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ON KATHODE RAYS AND SOME RELATED
PHENOMENA.*

I.

Awmone the branches of physical investi-
gation that have recently shown especial
activity, few occupy a more prominent po-
sition at the present time than those that
are related to the electrical discharge in
rarefied gases. This is true not only be-
cause of the rapid development of the sub-
ject, but also because of the far reaching
importance of the results, and the influence
which they seem destined to exert upon
widely different branches of physics. When
I learned that I was to have the privilege
of addressing you to-day, it appeared to me
that I could not better utilize the oppor-
tunity than by briefly recalling the progress
in this subject during the last few years, and
calling attention to some of the results that
we may reasonably hope for in the future.
The whole subject of vacuum tube discharge
is, of course, too large to be treated in the
brief space of an hour. I shall therefore
confine myself to one of its more important
subdivisions, namely, the phenomena and
theory of the kathode rays.

Of the many beautiful and interesting
pbenomena that accompany the electrical
discharge in rarefied gases, certainly none
has attracted such widespread attention as

* Address of the Vice-President and Chairman of
Section B (Physics) of the American Association for
the Advancement of Science, given at the New York
meeting.
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the kathode rays. Since their discovery by
Pliicker in 1859, and the first systematic
study of their properties by Hittorf and
Crookes, the importance of a more com-
plete understanding of their nature has
been generally recognized, and many em-
inent physicists have made them the sub-
ject of extended experimental investiga-
tion. In consequence, our knowledge of
the kathode rays has progressed during the
last few years with startling rapidity. To
make clear how great the progress has been,
let us consider first the condition of the
subject of 1890, at which time the theory
of vacuum tube phenomena was just begin-
ning to take systematic and consistent
form.

Almost from .the time of the first dis-
covery of the kathode rays, widely different
opinions had been held regarding their
nature. According to one view, the ka-
thode rays were to be regarded as distur-
bances in the ether, propagated in a manner
somewhat analogous to that in which light
is transmitted. The rays were not con-
gidered as essential to the passage of the
current, but as a secondary phenomenon,
produced by the discharge. Hertz, for ex-
ample, suggested that the production of the
kathode rays by the discharge in a vacuum
tube is analogous to the production of light
by the ordinary arc discharge in air. This
view furnished a ready explanation of most
of the observed phenomena, such, for ex-
ample, as the rectilinear propagation and
diffuse reflection of the kathode rays, and
the thermal, mechanical, and luminous ef-
fects produced by them. The explanation
of the well-known deflection of the rays in
passing through a magnetic field was
however, a matter of greater difficulty. I
am not aware that a thoroughly satisfactory
explanation of this phenomenon, based
upon what may be called the ether theory
of the kathode rays, has ever been pro-
posed.
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The theory proposed by Crookes in 1879,
and which usually bears his name, differed
radically from that just mentioned. By
Crookes and his followers the kathode rays
were thought to consist of a stream of
negatively electrified particles projected at
high velocity from the negative electrode.
Such particles would naturally travel in
straight lines; upon colliding with solid
obstacles their energy would be transformed
into that of heat, light, or visible motion ;
and when moving across the lines of force
of a magnetic field they would be deflected
from their straight path. The theory of
Crookes possessed the great advantage of
being concrete and definite, while, at the
time the theory was proposed, it was in
qualitative agreement with practically all
the observed phenomena,.

The work of later experimenters, how-
ever, had in many instances tended to dis-
credit the theory of Crookes. Thus, the
various mechanical effects produced by ka-
thode rays, such as the rotation of radio-
meter wheels and the like, were found to be
due largely, if not wholly, to secondary
causes, such as the heat developed by the
rays, and the varying static charges on the
walls of the tube. Again, if the rays con-
sist of negatively electrified particles, we
should expect a conductor placed in their
path to acquire a negative charge. Ex-
periments made to test this question were
contradictory, but in the majority of cases
it was found that the charge was positive
instead of negative.* Electrified particles
moving at right angles to an electrostatic
field should be deflected from their straight
course; but experiments made by Hertz |
and others to detect such an electrostatic
deflection gave only negative results. Since
the kathode rays are deflected in passing
through a magnetic field, we should expect
these rays, if they consist of material par-

* Crookes, Phil. Trans., 1879.
1 Hertz, Wied. Ann., 19, p. 782, 1883.
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ticles, to react upon the field and exert a
force tending to move the magnet to which
the field is due; no such reaction could be
detected.* Many other instances might be
cited in which the results of observation
were apparently in direct contradiction
with the Crookes theory.

Such, in brief, was the condition of the
subject at the beginning of the present de-
cade. Of the two theories that had been
proposed, each possessed strong arguments
in its favor. Neither was free from serious
objection.

Previous to this time, very little work of
a quantitative nature had been done in
connection with the kathode rays, although
geveral estimates had been made of their
velocity. Thus, according to Spottiswood
and Moultony the velocity was considerably
less than that of light; whole Goldstein}
had reached the conclusion that the ve-
locity was greater than one four hundredth
of the velocity of light. In 1894 a direct
determination of the velocity was made by
J. J. Thomson§, the method being to ob-
serve two fluorescent spots, produced by
the kathode raysat different distances from
the kathode, by means of a revolving mir-
ror. The result obtained was 2x10" cm.
per second, or about one thousand times
less than the velocity of light. This ve-
locity is practically the same as that which
would be acquired by a hydrogen ion re-
pelled from the kathode. Thomson’s re-
sult therefore supported the view, pre-
viously expressed by Schuster, that the
kathode rays were not composed of par-
ticles of metal torn loose from the electrode,
or of charged molecules of the residual gas,
but that they consisted of a stream of ions
such as occur in ordinary electrolysis.

Recent determinations of the velocity of

* Hertz, 1. c.

t Phil. Trans., 171, p. 627, 1880.

1 Goldstein, Wied. Ann., 12, p. 101, 1880.
4 Thomson, Phil. Mag., 38, p. 358, 1894.
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the kathode rays have shown that the value
obtained by Thomson was too small, so
that the conclusions based upon it were in-
correct. Nevertheless, I am inclined to
think that they served a useful purpose.
For by directing attention to the discredited
emission theory, and to the probable elec-
trolytic nature of gaseous conduction, they
stimulated investigation and contributed to
the advance of the subject.

The more modern phase of our subject
properly begins in 1892, when it was dis-
covered by Hertz* that the kathode rays
were able to penetrate thin sheets of gold
foil, aluminium, and glass. Taking advan-
tage of this discovery, Lenard in 1893t
constructed a vacuum tube containing a
small opening covered with aluminium foil,
through which the rays passed out into the
open air, or into a second tube. It was
thus possible to study the rays under con-
ditions which could be readily varied, while
the conditions under which the rays were
developed remained unaltered. This form
of apparatus not only made possible a more
gystematic study of the known properties
of the kathode rays, but also led to the dis-
covery of many new phenomena. Thus,
in air at ordinary pressures, the rays were
found to discharge electrified bodies, to de-
velop ozone,and to give an impression upon
a photographic plate. The photographs
published by Lenard, showing the opacity
of glass and quartz to these rays, and the
comparative transparency of the metals, are
strikingly similar to those since obtained
with the X-rays. In fact, it now seems
probable that X-rays were present to some
extent in all Lenard’s experiments, and
that the phenomena observed by him were
in part caused by them.

One of the first questions investigated by
Lenard was the influence of the medium
through which the rays passed upon their

* Hertz, Wied. Ann., 45, p. 28, 1892,
1 Lenard, Wied. Ann., 51, p. 225, 1894.
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intensity and magnetic deflection.* In
passing through the air or other gases the
rays were observed to suffer diffusion simi-
lar to that experienced by light in a turbid
medium. Itwas found that the absorption
and diffusion of the rays were approxi-
mately proportional to the density. The
magnetic deflection, on the other hand, was
independent of the medium in which the
rays were observed, and remained the same
even after the rays had passed through thin
sheets of metal. ‘

By changing the conditions under which
the rays were generated, different kinds of
kathode rays were obtained, whose pene-
trating power and susceptibility to the ac-
tion of a magnetic field could be varied
through a wide range. Thus, upon reduc-
ing the pressure in the tube where the rays
were developed, the penetrating power of
the rays was found to increase, while at the
same time the magnetic deflection became
steadily less. In connection with this work
Lenard called attention for the first time to
the so-called ‘magnetic spectrum’ of the
kathode rayst a phenomenon which was
rediscovered by Birkeland} in 1896 and
has since attracted considerable attention.
It appears that a beam of kathode rays is
ordinarily not homogeneous, but that it
consists of rays which are magnetically de-
flected in different degrees. In conse-
quence, the fluorescent patch produced by
such a beam, after passing through a mag-
netic field, is no longer sharply defined.
In many cases it is drawn out into an in-
terrupted band, in which regions of bright
fluorescence alternate with regions of com-
parative darkness. The resemblance to a
banded or bright line spectrum is often
quite striking. The phenomenon is now
known to be due to the employment of a
fluctuating or interrupted current in devel-

* Wied. Ann., 52, p. 23, 1894 ; 56, p. 255, 1895.

1 Wied. Ann., 52, p. 32, 1894.
I Comptes rendus, 123, p. 492, 1896.
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oping the rays.* Since the character of the
kathode rays is so largely dependent upon
the conditions under which they are devel-
oped, it is natural to expect that when these
conditions are unsteady the rays obtained
will be non-homogeneous. If the rays are
developed by a steady current, the magnetic
spectrum is reduced to a single bright line.

‘Without stopping to discuss farther the
interesting and important phenomena in-
vestigated by Lenard, let us consider for a
moment the bearing of his work upon the
two opposing theories of the kathode rays.
Upon the assumption that the rays con-
sisted of some sort of wave motion, all
Lenard’s results were readily explained.
That such waves should pass through air,
and even through thin layers of metal, was
to be expected ; the same is true with ordi-
nary light. To explain the diffusion of the
rays, it was sufficient to assume that the
wave length was small compared with the
dimensions of a molecule. The same as-
sumption explained the observed relation
between absorption and density. The dif-
ficulty in accounting for the magnetic de-
flection of the rays still remained. But this
difficulty was no greater than it had always
been, and seemed by no means insurmount-
able.

On the other hand, to interpret Lenard’s
results in accordance with the Crookes
theory, in the form that it then took, was a
matter of great difficulty. That exces-
sively short waves should be able to pass
through metal is reasonable enough ; but
that atoms or molecules should be able to
pass is hard to believe. Yet, according to
Lenard’s experiments, not only must these
atoms pass through a grounded sheet of
aluminium, carrying with them their elec-
tric charge, but they must emerge from the
other side with their momentum sensibly
unaltered. The suggestion was indeed
made by the advocates of the Crookes the-

*Struts, Phil. Mag., 48, p. 478, 1899.
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ory that the rays did not really penetrate
Lenard’s aluminium window, but that they
made of it a secondary kathode, which sent
out new rays of its own into the region be-
yond.* But the objections to this view are
numerous. For example, it is remarkable
that the secondary rays should be exactly
similar in their properties to the rays which
produced them, regardless of whether the
secondary kathode is thick or thin,a conduc-
tor such as aluminium, or an insulator such
as glass, Again, Lenard obtained these rays
both in air at ordinary pressures, and in a
vacuum so high that no discharge could be
made to pass. In neither case can kathode
rays be produced by any other known
method. Is it not strange that a secondary
kathode, forming part of a grounded metal
inclosure, should not only develop these
rays under conditions where all other
methods fail, but that it should also pro-
duce rays of the same kind and intensity
under such widely different conditions?
These and other objections make it seem
highly unlikely that the Lenard rays can
be satisfactorily explained by treating the
aluminium window as a secondary kathode.
In fact, I think that this view has now been
very generally abandoned. But even if it
were accepted as correct, the difficulties in
the way of the Crookes theory still re-
mained. For if the kathode rays consisted
of charged atoms, as had been indicated by
the work of Schuster and J. J. Thomson,
the fact that they were able to pass through
air is scarcely less surprising than that they
should penetrate thin sheets of metal.}
Lenard himself interpreted his results as
offering additional support to the ether
theory, and called attention to the fact that
in order to explain the observed phenom-

*J. J. Thomson, ‘ Recent Researches in Electricity
and Magnetism,’ p. 126. ¢ Discharge of Electricity
through Gases,” p. 190.

t8ee J. J. Thomson, ‘Discharge of Electricity
through Gases,’ p. 196.
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ena the wave-length must be small com-
pared with the dimensions of a molecule.
At the close of his first article in 1894 he
says, “ Judging by the observed behavior of
the gases?’ (viz, diffusion and absorption
of the rays) ‘the ether phenomena that
constitute the kathode rays must be of such
extraordinary fineness that dimensions as
small as those of molecules have to be
taken into consideration. KEven toward
light of the shortest known wave-length,
matter acts as though it were continuous.
But toward kathode rays, even the ele-
mentary gases behave like non-homoge-
neous media; each individual molecule
seems to form an obstacle to their propaga-
tion. Analogous phenomena are observed
when ordinary light passes through a me-
dium made turbid by suspended particles.”

When we consider the condition of the
subject at that time, Lenard’s conclusion
that the rays must consist of something anal-
ogous to wave motion seems most natural.
From our present standpoint, however, it
is seen that his results might be equally
well explained by a modification of the
Crookes theory. The same difficulties that
are surmounted by the assumption of ex-
tremely short waves can also be removed
by the assumption of extremely small par-
ticles. If the kathode ray particles are only
small enough, they might pass for a con-

siderable distance through air, or even

through metal films; upon colliding with
the molecules of a gas they would rebound
in all directions, and diffusion would re-
sult; and both diffusion and absorption
would be roughly proportional to the den-
sity of the medium. But this requires that
particles of matter should exist which are
small as compared with atoms. The sug-
gestion is a startling one, and so violently
contradicts our ordinary views of the con-
stitution of matter that it cannot be ac-
cepted without strong support. It is not
surprising, therefore, that several years
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elapsed after the discovery of the Lenard
rays before this modification of the Crookes
theory was proposed.

In 1895, about a year after the publication
of Lenard’s results, came the discovery of
the X-rays by Rontgen. The widespread
interest which this discovery aroused is fresh
in the minds of all of us, and is probably
without a parallel in the whole history
of physics. Apart from their importance
from a purely scientific standpoint, and
from their sensational features, the X-rays
occupy a unique position among the phe-
nomena connected with the electrical dis-
charge in vacuum tubes ; forthey afford the
first instance in which the scientific results
obtained in this branch of physics have
been made directly useful in everyday life.
Although it is not the purpose of the pure
scientist to seek directly such applications,
yet every instance of this kind is always a
source of gratification. Each new case
serves to strengthen that belief which forms
the real basis of scientific investigation ; the
belief that every advance in our knowledge
of natural law, be it ever so small, or ever
so removed in appearance from the affairs
of everyday life, must ultimately contribute
to the increase of human happiness and the
progress of mankind.

The discovery of the X-rays served to
stimulate investigation along all related
lines. Interest in the phenomena of the
electrical discharge through gases, and espe-
cially in the kathode rays, became stronger
than ever before ; for it was natural to ex-
pect that the puzzling problem of determin-
ing the nature of the Rontgen rays might
be simplified by a better understanding of
the kathode rays that produced them.

The numerous difficulties and apparent
contradictions which had stood in the way
of the adoption of the Crookes theory have
already been referred to. These may be
said to have culminated with the discovery
of the Lenard rays, and the theory in its
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earlier form was of necessity abandoned.
But since that time the difficulties have been
one by one removed. Thus, in 1896, it was
shown by Perrin* that the kathode rays
really do carry a negative charge; this
conclusion was confirmed by J. J. Thom-

sont in 1897. That a negative charge is

also carried by the Lenard rays was after-
wards shown by McClelland,{ Wien,§ and
Lenard.|| By passing the rays through an
aluminium window in a completely closed
metal box, Lenard was able to give a nega-
tive charge to an insulated conductor within.
Certainly a more conclusive proof that the
kathode rays are electrified can hardly be
demanded.

The deflection of the kathode rays in
passing through an electrostatic field, which
the Crookes theory required, and which
Hertz had looked for in vain, was proved
to exist by Jaumann %[ in 1896, and much
more conclusively by J. J. Thomson ** in
1897. A year later it was shown by Wien {1
and Lenard{{ that a similar electrostatic
deflection occurred in the case of the Lenard
rays.

Not only were the earlier experiments
shown to be in error in both these cases,
but the reasons for their failure are now
pretty well understood. Probably the most
important sources of error were due to the
fact that the residual gas in a vacuum tube
is rendered conducting by the discharge.
The kathode rays also exert a special ion-
izing influence of their own, so that in
those parts of the tube which are traversed
by these rays, the gas becomes temporarily
a good conductor. In consequence it acts

* Perrin, Nature, 53, p. 298, 1896.

{ Thomson, Pkil. Mag., 44, p. 293, 1897.

1 McClelland, Lond. Elect., 39, p, 74, 1897.

4 Wien, Wied. Ann., 65, p. 440, 1898.

|| Lenard, Wied. Ann., 64, p. 279, 1898.

{| Jaumann, Wiener Berichte, 105, 2a, p. 291, 1896.
** Thomson, Phil. Mag., 44, p. 293, 1897.

11 Wien, Wied. Ann., 65, p. 440, 1898,

1} Lenard, Wied. 4dnn., 64, p. 279, 1898.
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as a conducting screen, which: protects the
rays from electrostaticinfluences. This ex-
planation of the failure to obtain electro-
static deflection was suggested by Schuster *
as early as 1890; but the importance of
this source of error was not generally ap-
preciated until much later. The fact that
a conductor placed in the path of the
kathode rays usually takes a positive charge
instead of a negative one is doubtless due
to the same cause. Being surrounded by
a conducting medium, the conductor will
. receive its charge partly from the kathode
rays and partly by induction. The induc-
tive charge will usually be positive, and
may be sufficiently strong to determine the
sign of the resultant. Doubtless the almost
universal employment of the induction coil
by the earlier observers was also in part to
blame for the contradictory results. The
use of a fluctuating current is now seen to

introduce many annoying complications.

In quantitative work especially, some source
of steady current, such as a large Holtz
machine or a storage battery, is much to
be preferred.

The discovery that the kathode rays
carry a negative charge and are subject to
electrostatic deflection afforded so strong
an argument in favor of the Crookes theory,
that attempts were at once made to subject
the theory to quantitativetests. The ques-
tion of the size of the kathode ray parti-
cles and the charge carried by them was
attacked independently and almost simul-
taneously by Wiechertf and J. J. Thom-
son.{ It is interesting to observe that al-
though the conclusions reached were prac-
tically the same, the methods employed
were radically different. Wiechert’s first

*Proe. Roy. Soc., 47, p. 526, 1890.

t Physikal.-6konom. Gesellschaft in Konigsberg.
Jan. 7, 1897. Wiedemann’s Beiblitter, 21, p. 443.

1 Royal Institution Lecture. April 30, 1897.
Lond. Elect., 39, p. 104, 1897. Phil. Mag. 44, p.
293, 1897.

SCIENCE.

47

determinations were based upon the con-
sideration that since the motion of the kath-
ode ray particle is due to the electrical
forces, the kinetic energy acquired by each
particle must be equal to the potential en-
ergy which it possessed at the surface of
the kathode. A relation is thus obtained
connecting the charge, mass, and velocity
of the particles with the potential of the
kathode. A second relation between these
same quantities is obtained by measuring
the deflection of the rays in a magnetic
field of known strength. By elimination
it is then possible to determine both the
velocity of the rays and the ratio of the
charge carried by each particle to its mass.
The results indicated a velocity not far
frorh 10 cm. per second, or nearly one-
third that of light. That a material par-
ticle should move at such an enormous ve-
locity seems almost incredible. It is not
surprising that Wiechert felt the need of
checking this result by some independent
method. He did so by employing a method
that had been suggested by Des Coudres* in
1895, and which is independent of any as-
sumption regarding the nature of the kath-
ode rays ; the results obtained were of the
same order of magnitude as before. That
the kathode rays often have a velocity
closely approaching that of light has since
been abundantly confirmed.

Wiechert’s values for the ratio e/m—. e.,
the ratio of the charge carried by a kathode
rays particle to the mass,—lay between
20x 10° and 40x10° (c. g. s., electro-mag-
netic units). This is .about three thou-
sand times greater than the corresponding
ratio for the hydrogen ion in ordinary
electrolysis. We must therefore conclude
either that the particles carry a much
larger charge than is carried by an ion in
electrolysis, or else that they are smaller
than the hydrogen atom. The latter alter-
native, which harmonizes so well with the

* Wiedemann’s Beiblitter, 21, p. ‘648,
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phenomena of the Lenard rays, is the one
usually accepted.

The value of ¢/m was determined by two
entirely different methods by J. J. Thom-
son, the results being published at practi-
cally the same time as those of Wiechert.
In the first method used by Thomson, the
kinetic energy of the particles was deter-
mined by measuring the heat developed
when the rays fell upon the face of a ther-
mopile, and the charge carried by them was
.measured by an electrometer. These two
measurements, together with the magnetic
deflection in a known field, make possible
the computation of both e/m and v. The
values of e/m obtained in the most reliable
experiments by this method ranged from
14x10° to 10x10°. The corresponding
values of the velocity were about one-tenth
the velocity of light. The second method,
which is regarded by Thomson as more reli-
able, involved the determination of the
electrostatic deflection in a known electric
field, and the magnetic deflection of the
same rays in & known magnetic field. This
method gave values of e¢/m ranging from
9x10° to 6.7 x 10°, the velocity being about
one-tenth that of light, as before. Thomson
found that the ration e¢/m was independent
of the nature of the gas in the tube. This
result has been confirmed by Kaufmann,*
who found that the ration was also inde-
pendent of the material of the kathode.

The conclusions naturally drawn from
these results may be put into the following
crude and provisional form : The kathode
rays consist of negatively charged particles,
or corpuscles, which are much smaller than
the atom of hydrogen. These corpuscles
are present as a constituent part of the
molecule in all substances: whether only
one such corpuscle is present for each mole-
cule, possibly revolving about it like a satel-
lite, or whether each molecule consists of
an aggregation of corpuscles, it is not yet

* Wied. Ann., 61, p. 545, 1897.
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possible to say. Under the influence of the
intense electrical field at the negative ter-
minal of a vacuum tube, the corpuscles are
in some cases freed from the forces that
hold them to the remainder of the mole-
cule, and shoot off at enormous speed to

form the kathode rays.
ErNEsT MERRITT.
CORNELL UNIVERSITY.

(To be concluded.)

SOME TWENTIETH CENTURY PROBLEMS.*

It is never a bad plan to improve an an-
niversary occasion by comparative observa-
tions. In commercial and manufacturing
lines, short intervals of time are marked by
balancing books and checking off accounts,
and an inventory is taken at the end of the
year without exception. And so it happens
that I am going to recognize to-day the
fact that we stand at the end of a century,
and what I have to say will be influenced
to no small extent by the recognition of
that fact.

Under ordinary circumstances, with this
in mind, I could hardly avoid following the
commercial example at the end of the year,
and taking an account of stock, balancing
accounts, and ascertaining the advance or
retrogression in our branch of the scientific
world during the period of time that repre-
sents three generations of human beings.
I do not intend, however, to do this, partly
because I do not wish to weary an audience
with all that ought to be passed in review
in such an important anniversary summa-
tion, and partly because, a few years since,
Professor H. Marshall Ward, in resuming
the botanical progress of the Victorian Era,
gave the more important facts, while the
vice-presidential addresses of several recent
years before this Section have dealt with
important advances in botanical thought in

*Address of the Vice-President, Chairman of Sec-
tion G (Botany) of the American Association for the
Advancement of Science, given at the New York
meeting.



