen ed for this rOnSl&ts (see fig. 10 and fig. 11, face view and 
diagram of cl with detail figul'es) of a glass reservoÏt' immersed in 
liquid helium, carried by a long narrow glass tube fixed into the 
lid of the cryostat. The resel'voir cl can be evacuated through the 
tube c (the tap a allows jt then to be connected to a tube filled 
with charcoal which IS immerseel in liquid [tir); thl'ough the indicator 
gauge b we can make sure that the [tpparatus is not cracked in 
cooling. 

In the apparatus shown in the fig. there are two lead wh'es (see 
diagram); we were only ab Ie to do the meaSlll'ements wUh one. 
Four short tubes are blown into the up per part of the reservoir 
to receive the lead wires (&ee detail figlll'es); upon these tubes aftel' 
platinizing and copperplating caps are soldered with tin intCl which 
the thicker top ends of the wÎl'es are soldel'ed with Woon-metaI 1

). 

Rolled out lead wil'es are fastened to the wÏl'es that project from 
the covers, and I'un down along the reservoir, insulated from each 
other witb silk and then up again through the liquid helium. -

We found with a part of the wire of' Table XI: 

/ 

TABLE XIII. 
Threshold value of current 

density of a lead wire in vacuo; 
section 1170 mm2• 

T Current density 
in amp{mm2 

4° .25 K-
I 

> 270 

. The experiment is incomplete as the threshold v[tlne was not 
reached. 

We made simiJar apparatus with tin wire; the observations with 
tin in "acuo have, however, not succeeded yet. 

§ 16. Rema1,ks in connection with the experirnents with tin ancllead. 

a, Our l'esults with tin anel lead make it seem probable~ that 

,1) It is not possiblt' to solde!' tin wires into the covers with W oOD·metal: as 
coming in contact with the tin the melted W oOD-metal, as it seems, penetrates 
hy capillary action amongst the tin crystals which makes the wire brittle and 
break in two. Tbe tin wires must therefore he melted to the tinned covers, whieh 
IS possible, by their being pl'ovlded ltke the lead wires with sealed on thickeJ' ends. 

- \ I 
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all metals, or at' least a class of them, if they can be pl'ocured 
sufficiently pure, pa,ss into the snper-conducyng state when reducéd 
to a low e~ough temperatul'e, Pel'haps in all it would ~11so be 
suddelily. But the additive admixtul'e-resistance which can be caused 
by mere traces of admixtnres, will in-"general make the detection 
of the phenomena a difficult one. 

[3. A numbel' of experiments with resistanee-free conductors of 
whieh several sllggest themselves at onee, now that we can use the 
easily workable super-conductors tin and lead, can be undertaken 
with good prospect of success 1). 

In this way the preparing of nOl1l'esisting eoils of wire,- with a 
geeat number of windings jn a small space, changes from a theo
retical possibility into a practical one. We come to new difficulties 
when we want not only to make a nonresisting coil, but to supply 
it as a magnetic coil with a stl'Ong eurrent 2). 

I have been engaged for some tim.e making a preliminary estima
tion of these difficuHies 3). 

The coils mentioned in § 14 and § 15 were made chiefly fol' 
this purpose. The first of tin wire insnlated with picëin, contained 
on 1 cm. length in a layer of 7 mmo thickness 300 windings of 
1/70 mm2 

_ section (the resistance at ordinal'y temp. was 79 ~). 
While a eurrent of 8 amp. could be sent through tile wire before 
it was wonnd when immersed in liquid helium, without reaf!hing 
the threshold value of cnrl'ent density (see § 14) the eoil came to 
the threshold vaIne at :1.0 amp. The numbel' of ampere windings 
per cmz. of a section through the axis was about 400. The second 
coil was wOllnd of lead wire of 1/7•0 mm2

• section, and eontained in 
a length of 1 cm. 1000 win.dings in , layer of 1 cm. thickness. 
The re1'istanee at ordinary tE'mperatnre was 773 ~. The insnlation 

- of the wires in each layer VI· as obtained by silk thl'eads, between 
the different layers a thin piece of si Ik was placed. 1 thought that 
the liq uid helium penetrating into the coil through this texture would ' 
canse the heat t~. be given off more easily all over the coil, while-

1) In our first paper about the disappearance of the resistánce of mercury we 
mentioned that this opened a new field of experiment. That mercury is liquid at, 
ordinary temperature was, ho wever, a s~rious hindrance to entering it. 

11) A cai! of this kind one would wish to place in the interferrum of a very 
large electromagnet of WEISS, in the same way ras the auxiliary coils contemplated 
by him. in order to further raise the field. The field that is added by the cai! 
would in that case have to be greater than what would be sacrified by enlarging 
the intet'ferrum to make room for the cooling applianees. 

S) A possible difficulty was pointed out in note 2 § 4. 
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it was not certain (comp. the l'emarks about meJ'cury in glass in 
§ 7 and § 11 Comm. VII of this series) that the picëin remained 
adherent to the tin wil'e e\ erywhel'e. 'rlu'ough ibis coil a CUlTent of 
0.8 amp. (see § 15) cOllld be sent, witbont the threshold value beiIlg 
reached. The number of ampel'e windings per cm 2

• was then about 
800. If Lhe disturbing potential phenomena had not been greatel' 
tban with the shortel' wire of the same section which was wasbed 
by liquid helium ovel' its entire surface, anel if the difficulty mentioned 
in note 2 § 4 does not come into play, it would have been possible 
to supply tbis coil with up to 9000 ampel'e windings per cm2

• lf, 
therefol'e, the potential phenomena whieb fl'ustrated this in the 
experiment reported, in accol'da,nce with the opinion express~d in 
Comm. N°. VII of this sel'ies, pal'iicularly in § 11, may be ascribed 
to "bad places" in the wil'e, und if we may thel'efore be confident 
tbat tbey can be l'emoved (t'ol' instanee by fi'actionising tlle wire) 
and if moreover the magnetic field of the coil itself does not pro duce 
any distmbance (note 2 § 4) then th is miniature coil may be the 
prototype (lf magnetic coils without iron, by which in future mllch 
strongel' magnetic fields may be l'ealised tban are at pl'esent reaebed 
in the intel'felTum of the stl'ongest elech'omagnets 1). 

1) J. PERRIN (Soc d. phys, 19 Avril 1907) made the suggestion of a field of 
100000 gauss being produced over a fairly large space, by coil<; wilhout iron, 
cooled in liquid air. eh. FABRY (Journ. d. Phys Févr. 1910) worked out Ihis idea. 
He finds that the energy absorbed in such a coil, in watts is represented by the 
formuIa 

UT = (Hl aH2J(-2 , 

where a is a length in cenlrimetl'es, ",hich detel'mines the size of the coil, fol' a 
cylindrical one the radius of the internal space, I the ratio of the metallic area in 
a section through the cai I at right aogles to the windings to the area of this 
sec ti on, K a purely numet'Ïcal coefficient, which depends up on the farm of the 
coH, aod which in cylindrical coils wilh wire of equal section does not differ much 
from 0.18, ! the specific resislance of the metal of the windings in ohms, ceoli
metre, H the magnetic field in gauss. 

In order to get the desireci. field of 100000 gauss in a coil wlth au ioternal 
space of 1 cm. radius, with copper as metal, nnd cooling by liquid air 100 kilo-

ti watt would _be necessary, putting ]( al 0.20 and , at 1,5 (which last number 
might weil be 6 times as large). The electric energy supply, as ~'ABRY remarks, 
would give na real difficulty, but it would al'ise from the development of JOULE: 

heat in lhe smal! volume of the coil to lhe amount of 25 kiJog'ramme calOl'jes per 
sec. which in order to be carried alf by evaporation of liquid air would requil'e 
about 0,4 litre per second, let liG say about 1500 litres pel' hout'. 

We may add to F ABRY'S objection that the preparation of 1 litre of liquid' air • 
per hour is ot present la be reclwned as requiring not much less lhan 1/2 K W, 
According to, this stand,u'd, 7 times as much wode would be necessary for lhe 
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"I. Oertainty that the potential phenomena observed are due to 
sueh imperfeetions in the wire wonld be of ilO 1ess value for allother 
tempting gl"onp of expel'iments. As &Oon as the super-eondnctivityof 
mercury was established, the question fOl'eed itself npon me, in 
connectioll with the gl'eat value which according to the electron 
Iheo1'y of metals is asrribed to the free path of the eleetrons 1) (romp. 
§ 12 ~), whether electrons moving at speeds by which they cannot 
penetrate a thll1 plaie, e.g. a LEN.\RD'S window of solid mercnry, at 
temperatm'es near the ordinary temperatllre 2), or at least not without a 
change of direction, would be able to do lhis better if the foil were 

cooling than for the current. By a judicious use of the cold of the vapours this 
number can be reduced, but tbe proportion will remain unfavourable. 

Moreover, as F ABRY shows, the dimensions determined by a, to make it pos-
sible for the heat to be calTied off, would need to be much larger, by wllich at 
the same time tbe amount of liquid gas uscd becollles greater. Tbe cost of 
carrying out PERRIN'a plan even with liquid air migbt be about comparable to 
that of building a cruiser! 

If we calculate in the same way tbe cooling with liquid hydrogen in tbc case 
of silver and if we assume that the resistance of silver (according to KAMERLINGH 

ONNES and CLAY) at the boiling point of hydrogen is 0,009 ofthat at tbe ordinary 
temper.lture, we arrive at.t mOle favourablC' figure, nameIy, tbat at a = 1 cm., 
700 liters of liquid hydrogen would be needed per hour, but tbe ratio of cooling 
work and electrtc work becOlnes more unfavourable yet, putting the preparation 
of a IItre of liquid hydl'ogen in the same way as above at 11/ 2 K. W. But the 
figure for hquid hydrogen w:)uld also on the ground mentioned above have to be 
considerably illcreased. Although an installation which wiII give as much liquid 
hydrogen as is necessary for the cooling could be made aftel' tbe patlern of the 
prf'sent Leiden plant, 11 would be of sucb an extraordinary size tbat with liquid 
bydl'ogen also, tbe metbod described perhaps involves more diffieulties than a 
further increase of the size of the coiJ, in order to be able to cool witb running 
w,lter (as introduced by WE[SS) wbile this method aIso has its advantages witb 
a view to lhe use of tbe field. 

The possibility of using the super· conductor" tin an 1 lead, gives a new depar· 
tUle to tbe idea of P.cRRIN of procuring a stronger magnetic field by the use 
of coils without iron. With super-conductors no JOULE heat needs to be carried 
off (Ol' at any mte only 10U times less than with ordinary conductors) and thus_ 
with currrnts below the threshold value the difficnlttes mentioned above disappear. 
If tbe conditions mentioned in the text can be flllfilled, tIJen even a coil of 25 cm. 
dl:ur.eter of IE'ad wJre, constructed as the one in § 15, immersed in helium, could 
give a field of 100000 gauss, without perceptible he t being developed in the 
co;]. Some such apparatus could he made at Leiden if a relatively modest 
flllancial support were oblained. In the mean time this remark may serve to put 
the problem of very strong magnetic fields which are becoming indispensable for 
various investigations in new form. 

IJ Comp. no te 3 p. 1113. Leiden, Oomm. NO. 119. ï,'ebr. 1911. 

2) Whethet' lhe same electl'oll passes llll'ough, or whether lbc movemenL is 
carried from the one to tbe olhel', does nol affecL the expel'imentul question. 
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Sllpel'conductive. Now that supe1'-condncting plates of tin and lead can 
be made, the experiments on this subject are made practicabie, and 

·the plan of making these bas assurned a promisillg form, since I 
have obtained the prospect of doing lt with LENARD himself, which 
I highly valne. If the potential phenomena. are eaused by loeal 
distnrbances, we may expect that in experiments with thin plates, 
by a correct choice of the plaees to be experimented upon, they wil! 
be of little importance. If, as Imght be imagined aceording to § 4, 
the potential phenomena al'e connected with peculiarities in the 
movements of the electrons, Jhen they would be of prime impol'
tance in phenomena suelt as we have here under considel'ation. 

(}', The correspondence of the potential phenomena in tin and lead 
to those 19 mercury is very striking. As regards tin, it was stated 
already in § 13a, and fmthe1' investigation has confirmed it and also 
extended to lead. All the consiele1'ations with regard to them for the, 
case of mereury ean thus immeeliately be appJied to tin and lead. 
On the other hand the latter may se1'\'e to elucidate the doubtful 
points in mercury. 

With the bare tin wil'es at 4,0.25 K. rneasurements were made 
which acquaint us with the amoun't of he~t, given off to t!le/liquid 
helium above the vanishing point; whether it is pl'oportional to the 
surface of the wil'e, as is to be expected, when the heat is mainly 
given off to the liqnid, coulà not be settled yet. Wüh Ihe rolled 
out tin WH'e, wüh which tbe val'iolls meaSllrements wel'e sllceessful, 
it was great, which conesponds - to the fact that here the ratio 
between the heat-conveying surfac~ anel the heat developed is vel'J 
fa,·ourable. It was estimatE'd at 0.5 watt per 1 degree differenee of 
ternperatu1'e, Still at 1°.6 K.; 1.4 micl'owàtt causect alocal rise of 
temperatm'e to the vanishing point, As in § 11 we deduee from 
dus that the whole elevelopment of heat is local. The hypothesis 
that in thi8 way "bad pI aces" sho,..,. themselves is confirmed by the' 
fact that through a wire hke this at the boiling point of hehuri1; 
thel'efore above the vanishing point, a elU'l'ent of 9 amp. could be' 
sent, and all the JOUIJE heat was absol'bed by the liquid helium j ' 

while with a cm'rent olJly a little strongel' the wire gave way 
(presumably by the fOl'ming round the wil'e of a vapour bubble in 
the helium, which caused ealefaction in tlle wire). 

The different thre5hold vallles for the bare lead wire and the 
lead coil § 15, and for the bare tin wil'e and the tin eoil § 14 j 

may throw light upon tlle influence of more or less easy conditions 
of heat loss. The phenomena at the disappeal'ance of the l'esistanee 
",i11l the b"ue tin wÎl'e wilh senlÏuel wil'es make the hypothesis 
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followed out in ~ 12 improbable, namely that the mercury below 
the vanishing poilli comes away fl'om tbe glass Ol' ai lea&t does nof 
give oft' heat to it at a dlft'erellce of tempel'ature. The cOl'l'espond
ence of the disappearance of the resistance in the tin wire witb 
seniinel wires and in the mel'cu1'y th1'ead is explained most simply 
by assuming a IocaI l'ise of temperature in both, whlle fol' both 
below the vanishing point the same opportunity l'emains for giving 
off heat, but does not take place owing to absence of 1'ise of~ 

tempel'ature. 
Here, the1'efore, the "bad places" mentioned in ~ 11lcomp. ~ 12a, 

note 1 p. 118) would again l'emain a& the sole explanation. It is 
however suspicious tbat in the coil of lead wire at 1°.6 K. 56 
amp.jmm'l. was found as the th1'eshold valne, whlle with lead in 
a vacuum 270 amp.jmm2

• at 4°.26 K. was 1'eached without a trace 
of potential phenomena. 

Fillally we point out that the threóhold "alues of CUl'rellt density 
. far below the vanishing point in the wires of the tb1'ee different 
metals dift'er very little. We found for the highe&t limit of the 
possibIe roicro-residual l'esistnnce detel'mined by tbe threshold vaIue 
in proportion to that at the ordinary temperatu1'e 

with mel'cury 

WOK 
tin _I _8_ < 6.10-10 

w2i30 ]( 

lead W
10SK < 0.510-10 

w2730 K 

In view of so much cOl'l'espondence and such regulal'ity of the 
character of all the potential phenomena, it still remains doubjful 
whether besides tbe distm'banres which we have adduced to explain 
lhem, there may not be at the bottom of them peculiarities in the 
movement of the electrons, which may be more clea1'ly reveal€'d by 
the expel'iments indicated in y. 

Having completed the series H ûf my experiments with hquid 
helium I wish io express my thanks to 1\11-. G. HOLS'!." assistant at 
the Physical Laboratory, for the devotion with which he has helped 
me, and to Mr. G. J. FLIl\f, chief of the technical department of the 
cl'yogenic labol'atol'y, lmd Mr. O. IÜ~SSl~T.lUNG, glassblowel' io the 
laboratol'Y, for their important help ln the arrangement ot' the 
experilllents and manufactul'Îng of' the apparatlls. 


