XI

ON ELECTRIC RADIATION

(Sitzungsber. d. Berl. Akad. d. Wiss. Dec. 18, 1888.  Wiedemann’s Ann.
36, p. 769.)

As soon as I had succeeded in proving that the action of an
electric oscillation spreads out as a wave into space, I planned
experiments with the object of concentrating this action and
making it perceptible at greater distances by putting the
primary conductor in the focal line of a large concave
parabolic mirror.  These experiments did not lead to the
desired result, and I felt certain that the want of success was
a necessary consequence of the disproportion between the
length (4-5 metres) of the waves used and the dimensions
which I was able, under the most favourable circumstances, to
give to the mirror. Recently I have observed that the
experiments which I have described can be carried out quite
well with oscillations of more than ten times the frequency,
and with waves less than one-tenth the length of those which
were first discovered. I have, therefore, returned to the use of
concave mirrors, and have obtained better results than I had
ventured to hope for. T have succeeded in producing distinct
rays of electric force, and in carrying out with them the
elementary experiments which are commonly performed with
light and radiant heat. The following is an account of these
experiments :—

The Apparatus

The short waves were excited by the same method which
we used for producing the longer waves. The primary
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conductor used may be most simply described as follows :—
Imagine a cylindrical brass body,! 3 cm. in diameter and
26 cm. long, interrupted midway along its length by a spark-
gap whose poles on either side are formed by spheres of 2 cm.
radius. The length of the conductor is approximately equal
to the half wave-length of the corresponding oscillation in
straight wires; from this we are at once able to estimate
approximately the period of oscillation. It is essential that
the pole-surfaces of the spark-gap should be frequently
repolished, and also that during the experiments they should
be carefully protected from illumination by simultaneous side-
discharges ; otherwise the oscillations are not excited. Whether
the spark-gap is in a satisfactory state can always be recognised
by the appearance and sound of the sparks. The discharge is
led to the two halves of the conductor by means of two gutta-
percha-covered wires which are connected near the spark-gap
on either side. I no longer made use of the large Ruhmkorff,
but found it better to use a small induction-coil by Keiser and
Schmidt ; the longest sparks, between points, given by this
were 4'5 cm. long. It was supplied with current from three
accumulators, and gave sparks 1-2 cm. long between the
spherical knobs of the primary conductor. For the purpose
of the experiments the spark-gap was reduced to 3 mm.

Here, again, the small sparks induced in a secondary
conductor were the means used for detecting the electric forces
in space. As before, I used partly a circle which could be
rotated within itself and which had about the same period of
oscillation as the primary conductor. It was made of copper
wire 1 mm. thick, and had in the present instance a diameter
of only 7'5 cm. One end of the wire carried a polished brass
sphere a few millimetres in diameter ; the other end was
pointed and could be brought up, by means of a fine screw
insulated from the wire, to within an exceedingly short
distance from the brass sphere. As will be readily under-
stood, we have here to deal only with minute sparks of a few
hundredths of a millimetre in length ; and after a little practice
one judges more according to the brilliancy than the length of
the sparks.

The circular conductor gives only a differential effect, and

1 See Figs. 85 and 36 and the description of them at the end of this paper.
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is not adapted for use in the focal line of a concave mirror.
Most of the work was therefore done with another conductor
arranged as follows :—T'wo straight pieces of wire, each 50 cm.
long and 5 mm. in diameter, were adjusted in a straight line
so that their near ends were 5 cm. apart. From these ends
two wires, 15 cm. long and 1 mm. in diameter, were carried
parallel to one another and perpendicular to the wires first
mentioned to a spark-gap arranged just as in the circular
conductor. In this conductor the resonance-action was given
up, and indeed it only comes slightly into play in this case. It
would have been simpler to put the spark-gap directly in the
middle of the straight wire; but the observer could not then
have handled and observed the spark-gap in the focus of the
mirror without obstructing the aperture. For this reason the
arrangement above described was chosen in preference to the
other which would in itself have been more advantageous.

The Production of the Ray

If the primary oscillator is now set up in a fairly large
free space, one can, with the aid of the circular conductor,
detect in its neighbourhood on a smaller scale all those
phenomena which I have already observed and described as
occurring in the neighbourhood of a larger oscillation.! The
greatest distance at which sparks could be perceived in the
secondary conductor was 1'5 metre, or, when the primary spark-
gap was in very good order, as much as 2 metres. When a plane
reflecting plate is set up at a suitable distance on one side of the
primary oscillator, and parallel to it, the action on the opposite
side is strengthened. To be more precise :—If the distance
chosen is either very small, or somewhat greater than 30 cm.,
the plate weakens the effect; it strengthens the effect greatly
at distances of 8-15 cm.,, slightly at a distance of 45 cm., and
exerts no influence at greater distances. We have drawn
attention to this phenomenon in an earlier paper, and we
conclude from it that the wave in air corresponding to the
primary oscillation has a half wave-length of about 30 cm. We
may expect to find a still further reinforcement if we replace
the plane surface by a concave mirror having the form of a

! See V., VII., VIII.
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parabolic cylinder, in the focal line of which the axis of the
primary oscillation lies. The focal length of the mirror
should be chosen as small as possible, if it is properly to
concentrate the action. But if the direct wave is not
to annul immediately the action of the reflected wave, the
focal length must not be much smaller than a quarter wave-
length. I therefore fixed on 12} cm. as the focal length, and
constructed the mirror by bending a zinc sheet 2 metres long,
2 metres broad, and 4 mm. thick into the desired shape over a
wooden frame of the exact curvature. The height of the
mirror was thus 2 metres, the breadth of its aperture 1-2
metre, and its depth 0-7 metre. The primary oscillator was
fixed in the middle of the focal line. The wires which
conducted the discharge were led through the mirror; the
induction-coil and the cells were accordingly placed behind
the mirror so as to be out of the way. If we now investigate
the neighbourhood of the oscillator with our conductors, we
find that there is no action behind the mirror or at either side
of it; but in the direction of the optical axis of the mirror the
sparks can be perceived up to a distance of 5-6 metres. When
a plane conducting surface was set up so as to oppose the
advancing waves at right angles, the sparks could be detected
in its neighbourhood at even greater distances—up to about
9-10 metres. The waves reflected from the conducting surface
reinforce the advancing waves at certain points. At other
points again the two sets of waves weaken one another. In
front of the plane wall one can recognise with the rectilinear con-
ductor very distinct maxima and minima, and with the circular
conductor the characteristic interference-phenomena of stationary
waves which I have described in an earlier paper. I was able
to distinguish four nodal points, which were situated at the
wall and at 33, 65, and 98 cm. distance from it. We thus get
33 cm. as a closer approximation to the half wave-length of the
waves used, and 11 thousand-millionth of a second as their
period of oscillation, assuming that they travel with the
velocity of light. In wires the oscillation gave a wave-length
of 29 cm. Hence it appears that these short waves also have
a somewhat lower velocity in wires than in air; but the ratio
of the two velocities comes very near to the theoretical value
—unity—and does not differ from it so much as appeared to
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be probable from our experiments on longer waves. This
remarkable phenomenon still needs elucidation. Inasmuch as
the phenomena are only exhibited in the neighbourhood of the
optic axis of the mirror, we may speak of the result produced
as an electric ray proceeding from the concave mirror.

I now constructed a second mirror, exactly similar to the
first, and attached the rectilinear secondary conductor to it in
such a way that the two wires of 50 cm. length lay in the
focal line, and the two wires connected to the spark-gap passed
directly through the walls of the mirror without touching it.
The spark-gap was thus situated directly behind the mirror,
and the observer could adjust and examine it without obstruct-
ing the course of the waves. I expected to find that, on inter-
cepting the ray with this apparatus, I should be able to observe
it at even greater distances; and the event proved that I was
not mistaken. In the rooms at my disposal I could now
perceive the sparks from one end to the other. The greatest
distance to which I was able, by availing myself of a doorway,
to follow the ray was 16 metres; but according to the results
of the reflection-experiments (to be presently described), there
can be no doubt that sparks could be obtained at any rate up
to 20 metres in open spaces. FKor the remaining experiments
such great distances are not necessary, and it is convenient
that the sparking in the secondary conductor should not be too
feeble ; for most of the experiments a distance of 6-10 metres
is most suitable. We shall now describe the simple pheno-
mena which can be exhibited with the ray without difficulty.
When the contrary is not expressly stated, it is to be assumed
that the focal lines of both mirrors are vertical.

Rectilinear Propagation

If a screen of sheet zinc 2 metres high and 1 metre broad
is placed on the straight line joining both mirrors, and at right
angles to the direction of the ray, the secondary sparks dis-
appear completely. An equally complete shadow is thrown by
a screen of tinfoil or gold-paper. If an assistant walks across
the path of the ray, the secondary spark-gap becomes dark as
soon as he intercepts the ray, and again lights up when he
leaves the path clear. Insulators do not stop the ray—it
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passes right through a wooden partition or door; and it is not
without astonishment that one sees the sparks appear inside a
closed room. If two conducting screens, 2 metres high and 1
metre broad, are set up symmetrically on the right and left of the
ray, and perpendicular to it, they do not interfere at all with
the secondary spark so long as the width of the opening between
them is not less than the aperture of the mirrors, viz. 1'2 metre.
If the opening is made narrower the sparks become weaker,
and disappear when the width of the opening is reduced below
0'5 metre. The sparks also disappear if the opening is left
with a breadth of 1°2 metre, but is shifted to one side of the
straight line joining the mirrors. If the optical axis of the
mirror containing the oscillator is rotated to the right or left
about 10° out of the proper position, the secondary sparks
become weak, and a rotation through 15° causes them to
disappear.

There is no sharp geometrical limit to either the ray or the
shadows; it is easy to produce phenomena corresponding to
diffraction! ~ As yet, however, I have not succeeded in
observing maxima and minima at the edge of the shadows.

Polarisation

From the mode in which our ray was produced we can
have no doubt whatever that it consists of transverse vibrations
and is plane-polarised in the optical sense. We can also prove
by experiment that this is the case. If the receiving mirror
be rotated about the ray as axis until its focal line, and there-
fore the secondary conductor also, lies in a horizontal plane,
the secondary sparks become more and more feeble, and when
the two focal lines are at right angles, no sparks whatever are
obtained even if the mirrors are moved close up to one another.
The two mirrors behave like the polariser and analyser of a
polarisation apparatus.

I next had made an octagonal frame, 2 metres high and
2 metres broad ; across this were stretched copper wires 1 mm.
thick, the wires being parallel to each other and 3 cm. apart.
If the two mirrors were now set up with their focal lines
parallel, and the wire screen was interposed perpendicularly to

1 [See Note 25 at end of book.]
N
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the ray and so that the direction of the wires was perpendicular
to the direction of the focal lines, the screen practically did not
interfere at all with the secondary sparks. But if the screen
was set up in such a way that its wires were parallel to the
focal lines, it stopped the ray completely. With regard, then,
to transmitted energy the screen behaves towards our ray just
as a tourmaline plate behaves towards a plane-polarised ray of
light. The receiving mirror was now placed once more so that
its focal line was horizontal ; under these circumstances, as .
already mentioned, no sparks appeared. Nor were any sparks
produced when the screen was interposed in the path of the
ray, so long as the wires in the screen were .either horizontal
or vertical. But if the frame was set up in such g position -
that the wires were inclined at 45° to the. horizontal on either
side, then the interposition of the screen immediately produced
sparks in the secondary spark-gap. Clearly the screen resolves
the advancing oscillation into two components and transmits
only that component which is perpendicular to the direction
of its wires. This component is inclined at 45° to the focal
line of the second mirror, and may thus, after being again
resolved by the mirror, act upon the secondary conductor. The
phenomenon is exactly analogous to the brightening of the dark
field of two crossed Nicols by the interposition of a crystalline
plate in a suitable position.

With regard to the polarisation it may be further observed
that, with the means employed in the present investigation,
we are only able to recognise the electric force. When the
primary oscillator is in a vertical position the oscillations of
this force undoubtedly take place in the vertical plane through
the ray, and are absent in the horizontal plane. But the results
of experiments with slowly alternating currents leave no room
for doubt that the electric oscillations are accompanied by
oscillations of magnetic force which take place in the horizontal
plane through the ray and are zero in the vertical plane. Hence
the polarisation of the ray does not so much consist in the
occurrence of oscillations in the vertical plane, but rather in the
fact that the oscillations in the vertical plane are of an electrical
nature, while those in the horizontal plane are of a magnetic
nature. Obviously, then, the question, in which of the two
planes the oscillation in our ray occurs, cannot be answered



X1 ELECTRIC RADIATION 179

unless one specifies whether the question relates to the electric
or the magnetic oscillation. Tt was Herr Koladek ! who first
pointed out clearly that this consideration is the reason why
an old optical dispute has never been decided.

Reflection

We have already proved the reflection of the waves from
- conducting surfaces by the interference between the reflected
and the advancing- waves, and have also made use of the
reflection in the construction of our concave mirrors. But now
we are able to go further and to separate the two systems of
- waves fram one another. I first placed both mirrors in a large
room side by side, with their apertures facing in the same
direction, and their axes converging to a point about 3 metres
off. The spark-gap of the receiving mirror naturally remained
dark. I next set up a plane vertical wall made of thin sheet
zine, 2 metres high and 2 metres broad, at the point of inter-
section of the axes, and adjusted it so that it was equally
inclined to both. I obtained a vigorous stream of sparks
arising from the reflection of the ray by the wall The
sparking ceased as soon as the wall was rotated around a
vertical axis through about 15° on either side of the correct
position ; from this it follows that the reflection is regular, not
diffuse. ~'When the wall was moved away from the mirrors, the
axes of the latter being still kept converging towards the wall,
the sparking diminished very slowly. I could still recognise
sparks when the wall was 10 metres away from the mirrors,
we. when the waves had to traverse a distance of 20 metres.
This arrangement might be adopted with advantage for the
purpose of comparing the rate of propagation through air with
other and slower rates of propagation, e.g. through cables.

In order to produce reflection of the ray at angles of
incidence greater than zero, I allowed the ray to pass parallel
to the wall of the room in which there was a doorway. In
~ the neighbouring room to which this door led I set up the
receiving mirror so that its optic axis passed centrally through
the door and intersected the direction of the ray at right angles.
If the plane conducting surface was now set up vertically at

1 [F. Koladek, Wied. Ann. 34, p. 676, 1888.]
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the point of intersection, and adjusted so as to make angles of
45° with the ray and also with the axis of the receiving mirror,
there appeared in the secondary conductor a stream of sparks
which was not interrupted by closing the door. When I turned
the reflecting surface about 10° out of the correct position the
sparks disappeared. Thus the reflection is regular, and the
angles of incidence and reflection are equal. That the action
proceeded from the source of disturbance to the plane mirror,
and hence to the secondary conductor, could also be shown by
placing shadow-giving screens at different points of this path.
The secondary sparks then always ceased immediately ; whereas
no effect was produced when the screen was placed anywhere
else in the room. With the aid of the circular secondary con-
ductor it is possible to determine the position of the wave-front
in the ray; this was found to be at right angles to the ray
before and after reflection, so that in the reflection it was turned
through 90°. 7

Hitherto the focal lines of the concave mirrors were vertical,
and the plane of oscillation was therefore perpendicular to the
plane of incidence. In order to produce reflection with the
oscillations in the plane of incidence, I placed both mirrors with
their focal lines horizontal. I observed the same phenomena
as in the previous position ; and, moreover, I was not able to
recognise any difference in the intensity of the reflected ray in
the two cases. On the other hand, if the focal line of the one
mirror is vertical, and of the other horizontal, no secondary
sparks can be observed. The inclination of the plane of oscilla-
tion to the plane of incidence is therefore not altered by re-
flection, provided this inclination has one of the two special
values referred to; but in general this statement cannot
hold good. It is even questionable whether the ray after
reflection continues to be plane-polarised. The interferences
which are produced in front of the mirror by the intersecting
wave-systems, and which, as I have remarked, give rise to
characteristic phenomena in the circular conductor, are most
likely to throw light upon all problems relating to the change
of phase and amplitude produced by reflection.

One further experiment on reflection from an electrically
eolotropic surface may be mentioned. The two concave mirrors
were again placed side by side, as in the reflection-experiment
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first described ; but now there was placed opposite to them, as
a reflecting surface, the screen of parallel copper wires which
has already been referred to. It was found that the secondary
spark-gap remained dark when the wires intersected the direction
of the oscillations at right angles, but that sparking began as
soon as the wires coincided with the direction of the oscillations.
Hence the analogy between the tourmaline plate and our surface
which conducts in one direction is confined to the transmitted
part of the ray.! The tourmaline plate absorbs the part which
1s not transmitted ; our surface reflects it. If in the experiment
last described the two mirrors are placed with their focal lines at
right angles, no sparks can be excited in the secondary conductor
by reflection from an isotropic screen; but I proved to my
satisfaction that sparks are produced when the reflection takes
place from the eolotropic wire grating, provided this is adjusted
so that the wires are inclined at 45°to the focal lines. The
explanation of this follows naturally from what has been already
stated.

Refraction

In order to find out whether any refraction of the ray takes
place in passing from air into another insulating medium, I had
a large prism made of so-called hard pitch, a material like
asphalt. The base was an isosceles triangle 12 metres in the
side, and with a refracting angle of nearly 30°. The refracting
edge was placed vertical, and the height of the whole prism was
1'5 metres. But since the prism weighed about 12 cwt., and
would have been too heavy to move as a whole, it was built up
of three pieces, each 0'5 metre high, placed one above the other.
The material was cast in wooden boxes which were left around
it, as they did not appear to interfere with its use. The prism
was mounted on a support of such height that the middle of
its refracting edge was at the same height as the primary and
secondary spark-gaps. When I was satisfied that refraction
did take place, and had obtained some idea of its amount, I
arranged the experiment in the following manner :—The produc-
ing mirror was set up at a distance of 2'6 metres from the
prism and facing one of the refracting surfaces, so that the axis
of the beam was directed as nearly as possible towards the centre

1 [See Note 26 at end of book.]
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of mass of the prism, and met the refracting surface at an
angle of incidence of 25° (on the side of the normal
towards the base). Near the refracting edge and also at the
opposite side of the prism were placed two conducting screens
which prevented the ray from passing by any other path than
that through the prism. On the side of the emerging ray there
was marked upon the floor a circle of 25 metres radms having
as its centre the centre of mass of the lower end of the prism.
Along this the receiving mirror was now moved about, its aper-
ture being always directed towards the centre of the circle.
No sparks were obtained when the mirror was placed in the
direction of the incident ray produced; in this direction the
prism threw a complete shadow. But sparks appeared when
the mirror was moved towards the base of the prism, beginning
when the angular deviation from the first position was about
11°.  The sparking increased in intensity until the deviation
amounted to about 22° and then again decreased. The last
sparks were observed with a deviation of about 34°. When
the mirror was placed in a position of maximum effect, and then
moved away from the prism along the radius of the circle, the
sparks could be traced up to a distance of 5-6 metres.
When an assistant stood either in front of the prism or behind
it the sparking invariably ceased, which shows that the action
reaches the secondary conductor through the prism and not in
any other way. The experiments were repeated after placing
both mirrors with their focal lines horizontal, but without alter-
ing the position of the prism. This made no difference in the
phenomena observed. A refracting angle of 30° and a devia-
tion of 22°in the neighbourhood of the minimum deviation
corresponds to a refractive index of 1:69. The refractive index
of pitch-like materials for light is given as being between 15
and 16. We must not attribute any importance to the
magnitude or even the sense of this difference,! seeing that our
method was not an accurate one, and that the material used
was impure.

We have apphed the term rays of electric force to the
phenomena which we have investigated. We may perhaps
further designate them as rays of hoht of very great wave-length.
The experiments described appear to me, at any rate, emmently

1 [See Note 27 at end of book.]
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adapted to remove any doubt as to the identity of light, radiant
heat, and electromagnetic wave-motion. I believe that from
now on we shall have greater confidence in making use of the
advantages which this identity enables us to derive both in the
study of optics and of electricity.

Explanation of the Figures—In order to facilitate the
repetition and extension of these experiments, I append in
the accompanying Figs. 35,

36, and 36,, illustrations of (- 13
the apparatus which I wused, i “ |
although these were constructed HHIERERE
simply for the purpose of experi- o 2l s
menting at the time and with- |
out any regard to durability. ‘ :
Fig. 35 shows in plan and ele- Kd‘r/ f ;& i L
vation (section) the producing i :
mirror. It will be seen that |

the framework of it consists of ig“h i L 100am
two horizontal frames (a, @) of
parabolic form, and four vertical
supports (b, b) which are screwed
to each of the frames so as to
support and connect them. The
sheet metal reflector is clamped
between the frames and the sup-
ports, and fastened to both by
numerous screws. The sup-
ports project above and below
beyond the sheet metal so
that they can be wused as
handles in handling the mirror. Fig. 36, represents the
primary conductor on a somewhat larger scale. The two metal
parts slide with friction in two sleeves of strong paper which
are held together by indiarubber bands. The sleeves them-
selves are fastened by four rods of sealing-wax to a board which
again is tied by indiarubber bands to a strip of wood forming
part of the frame which can be seen in Fig. 35. The two leading
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wires (covered with gutta-percha) terminate in two holes bored
in the knobs of the primary conductor. This arrangement
allows of all necessary motion and adjustment of the various
parts of the conductor; it can be taken to pieces and pus
together again in a few minutes, and this is essential in order
that the knobs may be frequently repolished. Just at the
points where the leading wires pass through the mirror, they

are surrounded during the discharge by a bluish light. The
smooth wooden screen s is introduced for the purpose of shield-
ing the spark-gap from this light, which otherwise would
interfere seriously with the production of the oscillations.
Lastly, Fig. 36y, represents the secondary spark-gap. Both parts
of the secondary conductor are again attached by sealing-wax
rods and indiarubber bands to a slip forming part of the wooden
framework. From the inner ends of these parts the leading
wires, surrounded by glass tubes, can be seen proceeding through
the mirror and bending towards one another. The upper wire
carries at its pole a small brass knob. To the lower wire is
soldered a piece of watch-spring which carries the second pole,
consisting of a fine copper point. The point is intentionally
chosen of softer metal than the knob; unless this precaution is
taken the point easily penetrates into the knob, and the minute
sparks disappear from sight in the small hole thus produced.
The figure shows how the point is adjusted by a screw which
presses against the spring that is insulated from it by a glass
plate. The spring is bent in a particular way in order to secure
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finer motion of the point than would be possible if the screw
alone were used.

No doubt the apparatus here described can be considerably
modified without interfering with the success of the experi-
ments. Acting upon friendly advice, I have tried to replace
the spark-gap in the secondary conductor by a frog’s leg pre-
pared for detecting currents; but this arrangement which is so
delicate under other conditions does not seem to be adapted for
these purposes.'

1 [See Note 28 at end of book.]



