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of a calcium atom are ﬂppmximately_&()() and 1000 volig
respectively (computed from values given by llartree for

atoms of neighbouring elements), and the values of 7 or N4
are given in colummns (3) and (4) of th_e tab]m.' In order tg
obtain the contribution to ¥, the amplitude of the unmodi-
fied wave leaving the electron must be multiplied by the
diffraction factor, C(8). According to Stoner there are six
electrons describing 2, orbits in the calelum atom, and the
contribution 8F, to IF, from this class of electrons 1s there- Fig. 1
fore 6;(}(3) or EI\/ 7B, ﬂumn'ding_tc:) the 1511}J1Jf)5itif_’lll made
as regards the nature ol the scatiering. 'J._rlzﬂ values of 'BF.H
are given in the fitth and sixth :::01111111‘1_5. 1'he u_ontrl butions
to F' on the classical theory are given 1n the last column {or
comparison. | - . ‘ |
In the case of elliptic orbits different elements ot the orbit —J
defined by the distance of the electron f rom the nueleus have |
heen considered separately, the caleulation for each uler{wnt
being similar, to that for a circular orbit. The value of K,
for the whole lon is obtained by adding up the contributions,
SF., from the various classes of electrous in the ion.

which the radiations passed to the apparatus by which they
were detected and tested.

The electrodes A and B (fig. 1) for the discharge were
placed at one end of a long tuhe. B is a brass or alominium
.eylinder fitting tightly into the glass tube; a hole 1s bored
out along the axis of this cylinder. A was in some cases a
plane disk with its plane at right angles to the axis of B;
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- : oty | , . Coil far Flectradel/ess
through Gases. By Siv d. J. Taomson, Q.M. 11057 i1 for Eluctr odeles

s b rgo

N the P’hilosophical Magazine for May 1925 1 gave an .
. account of experiments which showed that the passage L
of the clectrie discharge Fhl‘{_}lligh' Uases ‘ﬂ.t ]nﬁw pressures —
oives rise to the emission of radiations which, like radiation
i1 the extreme ultra-violet or very soft X-rays, are absorbed -
with sueh rapidity that they cannot penctrate more than a
thin layer of gas unless the pressurc is very low ; as they

give rise to very intense ionization, they are ot fundamental .:.IA
importance in the theory of the electric discharge through .
oases. 1p this paper I deseribe a serles of experiments on

the sources and characteristic properties of these radiations.

The experiments described in the earhier paper were macde
on the radiation coming from the space between the anode
and cathode of a discharge-tube; in this region there are
both moving electrons and moving pnﬁazi‘riw ions, and their
radiations are superposed.  Inthe following experiments the
offeots due to the electrons and the positive 1ons were studied
separately. For this purpose streams of cither cathode or
positive rays were isolated and sent past the window through

# Communicated by the Aunthor,

In other cases 1t was a tube whose axis was in the saume
straight line as the axis of B, When A iz made cathode
& beam of cathode rays, and when it is made anode a beam
of positive rays, streams through the boring in the cylinder B
and excites radiation in the gas. This radiation is detected
by the photoelectric effect it produces when it falls upon a
polished metal disk D which is connected with a Dolezalek
slectrometer. In order to screen off from the disk the
effects which would be produced by ions diffusing from
the discharge-tube two methods have been employed, which

2 X2
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are described on pp. 769 and 762, Phil. Mag. xlix. (1925).

In the first of these methods the ions are stopped by a stmng:

electric fisld and the radiation has not to pass through any
solid obstacle, but passes through a slit between two half-
cylinders insulated from each other and connected with the

terminals of a battery of storage cells ; there 1s thus a strong:

electric field across the slit, The geometry of the apparatus
was such that the beam of rays was parallel to the slit and
was in full view of the disk [). The details of the electrical
connexions and the position of screens of wire gauze to
screen off any electrostatic cffects due to the charges on the
half-cylinders are indicated in fig. 2.

The efficiency of the screen for stopping the ions and
electrons coming from the discharge was tested by in-
creasing the potential difference between the half-cylinders.
With the potentials used this increase produced no change
in the deflexion of the electrometer, nor was any difference-

- Fig. 2.
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produced by reversing the direction of the field between the:
slits.

The other method used to screen off the ions is to place
the digk D in a brass tube with a very thin celluloid window
at one end ; the celluloid stops the ions, but allows some of
the radiation to get through. 1 showed in the previous
paper that even the thinnest celluloid obtainable stops all
but a small fraction of the soft radiation coming from the
“tube. - o
Special precautions were taken to isolatETthe radiation
coming from the molecules of the gas from that due to th%
impact of the electrons or positive rays againgt the walls o .
the discharge-tube, A side tube C (fig. 1) about 20 em. long

and 5 in-diameter was used on to the main tube opposite to-

the testing apparatus, and the slit between the cylinders
used to produce the screening electric field stopped down
until the only part of the glass of the tube visible from the
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photoelectric disk was that at the far end of the tube C,

which is far out of the path of the electrons. B

The intensity of the stream of cathode or positive rays
is estimated by the charge they give to the disk K (fig. 1),
which is connected to earth through a high-resistance
galvanometer. The disk can he moved backwards and for-
wards down the tube and can be brought within view of the
disk connected with the electrometer ; when in this position
the radiation due to the impact of the rays against the disk E,
as well as that coming from the molecules of the gas, falls
upon the testing apparatus, and by comparing the effects
when E is in this position with those when it is pushed back
we can estimate the relative intensities of these radiations.

Radiation due to the passage of cathode rays through
the gas.

W hen the electrode A (fig, 1) was the cathode and a stream
of cathode rays went through the opening in B past the
window leading to the testing apparatus, the electrometer
received a continuously ingreasing positive charge; this we
ascribe to the ejection of electrons from the disk connected
with the electrometer, due to the incidence of the radiation
excited by the cathode rays in their course through the gas.
If the stream of cathode rays is deflected by a magnet
so that it can no longer be seen from the disk connected
with the electrometer, the deflexion of the electrometer
ceases, showing that the radiation came from the gas
traversed by the beam of cathode rays and not from the

walls of the tube. .
If the target I 1s moved down the tube until 1t comes

within sight of the disk connected with the electrometer so
that the radiation excited by the incidence of the cathode WE’E
on the metal target falls upon the disk, the deflexion of the
electrometer is increased greatly, sometimes more than a

hundredfold.

Radiation excited by positive rays.

When A (fig. 1) is made anode a beam of positive rays
passes through the gas in sight of the disk connected with
the electrometer, the electrometer acquires a continuously
increasing charge of positive electricity, showing that the

passage of positive rays through the gas excites radiation.

In fact, when the electric discharge is produced by an

indaction coil the deflexion of the electrometer is greater
when the induction coil is arranged to send a beam of
positive rays through the tube than when the coil is
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reversed, so that cathode rays pass in front of the window.
The number of positive and cathode rays passing past the
window in unit time can be ascertained from the deflexions
of the galvanometer which connects the target E (fig. 1)
with the earth. Knowing the number of rays and the
deflexion of the electrometer, we can calculate the de-
flexion due to one cathode or one positive ray, The result
depends upon the nature of the screen used. When the
ions are screened off by the electric field, the deflexion due
to one positive ray is greater than that due to one cathode
ray ; when they are screened off by a celluloid film, the
deflexion due to a cathode rayis much greater than that due
to a positive one. This is, 1 think, due to the fact that the
radiation produced by the positive rays 18 less penetrating
than some of that produced by the cathode ones, so that a
much larger proportion of the positive radiation than of the
negative is stopped by the celluloid window.

Just as with cathode rays there 13 a great iIncrease in
deflexion when the target is brought forward, so that
radiation from it can reach the disk connected with the
electrometer ; thus the impact of positively electrified
particles with metal gives rise to radiation. I showed this
by a photographic method many years ago. |

The deflexion of the electrometer produced when the
target is moved 50 as to be in sight of the disk connected
with the electrometer is in general a larger multiple of the
deflexion without the target when the celluloid film 1s used
than with the electrostatic sereen. This is, I think, due to
the fact that in the latter case the opening thromgh which
the rays can pass is a very narrow one ‘while the celluloid
window has a much larger area ; thus a large proportion of
the rays produced by impact with the target will get through
the window without any very accurate adjustment of the
position of the target, while with the narrow opening nnlﬁ
a comparatively small fraction of the rays will get throug
unless the target is in just the right position.

On the Nature of the Radiation produced by Cathode
and Positive Rays.

I have used two methods to investigate the nature ﬂf
the radiation: the first was to measure the absorption of .

the metal by thin gold, or aluminium, foil, and the second
was to measure the velocity of the electrons ejected from
the disk connected with the electrometer when the radiation
fell upon it.
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Absorption of radiation by thin metallic films.

Films of thin gold and aluminium were interposed
in the path of the radiation in the way described in Phil.
Mag. xlix. p. 764 (1925), and the consequent diminution in
the rate of charging up of the electrometer was measured.
Experiments were made on the influence on absorption of the
nature of the gases in which the radiation was produced, and
of the difference of potential between the anode and cathode
of the discharge-tube. The radiations were produced by a
stream of cathode rays passing through the gas; as the
celluloid window was umsed, the most abgorbable rays were
absent. The discharge was produced by a high-potential
dynamo made by Hvershed and Vignolles, which gave
steady potential differences up to 5500 volts,

The thickness of the gold leaf was 7-2 x 10~¢ cm., of the

-~ aluminium leaf 33 x 107°.

Absorption of rays by Gold leaf.

Ratio of intensity of

Voltage ineident to emergent radiation
between when the cathode rays passed through.
cathode and anode.  — —— —_—
Hydrogen. Oxygen. Argon.
1500 ............... 50 |
2000 .. eaerennnnn. 38 35
2600 ... 32
S000 ..ovvevannnenn. | 2+6) 26 26
3000 ... ..o 2 2'1
4000 ..., 2 2 20
4500 ...ovei...n, 147 2
28 ‘ =
5000 «...vovoeeee. fi9 ! 177 15
1151, 1 R 10 16

In hydrogen the eurrent is very unsteady at voitages higher-than 4500, and
the appearance of the discharge keeps changing abruptly.

Absorption of rays by Aluminium foul.
Rutio of intensity of

Voltage incident to emergent radiation
betwesn when the cathode rays pussed through.
eathode and anode. it —_—
Hydrogen. Oxygen. Argon.
1000 ... ciiiiiives 21
2000 .11niinreiiaas 20 1-8
2500 1viiriirnnrans 20
510101 IR 19 1-6 16
3500 .. .cvvivinnnnn 14
4000 .enriiniineras 14 1:3 17
{311 13 1:3
. 1.9 ' 1.5
000 .v.vvereresnens { 22 | 14 .

3000 .- .vviiiiennns- 8 13
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The absorbability of the radiation varies, however, with
the kind of electric discharge nsed to produce it. When
an induction coil is used instead of a continuous-current
dynamo, the radiation becomes less penetrating even though
the length of the equivalent spark-gap may show that the
maximum difference of potential produced by the coil is
greater than that produced by the dynamo.

We see from the above table that the penetrating power
of the radiation generated by the cathode rays increases
with the velocity of the rays, though not nearly so guickly
as 1t would if the frequency of the radiation were pro-
portional to the energy of the rays. It does not seem to
vary much with the nature of the gas; we shall see,
however, that the more absorbable radiations, especially
those due to positive rays which cannot penetrate the
celluloid film, do vary from one gas to another. The
penetrating power of the radiation from the gas was found
to be much the same as that of the radiation produced when
the same rays were allowed to fall upon a target.

The absorption method of measuring the qualities of the
radiation is not applicable to the very easily absorbed
radiation which cannot penetrate the thinnest metal foil
available, and it is this radiation which is the most important
of all in connexion with the theory of electric discharge.
I have endeavoured to determine the frequency of this
radiation by measuring the velocity of the electrons ejected
from a metal plate by the photoelectric action of the
radiation. To interpret these experiments it is necessary
to consider the theory of the ejection of electrons owing to
the photoelectric effects of monochromatic light,

Distribution of energy among the electrons emitted from a
plate by photoelectrie aciion.

Let bomogeneous radiation fall perpendicularly on a plate
of metal, let the mean free path in the metal of the quantum
of radiation be A, then the chance that a quantom is absorbed
at 2 distance between 2 and &4 82 from the surface of the
metal 18 proportional to

If all directions of projection of the electron by the quantum
are equally probable, the chance that the electron is projected
in a direction making an angle between & and 8 + 86 with the
normal to the plate is

L sin 8.00 ;
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hence the ehance that an electron should start from between
x and 48z in a direction between & and 6+ 066 is propor-

tional to 5
€ A Ef, sin @ . 60,

If F is the energy of the electron at the beginning of 1ts
path through the metal, and E; the energy after 1t bas
travelled a distance [, we know that

Eﬂ_ Elﬂ — Bl,

where @ is a constant depending upon the metal. It the
_electron starts from the depth & in a direction 6, the length
of its path in the metal will be xsecd and 1ts energy

at the end

VE*—RBxsecd. . . . . . . (1)

The experimental method is to find whether the electron

¢an escape from the metal and reach an electrode parallel to

the metal plate against an opposing difference of potential V.

If it is to do this, the energy due to the velocity of the
electron at right angles to the plate must be not less than
Voe ; hence it E is expressed in the form Ve, we must from

1) have
( .) [V _RBrsecO}licos? 0L Voe . . . . (2)
Putting Vo=7V and d = V%?/83, this becomes

d—u sec 8 & dr? sectd.

Hence the chance of an electron being liberated by the light
and escaping from the metal is proportienal to

. jjﬁﬁisinﬂ.dm.dﬂ,

)
where the limits of & and @ are found from the equation

d—azsect = drisectd. . . . . . (3)

Integrating with respect to 2 we get the term

— % 4d(1 ~r25ect A) cos f
..._.%. £ A]

_ ‘% (l—E_f (1—+2 gacd &) oo 6)
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Now d is the greatest distance the electron can travel in
the metal, and if, as is usually the case, the penetrating
power of the radiation is great compared with that of the
electrons, d/A will be small and the preceding expression is
approximately equal to

d

G (1 — et gant |
o (1—17*sec* f) cos 0.

We have now to find the value of

j Efi, (1 —»?sec* @) cos @ sin 84d6.

From equation (3) the limits of @ are 0 and cos?@=r.
Using these limits, we find that the value of the integral is

d | .
4—1’(1—?") .

Hence the rate at which the electrons escape is proportional
to

d 2
4—:.-)*\' (1—- *T') .

If the energy with which the electrons are liberated by the
light quanta is E, and if opposing their escape there 1s
an electric field of potential difference W, and if in addition
it requires work measured by P volts to liberate an electron
from the metal,

_W4+P

)

Hence, if R is the rate at which the electrons escape from
the plate, '

T

2

df, W+P
R“C‘&(]‘“' g ) - ®

where C is a quantity proportional to the intensity of the
incident radiation,

Thus the graph representing the relation between R
and W is a araEﬂla, touching the axis R=0 at the polnt
where W+P=FE, while that representing the relation
between A/R and W is a straight line.

If the radiation is not monochromatic, then, if the
intensity of . the radiation having quanta with energlies
between E and E+8E is f(B)SE, then R, the rate of
escape of electrons from the metal when exposed to this
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radiation, is given by the equation :

R={ sm2 (1 At P)ﬂdE

’

W+ P |
dR _ (" d AB)( _W+F
dW — fwﬂ'zx T(l E )dE‘
ﬂﬂd @ _jim i .f(E)dF‘
dW w+rd}“ | DE:
*R _ d f(W+DF) (4)
TWE= "o WaPyE " C vt ot

Now d and A are functions of E. We see from equation (1)
that d is proportional to E?, and if we suppese that the
absorption of the radiation like that of Rontgen rays is

roportional to the eube of the wave-length, A\ varies as E°

n these assumptions,

TR es as — LW+ D)
JVW3, varles as WPy

Thus if we determine by experiment the way R varies
with W and draw the graph, we can get from it the distri-
bution of the different types of radiation in the incident
light ; the place where R vanishes will %ive the greatest
frequency occurring in the radiation. If the curve is a
parabola the radiation is homogeneous with this frequency,
if it is not a parabola the radiation is not homogeneous ; the
distribution of the intensities can be determined by the pre-
ceding equation.

We have assumed that when an electron receives energy
from a quantum of light it is as likely to start in any one
direction as in any other. The justification for this is the
shape of the graphs obtained by experiments.

Along any parabola whose axis is parallel to the axis of ¥,
dPylda? is constant and d®y/da® is zero. Hence we infer
from equation (4) that when the graph (fig. 3) for the relation
between the rate of emission of the electrons and the
retarding potential can through a considerable stretch U
be represented by a single parabola, there is no radiation in
the tube whose energy quantum is between the values of W
at C and D. This gives a convenient method of determining
the character of the radiation from the shape of the graph.
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E[‘Ihus, to take an example, if AD represents the graph, and
i %U* 1s one parabola and (CD another, we know that the
radiation in the tube will be of two types—one having a
%antum equal to Wa+P, and the other to W+ P, where

s and Wg are the retarding potentials at A and C re-
spectively, and P is the work required to extract an electron
from the metal.

The relation between the rate of emission of electrons and
the retarding potential will depend upon the shape of the
1]1111111‘11&.13&‘1 electrode and the disposition of the retarding
elactric field. In our experiments the illuminated electrode
was a flat plate and the retarding lelectric field was that
between two parallel plates. It the{retarding electrie field

Fig. 3.

Roate of Emission of flectrons,

Retarding FPotential.

had been, as in Prof. Richardson’s experiments (Phil. Mag.
xxiv. p. 575, 1912), that between a large sphere and a small
illuminated electrode placed at its centre, then an electron

could escape if its total kinetic energy, and not necessarily
that part of 1t due to motion in a particular direction
exceeded »E, and the relation (2) would be replaced by ’

{E2—Brsec0}i> +B.

USing this relation instead of (2), we find that the rate of
emission of eJectrons is proportional to

d .
AL=—r)

=2 (1-(TEY) @,
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instead of, as in our case,

(Y

The graph represented by « is ulso a parabola, but it
is of the type shown in fig. 4 («), while the graph for B is

represented by fig. 4 (3). _
With the relation « the slope of the graph vanishes when

r==0 and is greatest when r=1, while with the graph 8 the
slope vanishes when 7==1 and is greatest when »=0.

Fig, 4.

Rate of Emission oF Electrons.

Retarding Potential.

If the radiation were heterogenasous the slope of the
vanish when »=0, though it would not
necessarily be greatest at the place on the graph where
emission vanished. For the B graph for heterogeneous
radiation the slope would vanish when the emission vanished
and would be greatest when r=0. The graphs in m
experiﬁlentﬂ are always of the 8 type, and what I thin
is sionificant is that though in the majority of cases the

cannot be represented by a single parabola, there are

graph ontod by a singlo pur
a few cases, one of which is the radiation given out by the

glow next the anode in the discharge through pure oxygen,

‘here the approximation to the parabolic form is very
close. This is what we should expect if the radiation were in
general heterogeneous, but there are special cases in which

it is approximately homogeneous.

a-graph would
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Experiments to determine the Distribution of Fnergy in

the electrons emitted by the photoelectric effect of the
radiation. '

The arrangement used is shown in fig. 2. D is the disk
connected with the olectrometer by the insulated rod R ;
this rod is surrounded by a metal tube connected with the
earth to shield off electrostatic effects from the disk and its
connexions. JIn front of the disk and parallel to it is a
sheet of wire gauze turned back at the emfs as 1n the figure,
so as to surround the disk with an equipotential surface
When the ends were not turned back I found the results
depended to some extent on the distance between the plane
of the ganze and that of the disk. I attribute this to some
of the electrons escaping through the gap between the gauze
and the disk without coming under the influence of the
retarding potential. The wire gauze was connected with a
battery of storage cells, and differences of potential ranging
up to 400 volts could be established between the gauze and
the disk; if the gauze were negative with respeet to the
disk the electric field tended to stop, if it were positive
to promote the emission of electrons. The rates of emission
of electrons for a series of potential differences were mea-
sured by finding the deflexion of the electrometer due to
the exposure of the disk to the radiation for a fixed time.
The readings with the same difference of potential between
the gauze and the disk were fairly constant when the
conditions were good, even when the radiation came
from a discharge produced by an induction coil. To stan-
dardize the readings, the deflexion when there was no
potential difference between the gauze and the disk was
measured at frequent intervals, |

When the coil was working well the deflexions of the
electrometer were fairly constant with similar conditions.
These investigations, however, brought to light a striking
feature of the radiations produced by the discharge : the
character of the radiation may change quite abruptly, some-

times without any appreciable change in theappeararice of the
discharge. I think these changes are due to gases coming
off the walls of the tube or to incursions of mercury vapour ;
later on, experiments are described which show that when
heavy gases are introduced into the tube radiations of much
higher frequency are added to those already in the tube.

In order that the discharge should be able to pass through
the tube the pressure must not be too low ; in the great
majority of these experiments the pressure was above
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01 mm. of Hg, and was thus much higher than that

occurring in recent experiments on photoelectric action.

In my experiments a considerable increase in the emission

of electrons was produced by putting an aceelerating potential
on the gauze—i. e., the emission wus greater when the gauze

was positive to the plate than when the gauze and plate were

at the same potential.

Another effect frequently observed was that when the

- gauze was strongly negative to the plate, the plate not merely
ceased to lose electrons when exposed to the radiation but

slowly acquired a negative charge. The effect was small
and soon showed saturation, z, e. the rate of increase of the
negative charge soon becomes independent of the difference
of potential between the gauze and the plate.

"Ilj‘his offect might occur if the gas between the gauze and
the plate were ionized by the radiation so that a current of
negative electricity passed from the ganze to the plate ; it
would also occur 1f some of the radiation were reflected from
the disk on to the wires of the gauze so that these gave out
electrons by photoelectric action. There are, however, grave
difficulties in accepting one or both of these explanations.
If the effect were due to the ionization of the gas, then it
would inerease with the amount of gas surrounding the digk
and exposed to the radiation. The apparatus was designed
to make this as small as possible, and when the position of the
gauze was altered so that the distance between it and the
disk was increased and therewith the amount of ionizable
gas, the negative effect diminished instead of increasing.
Again, if it were due to the reflected radiation it ought to
diminish if the surface of the metal in the wire gauze is
diminished. I tried the effect of replacing one piece of -
gauze by another made of muech finer wire and more open
mesh, but I could not detect any diminution in the negative

effect.

The experiments seem to me to indicate that there 1s at
the surface of the disk a layer of lonized gas containing
positive as well as negative ions, and that when the gauze is
very strengly negative some of the positive ions are pulled
out of this layer, so that the disk gets a negative charge.
The existence of this retrograde current has to be taken into
account in interpreting the graphs, for when the disk neither
gains or loses a positive charge it does not necessarily follow
%hat the flow of electrons from it has completely stopped ; it
may be that there is still a small flow from the disk which is
just balanced by the retrograde current, so that E, the energy
given to an electron by the light quantum, will be somewhat
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greater than the value given by the equation
E=W+P,

whers W is the retarding potential when the disk neither
gains nor loses an electric charge.

The retarding potential was got trom a potentiometer
consisting of 100 resistance coils placed in series. The
olectromotive force on the potentiomcter was provided hy
a battery of small storage colls. To allow for possible
variations in the induetion coil, readings of the deflexion of
the electrometer when there was no retarding potential were
takon between those for the different retarding potentials.
A convenient way ot detecting changes I the character
of the radintion is Lo apply by means of the potentiometer
a retarding potential which reduces the flow of electricity to
the disk to zero. When the coil is working well, 1t 1s
possible to get so good a balance that there is not a deflexion
of one division on the scale of the electrometer in several
minutes. This balance often remained undisturbed when the
pressure of the gas 1n the discharge-tube was altered and
with it the potential difference hetween the electrodes,
showing that the limiting radiation did not change appre-
ciably with the physical conditions but was determined by
the nature of the gas. T¢ when it is in this state the liquid-
air traps which have been used to take out impurities be
removed, the balance will suddenly change and it will
require a larger retarding potential to stop the flow of the
olectirons from the Aluminated disk, showing that a radiation
of a harder type has been introduced, probably arising from
the Leavier molecules liberated by the removal of the liquid
air. This explanation 1s supported by the fact that the
change n the retarding p(}temiul I'{-?:qllil‘ﬂd. to stop the
emission is much more marked than the change in the rate
of emission when no retarding potential 1s applied ; this
would be the case if a small quantity of radiation of a
harder type were produced by some impurity in the gas.

Discussion of the Experiments.

A large number of experiments on the relation bhetween
R, the rate of emission from the illuminated copper disk,
and W, the retarding potential, were made and the results
analysed to find the nature of the radiation. In some cases
examples of which are given below, the whole of the graph
could be very u.pl:um};;inmtely l'ﬂlﬁ)l‘&iiﬂlltﬂd by a single para-
bola, so that when v/ R was plotted against W the result was

.

| Ko

24
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a straight line. Examples of this are given in figs. 9, 6,
and 7.

Fig. 5 is for the radiation from the negative glow 1
argon, the pressure was 006 mm., the discharge was pro-
duced by an induction cotl and the equivalent spark-gap
was 4 mm. It will be seen that the graph tfor v/ IRand W

18 very appmximately a stralght line and that the emission

Fig. 5.
Aty l %‘
Megalive i ow. G__}
Fresoure QOG mm 0
Equivalent sparic QAP CEmin. E
Lt
%
e
.,__,.,..-“*"ﬂ'" O
" b
»_r/“./-."ﬂ"ﬂ !
o
E'ﬂ“:.'.i_",_ﬂ_wl——n—‘—‘—_'_l‘_"'_““m_ \x
' B & a ? 0

Retarding Poterbial in Volts

vanishes when W =10 volts ; thus B, the quantum ot energy
in the radiation, will be given by

F = 10+ P +a correction due to the retrograde current.

Taking W as 3'5 volts, this makes the quantum somewhat

oreater than 13°5 volts.
Fig. 6.

OXYGEN.
Anade Glow.

Pressure Q05 mm.
Equwaler'rt spark gap 2-5mm,

20 16 |2 2 4
Retarding Potential in VoiLs.

Fig. 6 is the graph tfor /R and W for the radiation from

the anode glow in oxygen at a pressure of *005 mm. ; the
discharge was produced by an induction coil and the eguiva-
lent spark-gap was 2:5 mm. Again the radiation 1s APProxi-

Phil. Mag. 8. 7. Vol. 2. No. 9. Sept. 1926. 2Y

F Electrons.

V ate of £Emssion O
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mately homogeneous, and the emission vanishes when the
retarding potential is 24 volts,

Fig. 7 is the graph for the negative glow In' oxygen when
the discharge was prodaced by a continuous-current dy-
Damo ; the potential difference was 400 volts and the current
through the tube 26 milliamperes, the pressure wag
'045 mm. ; the emission is stopped by a retarding potential
of 12 volts, so that the quantum of radiation is considerably
less than in the preceding cuse.

Lt is only, however, in exceptional cases that the graph for
V'R and W is a straight line throughout the whole . of its
length ; it much more trequently happens that the results
tor the higher retarding petentials are approximately on a
straight line, while those for the smaller ones are far from
the prolongation of this lipe.

Fig. 7.

OXYGEN
Negative Glow

Pressure -045 m

Continuous current 400 voilts.
Current 2:6 mili; amperes

) =26(10~W):

100
and Y = 12 (EIW)=
the sum of the ordingtes of these i
the graph on the scala of the diagram. Wa conclude

from this that the radiation was concentrated in two types,

one having the erergy quantum equal to 10+ P, and the

other a radiation of g much softer type with the energy
quantum equal to 2+ P,

by the Passage of Llectricity through Grases. 691
Fig. 8.
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Fig, 9 is the graph rep: ;s?tzlang the radiation from
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negative glow in the discharge through OXygen at the preg-

sure ‘009 mm. of rereury produced by g large induction
coil ; the equivalent Spark-gap was 40 mm.

The graph can be represented by the Superposition of the.

two parabolasg

This implies that the radiatiop consists in the Imaimn. of two
constituents, one having for “Rergy quantum 20 4. p volts,

and the other 14 P volis.

The grapbs for the radiation. from the negative and anode.
glows were obtaine by using 3 Plece of gungze placed in.

front of the window through whicl; tho radiation passed on
1ts way to the disk connected with the electrometer y¢ the

cathode or anoda for the electric dischurgﬂ. With thjs

large, and Capacities sometimes g« large as -1 microfarad had!

to be connected tq the electrometer ¢ reduce the deflexion to.

dlscharge-tuba roce1ve radiation which Induces .
omigsion of electrons. Thjs emission at the cathode o

to the high-speed cathode-rays : while the emission at the-:

Potential sufficient ¢ stop the flow of the electrong. T'his.
potential must be equal to that foynd jp the experiments we
have just described. The existence of ,p anode fa]] of
potential was proveg many years ago vy Skinner, and the
magnitude of it wag found ty be iy the neighbourhood of
about 20 volts with variations of g fow volts )
the gas in the tube and the nature of the anode. Tt is thne

ot the same order of magnitude ag the retarding botential

Socessary to stop the flow of electrong measured in the
Preceding experiments,
\ _

was wholly due to radiation coming from the tybe and not in
part due to uncharged atoms gy molecules in ap excited state
making theiy Way through the gereen and then giving out
radiation, the sk connected with the electrometer wys
Placed in a side tubha sq a8 to be out of the way of radiation

by the Passage of Electricity through Gases. 693

onstant stream of
be, and by means of a pump a c _stre '
gsf;nwgéedt;;vi;l fmmythe discharge-tube past the disk : ther

] f the electromsetar,
was, however, no deflexion o

' d Positive
ati d by the passage of Cathode an
Hadiation produce Rfys thfaug/z Gases. .

I have investigated the radiation pmduc?_d Whigdﬂﬂa?;i?
and positive rays pass thrciugh hyl'dm}:‘rgil,nl]l; uilzi;[: igmphs on-
‘When the pressure is not ower than 01 .. . .
V]Yhﬁ'“ dt*l-li?itifefmm the cathode and positive rays ?ratn?:;qv;; yS
f‘l'g':rtnls ; they all showed that the emission of electrons

ifferent ;

stopped by retarding potentials which rarely exceeded 12

Its. The analysis of the graphs showed that the radiation
volts. . _

Fig. ]0.

_y 3
oneous. The radiation produce

whe byhnﬂ c:;i?f: 1'1;;[; (;%ruali against metals ga}:re HEIS‘E;EEZ
‘The‘? -ttﬁ tI]::)mse due to the radiation produced by the fe ssage
Elfml :;iti?ve rays through the gas. At Wryd]ﬂ;vmll) Nt
Evhg)n the potential diﬂ'&i‘&:?fémtﬂtzie;nbi;l:i 2;11:: t?;l S rashs for.
' e 1 istinet differc
" ]ﬂr'g edi' t}zliilnﬁswf?oi:ﬂéﬂe positive - and cathode trtah};siﬁ ’:{;l;:
gy fl'a the positive rays are similar to those a o fﬂm
grzgs}:;lsmgrand gre of the type shown in fig, 10 2, w
pr .
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graph for the radintion fro : :
of Iﬁ 5 g' 0 8. m the cathode rays is of the type The Electrodeless Ring Discharge.

in both cases we have on the a lication of : onvenient source of radiation of the type
retarding potential a rapid fall in thgpl’ate o e?xt}i;a;i ::11]% co el by the electrodeless ring discharge.
electrons. With cathode rays, however, this initial rﬂlpid fall laced in the circuit connecting the
15 Sll(}ﬁﬁﬂ[}!ed h}’ il stage where the deflexion diminishes onl len jm's, whose inside matings E..I'E
slowly* with thf;s'l_'etarding' potential, and there may be 43{ connected with the terminals A, B of an induction qm],
;l_pprerclable emission with a retarding potential as oreat us when sparks pass between theso terminals electl‘icﬂl Gsmiuﬂ.ﬁ
hUO volts. . With tho radiation from t © positive rays we tions are excited and the solenoid is traversed by rapidly
ave only the stage represented by the rapid fall at the vessel containing gas at a
beginning, the emission vanishes when the retarding oten- olenoid, the rapidly alter-
oo will by electromagnetic

A copious and
we are studying is suppl

When a solenoid 1s p
outer coatings of two Lieyc

alternating currents. 1f a glass
low pressure is placed inside the s

tial is only a few volts. This indicates that in th ot o nts in the solemoid

fr.ﬂm the cathode rays we have a mixture of softe :ZSEE:EE ?I?éhncgtigiu;iduce in the vessel closed lines of elegtrm_ﬂﬂtlm

with quanta represented by & few volts with much harder radia- force. and these when the pressure of the gas inside is low

ton whose quanta may be corparable with a hundred voltg roduce a Tip g discharge which is often ﬁxqeﬁd{ﬂgly bright.
. ]'_:I)_‘he study of the radiution given out by this discharge has

With the Positive rays the radiation is all of the softer type
The production of lonizing radiation by positive ,I}’F s
passing thr{mgh a gus or striking against a solid hnsi:fn
Important bearing on the question of whether or not positive
particles ionize by collision. Tonization by positive par}ic]eé
has been observed and measured by Pavlow (Proc Ro
Soc. A, XC. p. 898, 1914) and others, and has beon il]tEl‘i)l‘F‘JfEl‘};i
4s a proof that such particles as well as eloctrons produce iJ(jI:lﬂ

led to some interesting results. . |
The arrangement adopted was as follows: the solenoid

be C in fig. 1 so that the ring dis-
was placed over the tube L in hg e e e Shoto-

] 11 in sicht of the disk use
A Measurements were

e ; to the radiation. _
olectric effect cuo o der different retarding

made on the rate of emission un
otentials. The results seemed to depend to a great extent
u With very pure helium or

by collision. There are, as I have pointed out, very serious upon the purity of the .%’3*5'1 ¢ bout 12 volt s suffi
, : rdi otential of about 12 volts was. -
hydrogen a retarding p tom the illuminated

ﬁgmreti)ctal_ alzljectim}sl to this view, and such resalts as have
en obtained may be explained as due to tha yadin:: : e emission of electrons
emitted by the particles. {[Phis radiation wil] gi‘?:r;:}d:irzﬁz Eiiit ?h?%?z‘gihox; cen « potential difference of about 24 volts
emission of eleptmns trom the molecules of the gas and fl-ﬂﬁ; WaS equired. The maenitude of the limiting potential did
the surfaces of solids in the discharge-tube, and it is to thie not 535(1111 to vary with e pressure of the gas or the frequency
and not to direct collisions that we aseribe the ionization of tha discharge. The analysis of the graphs showed that
Dbservad.b}r f_l’av]nw. the radiation was not homogenaous. Not infreq_uﬂnﬂy, hm‘w-
' There is st1ll‘v_ell-y much that is obscure abont the ioniza. ever, abrupt changes took place in the retﬂ.rdmg‘ potential
tlc?n due to positive rays. Seeliger (Physike. Zeit. xii. b 8.‘5‘9 re u::ired to stop the emission of electrons, and instead of
1912) has made quantitative experiments on the subjec t, o 1 ngl {q heino sufficient, in some cases more than 100 volts
these indicate that tho total number of fons produced by a were required. |
positive ray is but_s',"al]r very far below the number wh}i;h These changes sometimes occurred Slm“tﬁ_“““ly J th.ey
:Ilﬂuld extiaust the kinetic energy of the ray ; he found that could generally be brought about by removing the hqmdl-
ue number does not vary much either with the speed of the ra air trap used to free the gas from mercury vapour. Though
o w1t}*1 tl_m pressure of the gas. These results would fgnc.g the change in the limiting potentials may be great, th.ﬁr? 5
L the ‘omization were due not to the energy of translation not a correspondingly large change in the rate of emission
of'the particle but to energy internal to the particle, such as of the electrons when there is no rotarding potential. 1t
might be represented by supposing the particle to c,{)ntain a would seem as if the effect were due to the presence of an
li]rmt'gc! number of undischarged quanta of radiation and jmpurity which emits a much harder type o radiation than
bhat 16 1s these, and not the translational energy of the Im;‘t' ] th}:b coming from the pure gas.
which produce the ionization. . e Hcle, 4 & '
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Radiation from dark electrie discharge,

hThes laminous rings characteristic of
cllarge appear only when the pressure
somewhat nurrow limits ; but even
those where the lominous radiation

gives large deflexions showing the
sible light, The analysis

3?12}1:31' wave-lengths than those of v
OL tins radiation by the method of the retarding potential
=

shows that it is mainlv ; th o] L.
hae o quantum o1 thJ; ;_1; ; © region of the radiation which

the gus. tder of the ionizing potential of
?‘he fﬂuﬂwing '

éxistence of cgrr

luminusity.

the electrodeless d;g-
of the gas is within
at pressures lower than
appears the electrometer
existence of radiation of

experiment supplies

direct evi
ents through the gas oY pridence of the

even when there 15 ho

i

QO
LL

()1 zontaini
15 a bulb mnt.unmg gas at g pressure at which the

lnminous dischar e i
b 26 18 s Yy . ¥ . . .
another bulb B cuﬁnecte& :ﬁh oright, it s placed ingide

Producing the electrodeless di: pump:  the coils L L for

When the zas in B cliarge are placed outside B.

’ . iH art ri;t”]ﬂ " 30 § — . - -
ring discharge in ( . l; t poeric pressure there s a bright
> but when the pressure is reduced o

that the ripo disch

ring Aarge appears in B, that in () dicar

s | Ppears in B, that in ¢ ¢

ind?:x Ggr:zls_ ::11 ?t ISE ﬁizi?d:&tﬂfr of ﬂlézctr}icity and thﬂlsjgfrzﬂr:‘fs.
| rom the effect. I

currents thmugh the coils I, 1, Whenetﬁgt;rg;?]r?inﬂg

acuum j ' ' )
m In B is a very high one, the

e . ears again in C: the induced cn
ough B are not now suficient to shisld off the eﬁ'ezl;znﬁg

;]flep}:;gls l::::y current. There is, ho wever, a considerable range
ll: that? :lr(Iﬁ1 which, though there is no visible discharge
, n (18 stopped ; showing that there are sufficient
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currents passing through B without exciting visible lumi-
nosity, to shield off the effects of the primmary currents. As
there would be but little shielding unless the currents passing
through the gas were comparable with those which pass
through the coil, this experiment shows that large currents
may pass through the gus under certain conditions without
exciting visible luminosity, though, as we have seen, they do
excite radiation of smaller wave-length.

The following calculation shows that when the effect of
the primary coil is shielded by the currents in the rarefied
gas, a large number of electrons must be present 1n the gas.

Let us suppose that the coil is a long straight solenoid ;
consider the free motion of an electron in an exhausted tube
coaxial with the solenoid. Let r», 8, z be the cylindrical co-
ordinates of an electron, z being measured parallel to the axis.
Then, if H is the magnetic force due to the currents in the
solenoid and gas, the electric force at a point distance » from

the axis 1s ;r % and is tangential. Hence the equations of

9
motion of a free electron are

1 {g( ﬂdﬂ') 1 dH H(ZT'\; ()

m%.jdt 7 s = B_TW K}
2y iiﬁ - _ ade <2
(=) )= >

where m is the mass, and e the charge on an electron,
The first of these may be written in the form

d{ .db ¢ d
" &) = 7 @ B

agd e
- 2 .
™ dt Em'HT-I-(“

if df/dt and H both vanish when ¢=0,

df e
e 2
" dt _Emﬂr

oo K __° H

The velocity of the electron at right angles to » is thus

e
— ¢ H ;

2m
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and if p 1s the density ef the electrons, the current per unit
length of the gas

EE a

ﬁj“ Hp» dr,
where a 1s the radius of the tube. If N is the number of
electrons contained between two planes at right angles to the
ax1s of the tube and unit distance apart,

‘{1 N
j p.r.dr = 53

0

thus the currents through the gas are legs than
¢’NH,
4o

where H, is tho value of H when r=a, if ¢ is the current
through unit length of the solenoid,

h
hence the current through the gasis less than Ne?/m times

the (';Slll‘l‘ﬂllt through the coil. 1f the corrent through the
gas 18 to neutralize the effect of that through jthe coils,

o = dme;

Fig. 12.

the magnitude of the gaseons current must not be less than
that through the coils, hence Ne?/m must not be less
than unity, since ¢?/m is 2:8 x 10-2%, N must not he less than
36 x 1012,

The radiation produced by the electrodeless ring disclarge
is 80 intense that it is easy to demonstrate its existence by
experiments which are suitable for the lecture-room.

by the Passage of flectricity through (rases. L9

One of these 1s the tollowing. The vessel containing the
gas 1s shaped as in fig. 12. It is a large spherical bulb with
a neck about 4 em, in diameter at one end. The coil for
producing the electrodeless discharge is placed round the
neck at B, and the bright ring discharge occurs here.
Adjoining the ring there is bright luminosity : if the gas is
hydrogen, this is a light pink in the layers adjacent to the
ring and shows both the Balmer and the second spectrum of
hydrogen ; this is succeeded by a brilliant red layer showing
only the Balmer lines, the boundaries of this layer are fairly
well defined. In oxygen the luminosity in the region ad-
jacent to the ring is a brilliant blue. This very bright

i, 13,

luminosity only extends a few centimetres from the ring ;
it is succeeded by fainter luminosity not of the same colour,
which can be traced as a luminous cone extending right
through the bulb. The glass of the bulb phosphoresces over
the area covered by the cone ; this phosphorescence is not
of the same colour as that due to cathode rays: another .
Ermf’ that it is not produced by these rays is that the distri-

bution of the phosphorescence is not affected when a magnet
is brought near it. The existence of this phosphorescence
can be shown by the experiment, fig. 13, where C 1s a glass
tube covered with willemite placed along a diameter of the

large bulb in which the ring discharge is produced in a plane

at right angles to the tube; when the ring discharge passes
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between rate of emission and the potential difference in the

retarding field the spectrum of the radiation.

The radiation produced by the passage of cathode and
positive rays through the gas, that from the negative and anode-
glows in hydrogen, oxygen, helinum, and argon at different
pressures are discussed. It is found that the frequencies of
by far the greater part of the radiation are comparable with
those corresponding to quanta of the order of the 1omzing
and resonance potentials of the gas, in the cuse of the radia-
tion, 2ue to the cathode rays these radiations are mixed with
oners of a higher frequency.

In a few cases the radiation was found to be fairly homo-
geneons, but in general it 13 a mixture of radiation baving a
frequency eomparable with that of the ionizing radiation
with other radiation of a lower frequency.

The electrodeless ring discharge is found to be a very
copious and convenient source of radiation of this type, and
various lecture-room experiments are described for demon-
strating the existence and properties of the radiation.

I have much pleasure in thanking Mr. K. Everett and
Mr. Morley for their assistance in making these experiments..

LX. Electric Double Refraction in Collords.
By Ynove BJORNSTAHL *.

(From the Laboratory of Physical Chemistry, Upsala.)
(Plate XTI ]

Y accidental double refraction is meant the phenomenon
that a medinm, during the action of external agents,.
assumes optical properties similar to those of a uniaxial
¢rystal. Thus the behaviour is not characteristic for the
substance per se in its non-excited state, but is produced, for
example, by a magnetic or an electric field.

The magnetic double refraction in liquids was first studied
by A. Cotton and H. Moutont. In a previous communica-
tion the author has given an account of the magnetic double
refraction in certain colloids}. Analogous to the phenome-

‘non in a magnetic field a double refraction also appears in
~an electric field. 'This action has been subjected to detailed

investigations and is often called the electric Kerr eitect,

* Communicated by the Author.
t C. R, exlv. p. 249 (1907).
I Phil. Mag. xlii. p. 352 (1921).



