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objection, that the preparation of 1 litre of liquid air per hour is at
present reckoned as requiring not much less than/, KW. According
to this standard 7 times as much work would be necessary for the
cooling than for the current. By a judicious use of the cold of the
vapours this number can be reduced, but the proportion will remain
unfavourable.

But the greatest difficulty, as FaBry points out, resides in the impossi-
bility of making the small coil give off the relatively enormous quantity
of Joure-heat to the liquefied gas. The dimensions of the coil to
make the cooling possible must be much larger, by which at the
same time the electric work and the amount of liquefied gas required
becomes greater in the same proportion. The cost of carrying out
PerriN's plan even with liquid air might be about comparable to that
of building a cruiser.

We should not advance much by cooling with liquid hydrogen. Calcul-
ating in the same way as before for a coil of I cm. radius, we arrive
with silver at a more favourable figure as regards the number of litres
of liquid hydrogen, this being 700 per hour, but the ratio of cooling
work and electric work, when in the same way as betore the prepa-
ration of a litre of liquid hydrogen is put at 1'/, K. W, is found even
more unfavourable, and it seems not probable that it can be turned
into a favourable one even when considerable cconomies are
realized.

The figure for liquid hydrogen moreover would again on the
-ground mentioned have to be considerably increased, if the question
of the possibility of drawing off the heat is considered, and we should

arrive at a fantastic extension of the Leiden plant, if we wished

to supply the ‘quantity of liquid hydrogen that would be wanted.

We should no more get a solution by cooling with liquid helium
as long as the coil does not become superconductive.

The problem which seems hopeless in this way enters a quite
new phase when a superconductive wire can be used. JouLk-heat
comes no more into play, not even at very high current den-
sities, and an exeedingly great number of ampérewindings can be
located in a very small space without in such a coil heat being
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developed. A current of 1000 amp./mm? density was sent through
a mercury wire, and of 560 amp./mm? density through a lead
wire, without appreciable heat being developed in either. Even
when currents of these densities pass through the sufficiently cooled
superconductor there is no appreciable Joure-heat to withdraw, we
have only to prevent heat being conveyed by radiation or con-
duction to the superconductor, by which it would be warmed to the
step-up point of resistance and become an ordinary conductor.

There remains of course the possibility that a resistance is deve-
loped in the superconductor by the magnetic field. If this were
the case, the Joure-heat depending on this resistance would have
to be withdrawn. One of the first things to be investigated as soon
as the appliances, which are arranged for making the vﬁo_.moga
researches on magnetism at helium-temperatures will be ready, will
be this magnetic resistance ). We shall see that it /plays no role for
fields below say 1000 gauss.

Having succeeded as mentioned in sending a current of 8§ amperes
through a lead wire of !/, mm2% diameter without appreciable
JouLe-heat being developed in it, a coil was wound of this wire,
where 1000 windings found a place on a length of 1 cm. in a layer
of 1 cm.

1) The experiments on the question if the magnetic field develops resistance
in superconductors, to which we alluded above have been made in the mean
time. They have given a startling result (see Comm. No. 139/). In fields below
a threshold value ‘say 600 gauss for lead at the boiling point of helium) there
is developed no resistance at all by the field. In fields above that threshold
value a relatively lconsiderable resistance is developed, which increases with
the field.

Of course the now acquired knowledge of this property completely changes
our view on the problem of obtaining intense magnetic fields with coils of
superconductive material,

The text was written in the idea founded on analogies that the magnetic
resistance would increase in a continuous way with the field. Starting from
what was observed with our small coil and even accepting an increase with
the square of the field it seemed probable that the magnetic resistance would
not yet come seriously into account with a field of 100.000 gauss.

An unforeseen difficulty .is now found in our way, but this is well counter-
balanced by-the discovery of the curious property which is the cause of it.
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The insulation of the wire was obtained by putting silk between the
windings, which being soaked by the liquid helium brought the
windings as much as possible into contact with the bath. The coil
proved to bear a current of 0,8 ampere without losing its super-
conductivity. There may have been bad places in the wire, where
heat was developed which could not be withdrawn and which locally
warmed the wire above the vanishing point of resistance. That
magneto-JouLe heat came into consideration is not probable, because
no appreciable resistance was found below the threshold value of
current at which resistance became measurable.

[ think it will be possible to come to a higher current density
approaching the threshold value at which resistance appears with
a stretched wire of the same kind and section, if we secure a
better heat conduction from the bad places in the wire to the
liquid helium by interposing, instead of silk, foil of a non-super-
conductive metal between the windings. An ordinary metal in com-
parison with a superconductor acts as an insulator; in a coil of bare
lead wire wound on a copper tube the current will take its way,
when the whole is cooled to 1°5 K, practically exclusively through the
windings of the superconductor. If the projected contrivance succeeds
and the current through the coil can be brought to 8 amperes as
for the stretched wire, we shall approach to a field of 10000 gauss.
The solution of the problem of obtaining a field of 100000 gauss
could then be obtained by a coil of say 30 centimeters in diameter
and the cooling with helium would require a plant which could be
realised. at Leiden with a relatively modest financial support. If we
cannot wind the wires so closely as was done in the experiment
which I have described, the dimensions of the coil of which [ have
spoken will have to be taken greater and of course the difficulties and
cost will increase proportionally. When all outstanding questions
will have been studied and all difficulties overcome, the miniature coil
referred to may prove to be the prototype of magnetic coils without
iron, by which in future much stronger and at the same time much
more extensive fields may be realized then are at present reached in
the interferrum of the strongest electromagnets. As we may trust in
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an accelerated development of experimental science this future ought
not to be far away.

I want now to consider a side of the problem that [ have not
touched wupon yet. Al that has been said about superconductors
holds only for currents below a certain threshold value of density.
At the end of the superconductive wire there is no potential diffe-
rence as long as the current remains below the threshold valuc
for this wire As soon as this value is surpassed, potential
differences originate and the wire by a process that is not quite
cleared up obtains ordinary resistance.’) By the enormous increase of
resistance a considerable heating can then take place. As an example
| can quote, that a wire of superconductive mercury in a capillary
immersed in liquid helium bearing a current of 1000 amp./mm.?
density warmed itself to a temperature above the boiling point® of
hydrogen, another example is a wire of bare lead cooled in liguid
helium remaining superconductive with a current of 420 density,
which on raising the current density to 940 was melted. It is very pro-
bable that one place of the wire had been heated to a temperature
above the vanishing point and assumed ordinary resistance: all the
tension being concentrated on that part, the Joure-heat could not be
sufficiently withdrawn, the forming of a bubble of gaseous helium
and heating of the lead to the melting point followed immediately.

If matters are scrutinized more closely it seems that mm:m_m:uf
when the current surpasses the threshold value, a local heating of a
very small portion of the superconductive wire takes place, so that
the step-up point of resistance is reached; at greater densities this
temperature spreads over the wire, till there is equilibrium between
the heat given off and the Jours-heat generated. [ cannot go into all
the details of the phenomena, but the bearing upon the question of
experiments with superconductors as soon as we go to great current
densities is evident. The great question is, whether we have to do with
phenomena that are. to be attributed to local disturbances by bad
places, places at which Joure-heat or PsrTier-heat is developed, or

'} Leiden Comm. n® 133.
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that they will occur at a given current density in the metal itself
even if it is homogeneous, unstrained, everywhere crystallized in the
same manner.

If the potential-phenomena in superconductors charged above the
threshold-value of current density depend on local disturbances by
bad places, we must conclude that the higher limit for microresidual
resistance which we deduce from this threshold value is also to be
ascribed to bad places. We are then led to the conception that con-
ductivity in the superconductive state itself is yet many times greater
than it has already been found to be i.e. equal to 10” times that at
ordinary temperature, so that it may be put practically infinite

Let me again make clear the conclusions by applying them to
the problem of producing intense magnetic fields by coils without
iron. We may be sure that by continuing the investigation we shall
find the means of preparing wires free from bad places. There would
then be no limit to the current density at all and the magneto JouLe-
heat would become the determining factor for the dimensions and
the intensity of the field. .

If we take the other view of the potential phenomena in super-
conductors and assume that they are inherent to pure metals, then
it will not be possible to go under a certain limit of current a.m:m:%
and we shall probably not be able to construct the magnet.on
such a very small scale as we deduced before. But against that may
be put, that we should be sure of the cxistence of quite a
new world of electrical phenomena in conductors. The first remar-
kable thing in this new domain would be elcctrical conduction of
metals not obeying Onm's law.

It is'not difficult to frame hypothetical explanations for this on the
lines of the explanation given for the mechanism of ordinary resistance.
We have to remember that according to our supposition the vibrators
which cause the resistance in ordinary conductors have come to rest
in superconductors though they are surrounded by free electrons in
heat agitation. It means that, when free electrons in heat movement
come near the vibrators, they pass by without coming into collision and
giving off energy. The energy of the vibrators remains infinitely
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small. But if a sufficient migrative movement is impressed on the
free electrons in addition to their heat agitation there can occur
collisions in which the electrons can give off energy to the vibrators.
The more the temperature at which the experiment is made differs
from the temperature of the vanishing point, the greater must be the
migration movement to be added to the heat movement in order
that absorption of energy by the vibrators will be brought about. As
soon as the vibrator oscillates, the free electrons .Er.:u: come in the
neighbourhood are stopped in their motion i.e. a potential difference
is required to force the current through the wire. This hypothetical
explanation may be quoted here to show that the superconductive
state raises questions of fundamental interest for the theory of
quanta, which in the last three years has taken a prominent place in
very different departments of physics.

If we make ourselves free from accepted theoretical ideas, we can
draw attention to the analogy with the generation of waves on
water when the velocity of the wind exceeds a certain value. There
is perhaps even a deeper ground in this analogy pertaining to the
question of stability of motion.

At all events, if the potential phenomena are not due to disturban-
ces which we can eliminate, they are of an interest that will repay
us for the difficulties they might give, when we wish to produce an
intense magnetic field by a superconductive coil.

If we return now to the simpler case of superconductors not
overcharged with current densities above the threshold value, it gives
rise to highly interesting questions also.

When we calculate on .the basis of the electron-theory the mean
free path of the free electrons in superconductors at the lowest
temperatures, we find. instead of the values of the order of the dimen-
sions of molecules that hold at ordinary temperature, values of
the order of a meter. .

Would then a block of superconducting metal behave like a ROnT-
GEN tube for electrons projected with a certain velocity ? And will
a superconductive film be traversed more easily or with less Q@.szo:
from their path by all kinds of electric rays? Professor Lenar> and
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I have put ourselves this question aud we hope before long to make
experiments in this direction. :

An other question was the following. If electrons can pass from a
superconductor into a metal with ordinary resistance and return from
that metal in the superconductor, will they sustain a loss of energy
and will a resistance by contact arise in the superconductor? A thin
layer of tin obtained by tinning over a wire of constantan became super-
conductive notwithstanding the contact with the ordinary conductor.
It is true that the current density in the experiment was very small
and continuation of the experiments is-therefore desirable. But in
any case the preliminary result seems very difficult to explain with
the ordinary conception of the movement of the electrons.

Recapitulating what we said about the superconductive state we
may conclude, that the continuation of the investigation of it promi-
ses to throw light on different questions of great interest.

At the next International Congress of Refrigeration I hope to be
able to report on some further results of this study.
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