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Introduction.

;t was in February 1926 that C.E.Wynn-Williams*.published the results
Hfbthe first systematic investigation of the phenomenon termed the
“ihree-point effect". This phenomenon was described by him as follows.
AﬁA spark gap is connected to an induction coil or other impulsive
ﬁhigh potential apparatus, Corresponding to any given set of condit-
;;ions, there will be a certain maximum length of gap, depending on
_the peak voltage of the coil, the dimensions of the electrodes etce.,
!for which a spark can pass regularly. If the gap is made of slightly
{greater length than this, the other conditions remaining the same,
the spark will not pass. If, however, a third pointed electrode is
brought near one of the main electrodes, it is found that, under |
1certain conditions, the spark will again pass regularly in the main

| gap." Put in the most general terms the effect is that a sharp
netallic point facilitates the passage of a spark across a gap near

{ Which it is placed.

?The explanation given by Wynn-Wiiliams of the phenomenon is summar-

i-ized at the end of his communication as follows. "It is therefore
:éihferred that the three-point effect is caused by the ionization of
'Ethe gas in the main gap by a radiation, believed to be a form of
fentladungstrahlen, emitted by the pilot discharge."

iThe investigation to be descrited in the present thesis was initiated
;fdr the purpose of studying further the source and properties of the
?radiation referred to; it has, however, also led the writer to &

arather different explanation of the action of the charged metallic

¥
Phil, Mag. vol,i. p.353 (1926).
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point. Congequently the work can conveniently te divided into two
sections; the first is concerned with the explanation of the effect,
and with some allied quectionsxe regarding the mechanism of the
spark discharge. The second section describes the investigation of
the nature of the radiations themselves.
Since the radiati&ns are capable of ionizing air, they must lie on
the X-ray side of the Schumann region of the ultra-violet. Wynn-
Williams suggested that their mean wave-length lay between IEZ. and
10003. This fact precludes the possibility of spectroscopic invest-
-igation for two reasons. First, the radiations'are totally absorbed
Yy about three centimetres of air at atmospheric pressure, and are
not transmitted by any non-gaseous substance except celluloid films
thin enough to give interference fringes with reflected light.
Secondly, the radiations are mot regularly reflected by 2 mirrorx
surface, and consequently could not be investigated by the usual
grating.
Throughout the experiments to be described, therefore, the radiations
Were detected and ultimately their intensities were measured by

electrical means, advantage being taken of their ionizing and photo-

electric effects.
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The Influence of Charged Metallic Points on the Spark Discharge.

Experimental Arrangements.

In the first figure are shown the principal arrangements of the
spark-gap and metallic point whiéh were used in the experiments. The
arrangenient known as the "three-point gap" is shown in Fig.la, where
A,B are the main spark-gap electrodes and C is an insulated metal

rod the point of which is placed very near one of the main electrodes.
This is the arrangement Which is used cormercially in magneto gaps,
and the effect is only produced when small sparks pass between C

end the main electrode adjacent to it. The rod C need not be pointed;

2 blunt end is almost equally effective.
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Figs.lb and lc show arrangements which were alsc used by Wynn-
-Williams in his investigations. The rod C in Fig.lb is connected
to one of the main electrodes, and under these conditions need not
be very near the gap AB., The end of C, however, nust be very sherply
pointed, and the radiation is believed to originate irn the silent
discharge at this sharp point. In Fig.lc the pointed third electrode
is replaced by 2 small metal sphere held near another small sphere
D attached to the end of an insulated wire. Owing to the electrical
capacity of the wire and the sphere D, 2 small spark passes hetween
the latter and the sphere C. This spark was found by Wynn-Williams
to be the source of ionizing radiations similar in their properties

to those proceeding from the silent discharge from C in Fig.lt.

-The Svark-gaps Emploved in the Present Experiments.

The writer has found thet, in zdditicn to the arrangements of gap

and auxiliary conductors describeé in the previocus section, there

are a number of cother systems in which similar effects are produced.
Some of these are shown in Fig.l. Fig.ld shows a symmetrical zrrange-
ment in which twe sharp nesedles C,D, are connectad to the main
electrodes., If the distance between the points C and D is just zrest
enough to prevent & spark from passing between them, the effect on
the main gap is very marked if the distance between AB and CD is not
lore than 10 cm, (AB was lcm.). This is the arrangement which was

Used most extensively in the experiments to be described.

Another symmetrical arrangement is shown in Fig,le, in which a2 very

=4

]

Small spark pascing vetween C and D, the adjacent ends of insulated

Wireg \ . , .
iTes, takes the place of the silent discharge. This arrangement

18 also very effective up to a distance of @ cm. between AB and CD.
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I1f the ends L,M are joined by=z a copper wire, the effect is still
found if the small auxiliary gap CD is within 1 em., of A or B, In
Fig.1lf C and D are the points of twec needles the outer ends of which
are connectsd by a copper wire, but which are otherwise insulated.
In this arrangement the effect on the main gap is very marked, even

though no sparks pass between A and C or between B and D.

The Source of the Radiations,

With the arrangement of Fig.ld a series of experiments was made
with the object of determining the exact source of the radiations.
The scurce of potential was & larze induction coil (10 in. spark)
used in conjunction with a2 motor mercury-jet interrupter. Such =z
system ensured that the peak potential across the coil remained
very constant, when the primary current was constant, and thus
caused the sparking to be very regular in any gaps which were em-
~ployed. The potential applied to the maln gap being adjusted so
that sparks just failed te appear, a thin plate of paraffin wax
having a narrow aperture was placed between AB and CD, and moved
about until the effect on the passage of the spark was zreatest. In
this way it was found that practically the whole of the effect
originated in the immediate neighbourhood of one or other of the
points C,D.

The effect was most marked when the aperture allewed a straight
Path in air from the positive point teo the point A on the negative
electrode(Fig.2), This result was confirmed by attaching a narrow
tube of the same material to the wax plate, as shown in Fig.2, irn
order to limit the radiation to a still narrower pencil. The most
favourable position of the shield is shown ir the Figure. With this

afrangement the greatest distance, AC, at which the effect could he
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produced was 8 cm., the width of the main gap, AB, being as usual
1 ¢cme. If the shield was so placed that the pencil failed to strike
egither of the main electrodes, but passed directly between then,
the effect on the main gap was much weaker, being only observable
when the distance AC was not more than 4 cnm.
In another experiment one of the main electrodes,A, was covered
with a thin layer of paraffin wax except at the point nearest the
other electrode. The auxiliary gap CD was then moved to one side,
as shown in Fig.3, so that no radiation could pass directly from
C or D on to the uncovered part of A, With this syetem the effect

on the main gap was much more marked when B and D were negative

than when they were positive.
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Practically identical results were obltained when the =zperiture in

e Thism

o

the wax shield was covered with a thin film of cellulcol
indicates that the effect on the main gap is caused by electro-
-magnetic radiation, since it is highly improbable that positive
or negative icns can penetrate such a film under the conditions

of the presént experiments. Such penetration would be likely to
occur only if the charged particles were projected with high
velocity from the peints, but in other experiments strong evidence

u

m

was found (as will be seen later) against this

P
POBILION«

YO

On the whole this series of experiments strongly suggests that,
while a small effect arises from a.radiation ﬁhiah ionizes the
alr in the main gap, a much greater part of the effect is photo-
-electric in character, arising probably from ultra-violet radis-
-tion proceeding from the neighbourhood of the positive point.
This conclusicn seems to be borne out by the fact that the effect
of the metallic point in facilitating the discharge at the main
gap is very much less marked if the electrodes of the latter are
dirty or oxidized. It may be remarked that results practically
identical with those just described were found when either of the
main spark electrodes wEXE was earthed.

With the arrangement of Fig.2, in which a very narrow directing
tube was attached to the wax shield, a series of observations was
made with the object of determining more exactly the source or
scurces of the radiation. First the tube was placed so as to e
in line with the point A and variocus points in the line CD, thus
examining the relative intensities of the photo-electric radiatiocn
frem different parts of the discharge. The radiation was found tc

Ye much mere intense at the positive than at the negative point,
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while an important cenclusiocn was that, in erder to c¢btain the
effect to a marked degree, it is not necessary that C or D should
be in line with the point A, The air near C or D is almost egually
effective, and an appreciable effect is produced by points in the
air at 2 mm, from C or D. Similar experiments in which the main
electrodes were shielded allowed the source of the ionizing radia-
~tion to be investigated. The effect due to icnization appeazrs to
be of almost equal intensity whether it prcceeds from the neigh-
-bourhocod of the positive or negative point. As before, the air
near the point seems to be the scurce of the radiation.

For comparison with these results a series of measurements was
made of the potential in various points in the auxiliary gap CD.
For this purpose a water-dropping collector, consisting of a fine

glass capillary tube, was placed just above the lirne CD, so that

b

water fed into it broke intc drops in this line. The waber was

T

cormected to one terminal of & Kelvin vertical volitmeter, the other
terminal of the instrument being connected to D. The reading on the
voltmeter indicated the R.M.S. voltage between D and ithe collector.
The results of these experiments are shown in Fig.4, the ordirate
representing the R.M.S. potential difference between D and the
varicus points of the gap CD. The derivative curve, representing
the potentisl giradient elong CD, is shown in Fig.b.

The electric force is greatest near the negative point D (cathode
fall), and, on the assumption that the radiations are generated

by the impact of ions on air mclecules, it is to be expected,
according tc the quantum theory, that the radiation of greatest

frequency will be generated near D. IfV is the fall of potential

. .2 : Fad -
in & very short distance (comparable with the mean Iree path of

2

he electron in air at atmospheric pressure), the frequency is
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given by the guantum relation,v0=1ﬂ1. Although the immediate
vicinity of the point D may give rise to radiation c¢f greater

frequency than that from the neighbourhood of C, a greater volume

3

of gas near C may give rise %o some radiaticn, owing to the more

i

gradual rise in the electric field, That is, if the field necessalpy
%'0 Produce radiation of frequencys is represented by the ordinate
DL in Fig.5, then within a very short distance from D there will
be a high probability of radiation of that frequency. But although
the field near ¢ is never so high, its strength is greater than

DL over a larger distance. Consequently the gquanta of radiation of
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‘frequencyig emanaténg from the vicinity‘of C will e as numerous,
~if not more numerous, than thoée emanating from D.
It seems probable therefore that the radigtionvwhibh prodﬁces the

effect on the main gap is net the radiation of greatest frequency.

Experiments with an Ionization Chamber,

In order to obtain further information as to the properties of

the radiations, the main gap AB was remOVéd and replaced by an
ionization chamber containing two parallel metal plates, A, B, one
of which, A, was insulated and connected to an ordinary gold-leaf
electroscope. The other plate, B, was at first connected to the
wall of the chamber. The arrangement is shown in Fig.6. The point
gap, CD, connected to the induction coil, was placed horizontally
in front of the chamber and 2 cm. from it, and by means of thse
sletted 8hield the radiaticn from ¢ or D could be allowed to enter
the chamber through the aperture F. C was the positive and D the
negative point. The upper plate and consequently the electroscope,
were charged to about+ 600 or =800 volis, and the rate of discharge
was observed with C or D opposite the slot. The numbers given in
the table below indicate the angular movement of the gold leaf in

a fixed time (about 10 seconds), and are assumed %tc be proportional
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to the currsnts floWwiang to c¢r from A. The normal leakage of the
electroscope in 10 seconds was quite negligible. The rate of
discharge of the electroscope was comparable with the normal leak

when points between C and D were opposite the slot.

‘Potential of A, Point Source. Current to A.
.+500 | Cc 7
- 800 c 120
+ 600 D 550
-600 ' D 10

These results clearly indicate that the current to the plate 4 is
not due to ionization of the air between A and B alone, since in
that case the first two results in the table would be equal and
also the last two. To investigate this further, 2 Wilson tilted
electroscope was substituted for the ordinary electroscope and
the following series of experimeunts was carried out:- The earthed
Plate B of the ionization chamber was replaced by a similar rRIzke
insulated plate which could be charged to any desired potential,
while the plate A was connected to the lsaf of the tilted elect-

-roscope, The aperture F was covered with gauze connected to the

f

(]
+h

+
2238

(@]

earthed walls of the chamber in crder to eliminate inductive
6n A due to the charges at the point gap. The electroscope was Zmx
found to be sufficiently sensitive with the attractimg plate

charged to o potential (with respect to the earth) of £210 vsltis,

[
[

nstrument tilted

[N

the leaf system ard plate A to £25 volts, and the
- (-]

to about 30°, The case of the electroscope was of course earthed,

and the point gap with shield was arranged as in the former ex-

-heriment,
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(2) The plate A was charged to+ 25 volts, the electrode D (negative)
being placed opposite the aperture, Plate B was charged to various
potentials V,. The rate of discharge of the electroscope was found
te vary as Vg was.varied, and the graph of the results is shown
in Fig.7, Curve a. The ordinate represents the rate of discharge of
A, the abscissa the potential Vé}
{(b) In the next experiment the plate A was charged to —25 volts,
and electrode C (positive) was placed opposite the aperture. The
relation between the rate of discharge of A and V3 is shown in X
Fig.7, Curve b,
In order to interpret these results it may be supposed that there
are three conceivagble ways in which the point C or D might causs
discharge of the electrode A, Vizej-
(i) By the emission of an electromagnetic radiation which ionizes
the air between A and B,
(ii) By the emission of ions of the same sign as the point, »pro-
-jected with a comparatively large velocity through the air betwsen
A and B,
(iii) By the production of ions in the vicinity of the aperture F,

but not in the space between the plates A and B,

Fig. 7.

1 d ' 4 1
-40 -30 -20 -10 0 10 20 30
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(i) According to the first hypothesis, the current from A to B
should clearly be zero when A and B are at the same potential,
and as the difference between V, and Vy increases, the current
should steadily increase, i.e. the current varies with*(V,—Vy),
(ii) In this case alss fhe current would be due to the electric
field hetween A and B, If the projected ions did not ionize the
air through which they passed, then the éurrent would increase
as the negative potential of B increased. If the projected ions
ionized the air, then this case would reduce to (i), and the
current would vary as in that case.
(iii) On the third hypothesis the current to A would depend entire-
~ly on the electric field between the edge of the electrode A
and the earthed gauze over the aperture. A consideration of the_
distribution of electric charge in the system within the ionization
chamber lesads to the conclusion that the gauze will have a very
small charge when the potentials of the plates A and B are equal
but opposite. On the other hand, when A and B are charged to the
same potential, the induced charge on the gauze is very much
greater, Since tubes of electric force originate in charges on
conductors, and since the electric force in the viecinity of a
conductor is measured by the number of tubes of force originating
on it per unit area, it is concluded that the force between the
blate A and the gauze F is very much greater when A and B are at
the same potential than when they are at equal and opposite pot-
-eéntials, Consequently it is to be expected that a much greater
current of ions will move from the gauze to either plate when they
2Te at the same potential than when they are at opposite potentials.

Another way of looking at the same problem is tc consider extreme
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cases of the potential Vu. If V3 is very large and of the opposite
gign to V,, then the potential near the gamze F will be of the
same sign as potential Vy. Consequently ions of this sign will be
repelled to the gauze, and none will reach the plate A, Now the
current measured was the current to A, and this was due to ions
of the'opposite sign from V,. Therefore , if V, is large and of
the opposite sign from V,, no current will be obtained. As the
potential of the plate B appreoaches that of the plate A, there
will come a time when a fairly large current of ions will move
towards.Ag Then if Vg is very large and of the same sign as Vj,,
although ions will be attracted in large numbers from the gauze
into the chamber, they will almost 211 find their way to the plate
B, since the field of force between A and B will tend to drive
them towards B, Thus, again, when Vy is very large, a very small
current will be obtained., This indicates that a maximum current
will occur when Vg is somewhere near to V,.
The curves of Fig.7 obtained experimentally agree very well with
this hypothesis, and accordingly it is concluded that the ions
produced by the discharge do not reach the air between A and B,
unless they are assisted by the action of an electric field. It is
thus possible %o put a limit to the distance from the discharge
at which ions are produced. This limit, as shown by these experi-
-ments, is about 3 cn.

Similar experiments with A negatively electrified and D oppcosite

e

the ayerture, or with A positively electrified and C opposite,
led again to the curves of Fig.7., Since in this case the ions
tarrying the current were of opposite sign to the point sourcs,

the experiment shows that both kinds of ions are produced by the
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influence of each point.

-Innorder to test the matter further, the following experiment was
tried. The earthed wire gauvze across the aperture F was replaced
by an insulated piece of gauze which could be chargéd to various
potentials;‘With A at+25 volis, and B at +20 volts; it was found
that the current to A varied almost directly as the field from the
gauze to A, the current increasing as the negative potential of
the gauze increased. Similarly, with A charged to =25 volts and
B to ~16 volts, the current from A increased as the positive
potential of the gauze increased. No current could be observed in
either case if the gauze and A were at the same potential, or if
the distance of C or D from the gauze was more than 3 cm. These
experiments also support the hypothesis that the ions are produced
near the gauze, but not in the space well between the plates A
and B,

Another experiment was arranged to determine roughly the relative

"numbers of ions present at various distances from the source of
the radiation. For this purpose a strong electric field was
required, and therefore the tilted electroscppe was replaced by
the upright type, which could be used at potentials of about 600
Volis relative to the case, which was earthed. The gauze was
Temoved from the aperture F (Fig.é), and the point gap was arranged
S0 that it could be moved in a direction perpendicular to itself
and the face of the ionization chamber. This allowed the distance

X Trom F to CD to be varied and to be accurately measured. The
€xperiment consisted in observing the rate of discharge of the
electroscope for different values of x, which was varied from 4 cr.

to 6 em, In all cases the relation between the rate of discharge
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and x was found to be represented by an eprnential gxpression of
the form Z-Qe?bﬂ where ( is the rate of discharge of the elect-
-roscope and ¢, is some constant.
The exponential decrease -in the current must now be explained on
the assumption that no ions are produced at distances greater than
3 cm. from the discharge., Since ions did reach the chamber, there
must be a field of force bvelween the place where the ions are formed
and the aperture F, This is not surprising when the high potential
of the plate A is considered. This plate (positive) will atirsct
negative and repel positive ions, so that the current flowing from
the vicinity of the discharge to the aperture will consist entirely
of negative ione. Let this current at any point be ( across unit
cross-section, and let the current at the point beyond which no
ions are formed (3 cm. from the discharge) be (,. The decreace in
the current must be due to some form of diffusion of the ions. No
recombination occurs, since there are assumed to be no positive
ions present. This diffusion is principally due to the mutual
repulsion of the ions, causing them to move away from one ancther.
Consequently the decrease in the current ¢ will be proportional to
the number of ions present, or, if the flow is being considered,
will be proportional to the current itself. Thus, if A is the
fraction of the current lost along 1 cm. of the distance x, the
increase in the current across an element de will be represented

by the quantity-Aidx. That is

v = Ae ’

i ving L =L
x-;;g o

o
)—l

It is to be noted that this diffusion is not the same as that

occurring when ions of one sign are present in a closed chamber.
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There the diffusioﬁ current is due to the absorpliiocon of ions neay
thé surface of the chamber; the expression representing such
diffusion is entirely different.
There now remains to be investigated the question of how these
ions are produced by the action of the point discharge. The experi-
-ments made with the sparkX gap indicate that ionizing radiations
enanate from the vicinity of the point. None of the experiments
described above have given any.evidence to contradict this view.
On the other hand they have established that the production of
the ions is'brought about either by fast moving ions, projected
from the points and capable by reason of their velocity of ioniz-
~ing air, or by an electromagnetic radiation. They have alsoc shown
that in either case the ionization ceases at a diatance of aboul
5 cem. from the gap.
Again the tilted electroscope was emploved, and the aperture F
was screened by an earthed wire gauze. In this experiment, howevery,
the aperture was alse covered by a thin film of celluloid similar
to that used in the spark-discharge investigations. The electrode
B was earthed, and the point gap was about 1 cm. from the aperture
F. Observations were taken of the rate of discharge of A. In this
case the normal leakage of the electroscope had to be measursd
and deducted. The readings varied considerably with the intensity
of the field across the gap CD, a typical result being given in

the following table;-
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Potential of A : Rate of Discharge
Scurce,
in volts, _ of A, )
+28 Positive point. 6
+25 Negative point. 4
-25 Positive point. 6
=25 _Negative point, 4

In each experiment the ratio of the rates of discharge of plate

A due to C and D did not vary when the potential of A was changed
from +25 to -25 volts. This means that whatever emanates from the
point and penetrates the celluloid produces equal numbers of oposi-
-tive and negative ions., That is, in this case true ionization of
the air in the chamber is taking place, either by the action of 2
radiation or by the impact of high-~velocity ions on air molecules,
It is highly improbable that anything of the nature of cathode cor
positive rays is given off by & point discharge in air at aimos-
-pheric pressure, and ions of smaller velocity than these would

be stopped (or at least lose their ionizing speed) by the impact
with the celluloid film. Moreover, the previous experiments have
shown that ionization does not take place at distances greater than
3 cnn. from the discharge; material particles brought to rest by

3 cm, of air would certainly be unsble to penetrate the film. The
Conclusion is therefore that the ilonization is causgd by an electro
-magnetic radiation.

Another point to be noted is that the experiment did not allow any
pPhoto-electric radiation which might be presenﬁ to be detected,
Since the electrodes A and B were not "visible" from C or D. The
numbers given are therefore measures of the relative intensities
of the ionizing radiations from the two points, as detected at 3

o 2

¢m, from their sources. It cannot be stated, however, that ihe
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relative intensities at the sources are in the same ratio, as that

vilta b

assumes that the radiations from the two points are of t

o

e same
average wave-lengih or "hardness", and the experiments on the field
of force in the point gap indicated that this was extremely improbe-
-3able,

The next experiment was intended to detect and measure the photo-
electric radiations which were suspected to be present. The plate

B was removed and A was replaced by a clean zinc plate Z, facing
the aperture F and about 1 mm. from the wire gauze. Thus radizstions
from the point acting as source actually fell on the zinc plate,
whereas in the previous experiments they did not fall on any metal
surface inside the chamber., The aperture was again covered by a
celluloid film. The usual measurements of the rate of discharge of
the plate Z were taken with the positive point C and then with the

negative point D as scurce. The results are shown below.

Potential of 2 ' Rate of Discharge
Source.,
in volts, of Z.
+25 Pogitive point. 6
+25 Negative point. 4,
-25 Positive point, 24
— =25 Negative point. 4

The results with 2 positive are a repitition of the results in the
Previous experiment. Since there is no photo-electric effect with
Z charged to 25 volts, the numbers represent the relative inten-
~Sities of the ionizing radiations at 1 cm, from their sources,
thus confirming the results already obtained. With Z negative,
hOWever, the results are different. The rate of discharge with the

Negative point as scurce is as before, showing that little or no
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phote-electric radiation emanates from it; but the rate of dis-
-charge with the positive point as source is about four times as
great as before. This indicates a sirong photo-electric effect
due %o radiations from the neighbourhood of the positive point. It
also shows that the ionizing effect of the radiations is much less
powerful than the photo-electric effect, confirming the results
obtained with the spark discharge. It is possible and in fact
probable that some photo-electric radiztion emanates from the vic-
-inity of the negative point, Our experiment merely indicates that
its intensity must be less than one-twentieth of the intensity of
the similar radiation from the positive point. S¢ far, direct exper-
-iment has given no indication as to whether the photo-electric
effect is produced by the radiations responsible for the ionization
effect or by others of different wave-length. The spark-discharge
experiments, however, showed that a photo-electric effect could
be produced at the gap when the source of the radiations was (under
favourable circumstances) 15 cm. distant. The lonizing radiations
under no circumstances will penetrate more than 3 cm. of air.
Consequently it may be said that whether the ionizing radiations
do or do not produce the photo-electric effect, other radiations
are present whose absorpition by air is smaller and which are
photo-electric,
It is well-known that the photo-electric emissivity of a metal is
a2 function of the wave-length of the incident radiation. The maxX-
-imum emission is due to radiation of a certain fixed wave-length.
It is also known that the wave-length corresponding to the maximun
enissivity varies from metal to metal; in general the more.electro—

-positive metals respond to longer wave-lengths, and the riore
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electre-negative to shorter wave-lengths. Consequently the exper-~
-iment Just described cannot be said to give any general inforng-
-tion with regard to the intensity of the radiations. The results
nust be taken to Pefer to zinc only or to allied meitzls.
The experiments show that both ionizing and photo-electric radiz-
-tions are emitted by a point charged to a high potential, Photo-
eleciricity is in general associated with radiations of longex
wave-lengths than those which ionize air, and therefore it is x
reasonable to suppose that the radiations from the vpoint sre very
heterogeneous in character. A rough spectral analysis might be
performed by a series of experiments on the velocities of photo-
electrons., With the positive point at a fixed distance from the
zinc plate a determination might be made of the minimum wave-length
of the incident radiations ,by the usual method of measuring the
positive potential to which the plate rises. By making similar
deterninations with different distances between the source and the
plate, a curve might be obtained giving the minimum wave-length
as a function of this distance. Such & curve would indicate the
type of spectrum emanating from the point. It would of course be
necessary to see that the ionizing radiations were not allowed to
interfere, by using suitable distances (greater than 3 cm.) between
the source and the plate, and by using the celluloid screen, The
difficulty in the way of such experiments is the small intensity

of the radiations.

Theory of the Action of Charged Points,

The results recorded above can now be applied to the explanation

of the action of a third point or system of poimts on the spark
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discharge; but before proceedihg to the explanation 1t may be well
to clear away a pfeliminary Aaifficulty. Throughout the present
thesis the action of the third point has been described as a
"lowering of the sparking potential". In practice, when an induction
coil is the source of potential difference, this is uvndoubtedly
what occurs. But the term "sparking potential" has a technicel
meaning which is not implied here. The "sparking potentizl" across
g gap is the potential difference at which a spark will pass,
when this potential difference is applied gradually, and is con-
-tinued for an indefinite time. The effect of time lag is thus
eliminated, and it is questiionable if any external mechanism can
cause any lowering of this potential. In the case of an induction
coil the peak potential difference is applied for & very shert
time only, and consequently the "lag" causes an apparent rise in
the "sparking potentizl". The true action of the third point must
be described as eliminating this "lag". The preliminary ilonization
of the gas in the gap takes place more rapidly, and the current
rises more gquickly to that necessary to produce a spark. "Lowering
of the sparking potential" is therefore a vague description of the
action of the poiht. It is merely a convenient expression, and
wherever it cccurs in the thesis the above reservations rust be
kept in mind.
The results described above have led the writer to put forward the
following hypothesisi=~
1. The lowering of the sparking potential is caused in different
ways by different arrangements of points, and the effects of
different causes may vary considerably in relative importance as

e
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pe of discharge is varied.
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2. The twe main causes zre:-

(a) Photo-electric effecté due to ultra-violet radiaticrns from
small sparks or the air near positive points,

(b) Ions produced vy the ionization of the gas by radiations whick
emanate from the air near posztlvely or negatively charged points.
(a) The pheto-electric radiations are more powerful than the ion-
-izing radiations in any arrangement where there is a positive
point at a distance

reater than three centimetres Trom the main
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three centimetyres the lonizing

<

gap. At distances greater th
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radiations are completely absorbed by the air before they get to

the gap, while the photo-electric radiations can, if the main
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electrodes are of clean zinc, affect the sparking potential s
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their source is as much as fifteen centimetres awny. If the ¢
-rodes are dirty or oxidized, however, it is difficult with the

same length of gap to obtain an effect at more than three centimetires
distance, Similarly the substitution of copper for zinc reduces the
range of the effect considerably. These resulis, along with those
described earlier in the paper, show that the photo-electric rai-
-iations are of prime importance.

(b) The ionizing radiations also affect the sparking potential,

but the range of their effect 1g smaller. Aléo their action appesrs
to be somewhat complicated. When the distance of a char
from the spark gap is less than three centimetres, the air in the
gap is directly ionized. That this is the case is definitely shown
by the ionization chamber experiments, and it is well known
Skarx sppears mere readily in any gap alter previous ionizstion of

the gas in it. But experiments have shown that the radiaticns can

| N
n

vect the zir in the gzp when thelr source at greater distances,
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~ Using the auxiliary gap of Fig.ld and shieldiﬂg toth elecirodes
from photco-electiric radiations, under certain conditicng a lover-
-ing of the sparking potential is found with the distance AB to CD
equal to four centimetres. The following two experimental facts
must therefore be reconciled:

(2) Thé radiations can affect the spark when their source is four
centimetres distant.

(t) The range of the radiations is three centimetres as determined
by the tilted electroscope.

The writer has come to the conclusion that the ions produced by
the radiations can affect the sparking potential even when they
are not in the direct line of the spark, and suggests the follow-
~ing explanation:-

The ions are produced within the sphere whose central section is
indicated by the dotted circle {Fig.8). Ions in the shaded portion
of the sphere move under the field of force to one or other of the
electrodes, the diffusion being negligible owing to the strength
of the field., The energy acquired under the field of force in the
last free path of the ion is liberated when it strikes an electrods

and this energy takes the form of pulses of eleciromagnetic
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radiation which are probably photo-electric in charécter. This
secondary radiation ultimately penetrates to the line AB and
increases the conductivity of the gas theré, thus facilitating
the passage of the spark. The explanation was suggested by the

recent work of Sir J.J. Thomson¥

on the action of low velocity
ions, |

If thie hypothesis is correct, it should be possible to effect a
lowering of the sparking potential even when the radiating point
is "invisible® from the path of the spark, so long as some part

of a sphere of radius 3 cm. about the point as centre is "visible"
and within about 1 em, from the spark line, To investigate this
the following experiment was tried:-

The point C (Fig.9) was sheathed in an open cylinder of clean
paraffin-wax and brougﬁt up to the gap in the position shown in
the diagram., C was "invisible from any part of the spark AB, yet

a distinct effect was observed. I follows, therefore, that the
ionized air in the shaded portion of the diagram was able to

cause a lowering of the sparking potential. It is to be noted,
however, that a straight line is necessary from C to within less
than 1 cm. from AB. A striking example of this type of action is
observed when the point gap of Fig.lf is used. Here the effect
will only occur if C and D are so close to A and B that no straight

line can be drawn to the path of the spark, the radiation emanating

from the silent discharges between C and A and between D and B.

*Pnil, mag. vol.ii. p.675 (1926).



Experiments with the Metallic Point connected to a Source of

Constant Potential. ,

When the metallic point C (Fig.lb) was connected to one pole of

& Wimshurst machine instead of‘to one electrode of the main gap,
the point was found to have only a slight effect in facilitating
the passage of the spark across the main gap AB., The effect was
much smaller than the usual three-point effect. It was also noted
that no violet glow could be detected round the point in the dark,
amd if two such points were connected to the opposite poles of

the Wimshurst, no spark could be produced between them. No evidence
was found of radiation proceeding from the point under these con-
-ditions, although careful tests were made with the ionization =
chamber, The reason probably is that the point never reached a
sufficiently high potential, the charge leaking from the point
very rapidly in the form of the electric wind.

Somewhat similar results were found by Dr.J.D.Morgan*; That writer
8lso concluded that no radiation was given off by a metallic point
connected to the pole of a Wimshurst machine, and that any effect
in the main gap in these conditions is due to an ionized strean,
Proceeding from the point. The experimental results of Morgan are
therefore confirmed by the present experiments, but a somewhat

different explanation of them is now offered. It was suggested by

——

¥
Phil. M&g. vol.,iv. P-gl (1927)0
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Morgan that in order that a point should emit an ionizing radiation,
its potential should bevof an impulsive or transient character.
The present writer agreés with this view, but is of the opinion
that the trahsientrhature of the potential is only‘neceesary in
order that the point should be raised to a sufficiently high poten-
-tial, With a continuous source the potential of the point never
reaches a value high enough for the emission of radiation. It does
not seem probable that the emission of radiation can depend, as
Morgan suggests, on the time rate of change of potential of the
point, but it does depend, as the present experiments have shown,
on the gspace rate of variation of potential near the point.
The Influence of the State of the Cathode Surface on the Effect of
the Ionizing Radiations.
A series of experiments was carried out with the object of deter-
-mining whether the action of the ionizing radiation in lowering
the sparking potential of the main gap was affected in any way by
the state of the cathode surface. In thess experiments the two
main electrodes were of course entirely shielded ffom any direct
(photo-electric) radiations from the metallic poimts, the air gap
between these being alone in a direct line with the discharge.
Otherwise the arrangement of Fig.ld was used. In these circumstances
it was found that the state of the surface of the cathode was an
important factor in the action. If the cathode surface was dirty
or oxidized, the point produced no effect if further than 2.6 cm.
from the main gap (AB=1 cm.). When the cathode surface was cleaned
by rubbing with emery paper, the limiting distance of the point was
8lightly over 3 cm. When the cathode surface was brightly polished,

the limiting distance was over 4 cm. Experiments in which different
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netals were used as main electrodes also led to the same conclu-
-gion, With a ﬁrass cathode the effect was slightl& less than
with zinc, while with a cathode of copper (whether polished or
not) the limiting distance of the point never exceeded 2 cm. These
experiments show that, even when no radiation from the metallic
point reaches the surface of the cathode directly, the effect of
the radiations in lowering the sparking potential depends on the
nature of the cathode surface. 1t was difficult to determine
whether the anode surface had any such effect, but, if so, it was

certainly much smaller than the effect of the cathode surface,

Mechanism of the Spark Discharge,

One of the chief facts which emerge as a result of the experiments
described is that ions produced at some distance from the line in
vhich the main spark passes can in some way facilitate the passage
of this spark, and that the intensity of this effect depends upon
the nature and state of the cathode surface, These results seem to
be in entire agreement with the theory of the spark discharge
recently proposed by J.Taylor*'and based upon Sir J.J.Thomson's

't'. An essen-

researches on the action of low velocity positive ions
~tial feature of this theory is that the positive ions in a low-

Pressure discharge, when neutralized at the cathode surface, give
rise to ultra-violet (Schumann) radiations, and that these radia-

~tions, acting as an intermediate cause, produce the libveration

*

J.Taylor, Phil, Mag. iii. p.753 (1927); Proc. Roy. Soc. A,l1l4,
P.73 (1927); 'Dissertation', Utrecht (1927).

Teni1. Mag. xlviii. p.1 (1924), and loc. cit.
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of photo-eloctroné.
In the present experiments a positive ion formed at P (Fig.lo),

at some distance from the line of spark, AB, is moved under the

Fig. 10.
t:::::::::<:::29—~—{i:::)
Q-

influence of the intense field to near the point Q of the cathode

surface., There it excites ultra-violet radiation which liberates
electrons from the metal in the neighbourhood. These electrons
travel towards the anode surface, causing ionization by collision
with neutral molecules in their paths. The process may repeat
itself many times before the disruptive discharge takes place.
Further evidence in favour of this theory is given by the point
discharge itself, As the experiments have shown, electromagnetic
radiations of fair intensity emanate from the parts of the dis-
-charge path near the points, These radiations are undoubtedly due
to the liveration of the kinetic energy of the ions. The differ-
-ences between the discharge between points and the discharge
between spheres are of degree rather than of kind. The field of
force in the former case is much more irregular, and the surface
density of the electricity is greater in the case of a point than
in the case of a sphere, but the discharge mechanism is similar

in nature, Consequently if radiations emanate from the point dis-
~charge, it is to be expected that radiations of the same type but
of less intensity will be present near the spherical electrodes,

That the visible radiations from a point discharge can also be
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ohtained ffom aphe?ea just before sparking takes place was shown
many years ago by Waltef*. The latter took photographs of sparks
on rapidly moving plates, and found that each spark was preceded
by a faintly luminous bfuah-discharge. It is highly probable,
therefore, that ultra-violet radiations are present near the
spherical electrodes when the potential approximates to that
required for a spark to pass,
From these considerations, then, the conclusion may be drawn that
the action of metallic points on sparking potentials is similar
to the action of the discharge itself. The behaviour of ions in the
line along which the spark passes must be similar to the behaviour
of ions outside of this line but within the intense field of
electric force., 1f this is so, then the current through the gas
nust depend on the nature of the cathode surface, and some sort of
photo-electric action must be assumed to take place., This is the
conclusion to which the experiments of Taylor have led: it is not e
accounted for in Townsend's theory of the spark discharge, in
which the positive ions are assumed to produce others by collisiqn
with neutral molecules, but not as a result of their impact on the
negative electrode.
That Taylor's hypothesis leads to a formula which gives accurately
the current through a gas, when recombination of ions can be

neglected, was shown by Townsend himself1} while in 1923 Dubois:t

%Wled. Ann, 1lxvi, p.636; 1lxviii. p.776.
T'Electricity in Gases', pp.330,331.
] Ann, de Pnys. t.xx. p.222 (1923).
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derived a formula which allowed both for ionization by the col-
-lision of positive ions and for photo-electric action of the
latter at the negative electrode. Dubois! formula reduces to those
given by Townsend whenfa or Yy is made zero, It is

CRCPNS
N_ Cd—ﬁ)e "
= N, T .
o (1+Y) = (A Y+/3) e

where D is the distance between the parallel plate electrodes. N,

(* -ﬁ) D.

n,e d.andfs have the usual meanings assigned to them by Townsend,
while v is the average number of electrons liberated when one
positive ion is neutralized at the cathode surface.

It appears to the writer that the problem of deciding between the
"ionization by collision of positive ions" theory and a "photo-
electric® theory of sparking potentials resolves itself in general
into the question whether radiation or ionization by collision
occurs first in a discharge. It is known that a collision between
an ion and a gas molecule can give rise to a pulse of electromagnetic
radiation, It is also known that a collision between an electron
and a molecule can cause ionization of the molecule, But even
assuming that the collision between a positive ion and a molecule
can cause ionization, it must still be asked whether radiation or
lonization will occur first as the speed of the positive ion is
gradually increased. It would appear reasonable to suppose that
less energy is required to move an electron from one orbit to
another (as when radiation is emitted) than to remove an electron
from the molecule entirely (as when ionization occurs); consequently
it appears reasonable to conclude that radiation occurs before
ionization,

If this view is correct, there can be little doubt that the photo-

slectric theory is true, since sufficient ions can be generated
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by this means to satisfy the requirements of the sparking current.
1f, on the other hand, ionization occurs first, then the photo-
electric effects will be very subsidiary and of little importance.

It is again urged that the point discharge and
the usual spark discharge between spheres or planes differ only
in degree, What is found in the one may be expected to be found in
the other with appropriate modifications, But the point discharge
gives evidence of radiations from the vicinity 6f the cathode
long before a spark passes. We may therefore expect that the same
occurs in a modified way in the spark discharge between planes.
It may be remarked in passing that one of Townsend's objections to
a theory of the discharge in which the positive ions only form
others at the cathode, is that the current from a positive point
to a negative plane cannot be explained on this hypothesis. In
view, however, of the fact that a positive point is the source of
electromagnetic ionizing and photo-electric radiations, quite
sufficient to account for the current in these conditions, it would
scarcely seem necessary to assume any ionizing action.of the

poeitive ions in the point and plane system,
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The Ultra-Violet Radiations Eﬁittgg,hx Point Discharges,

Introductory,

The fundamental result of the investigations described in the
previous chapter was made the starting-point for the second series
of experiments, That result might be described as follows:-
Ultra-violet radiations of very short wave-length are emitted by
the air in the vicinity of metallic points charged to a high pot-
-ential., These radiations are of such frequency that they ionize
air through which they pass. They are, however, very easily absorb-
-ed in air at atmospheric pressure, a fact which indicates that
they lie between the soft X-ray region of the spectrum and the
Schumann region of the ultra-violet.

The experiments described in the present chapter were undertaken
with a view to obtaining further evidence regarding the nature of
these radiations and their relation to the discharge. The experi-
-mente are of a preliminary nature, since, as far as the writer

is aware, no attempt has so far been made (with the possible except-
-ion of Miss Laird's work in America) to investigate any part of ix
this region of the spectrum at pressures comparable with atmospher-
-ic, The results obtained, however, fully justify further study of

the phenomena exhibited,

Experimental Arrangements.

The final form of the apparatus used in the investigation is

represented diagramatically in Fig.l.
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The tube containing the points E and F between which the discharge
was to pass was cylindrical in form, the platinum electrodes being
Placed along the'axis of the cylinder. The detecting and measuring
apparstus was contained in a side tube placed opposite one of the
rlatinum points E, while the other two side tubes were fitted with
stop-cocks K,H, One tube was branched between the stop-~cock K and
the discharge tube.

The detecting apparatus consisted essentially of a photo-electiric

cell, the insulated electrode of which was connected to a tilted

electroecope or to a Dolezalek electrometer, C and D were two half
cylinders of brass of length 20 mm., sealed to the walls of the

tube so that their faces formed the sides of a slot of width 4 mm,
A potential difference of 560 volts was maintained between C and D
during the course of the experiments. This strong electric field

(X=1400 volts/cm.) was necessary in order to remove any ions which
might drift or be projected down the slot towards the photo-electric

cell, Theoretically the electric field was sufficiently strong to
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remove & éimple positive molecular nitrqgen ion projected into the
slot with a speed of's.lovcm./aec. Experimeﬁt showed that at pressﬁ
-ures of 5 cm; of mercury and upwards no ions of any kind penetrat-
-ed to the ceil. |
B was a piece of fine-mesh phosphor-bronze wire gauze placed across
the tube and insulated from C and D by two half-cylindrical plates
of ebonite. This gauze formed one electrode of the cell. Pressed
against it was the brass cylinder L which contained the other
insulated electréde A, This electrode consisted of a small rect-
~angular copper plate covered on the side facing the slot with a
thin film of copper oxide. The latter, though less sensitive to
ultra-violet light Phan other substances, suffers less from photo-
electric fatigue, and consequently could be relied upon to give
results which would be comparable over a long period. This plate
was placed at a distance of about 2 mm. from the gauze and solder-
~ed to a thin copper wire which was imbedded in pure paraffin wax
and led down the axis of the cylinder L to the electroscope or
electrometer. The latter was placed at a distancg of about 2 metres
from the tube itself, It will be observed, therefore, that the
insulated electrode and the lead (surrounded by earthed tubing)
from it to the measuring instrument were well shielded from effects
due to induction, This was tested experimentally before mx¥kxy
any measurements were made, The insulation also was tested and
Proved to be of high quality. Finally the side tube containing
this apparatus was completely sealed at M with a mixture of bees-
-wax and resin,

The detecting cell therefore consisted of the gauze B, the cylinder
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L, and the insulated plate A, while the slot between C and D
limited the radiation affecting it to a small pencil from the
wmediate vicinity of the point E, The connections to C, D and B
were made by platinum wires sealed into the glass tube.
The other side tudbes provided a means of controlling the nature
and pressure of the gas in the discharge tube. One tube was conn-
-~ected through a capillary to a gas container, while the other was
connected to an o0il pump. The branch in the latter tube was sealed
to a vertical tube dipping into clean mercury, sc¢ that the pressure
of the gas could be measured almost directly at any time. Since
pressure measurements did not require to be very accurate, such a
gauge was sufficient for the purpose. All the connections were
sealed with the beeswax mixture which was found to be very satis-
-factory for work at pressures greater than 0,1 mm., of mercury.

The potentials relative to the earth of the half-
eylinders C and D, and of the gauze B and the cylinder L, depended
on the particular nature and purpose of each experiment., When
observations were being made with the tilted electroscope to measure
the photo-electric or ionization current, the half-cylinder C, the
gauze B and the cylinder L were all at earth potential, while the
Plate A was charged to +12 volts, In the later experiments in which
the Dolezalek electrometef was employed, C, B, and L were maintaine
-ed at ©250 volts, while the plate A was initially at earth potent-
-iel,

The current across the discharge tube was supplied by a large
induction coil (10-inch spark) used in conjunction with a motor

mercury jet interrupter. Such an arrangement, when used to produce
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peek potential differences corresponding to spark lengths of less
than half an inch in air at atmospheric bressure. gives a remark-
-2bly steady mean current through the secondary of the coil, This
current was measured by a Gaiffe milliamperemeter, and could be
controlled to 0.1 milliampére. In order to eliminate as far as
possible any inverse current through the coil, the battery E.M.F.
in the primary circuit was kept as small as possible. Experiment
indicated that the current at"make®was negligibdle.
Four gases were emplecyed in the experiments to be described}--
oxygen, carbon dioxide, nitrogen and hydrogen,-«=- and of these,
only the two latter were used in quantitative investigations. The
hydrogen and oxygen were prepared by electrolysis; the nitrogen
was prepared by the action of ammonium chloride on potassium nitrite
in concentrated solution, end was purified by passing it through
concentrated sulphuric acid and over red-hot copper filings; the
carbon dioxide was prepared by the action of dilute hydrochloric
acid on marble chips. No attempt was made (to begin with) to dry
any of these gases, |
The instruments used to measure the photo-electric currents kaxs
and the ionization currents have already been mentioned. The tilted
electroscppe, being easy to adjust, was used in the preliminary
investigations, but all the quantitative experiments were performed
with the Dolazalek electrometer. The suspension used in the latter
wag a fine quartz fidbre which was thoroughly platinized by placing
it near the platinum wire cathode in a low-pressure discharge. The
conductivity of the suspension was thus permanently ensured, and

it was verified that the sensitivity of the instrument remained
constant, During the work to be described the deflection of the
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needle due to one volt pqtential difference between the quadrants
corresponded to 960 mm, on the scale, which was 3 m, from the
instrument.
Ionization and Photo-EBlectric Currents in Different Gases at
Atmospheric Pressure.
(1) Oxygen.- No results were obtained in oxygen on account of a
peculiar phenomenan exhibited by the gas. As this phenomenon is
one which might invalidate any ionization experiments carried out
in this gas, it may be well at this point to describe it briefly.
With the apparatus described in the previous section and the tilted
eleétroscope as the detector of ionization, the normal conductivity
of the gas at A was observed, This was very small., Then a spark
discharge at atmospheric pressure was passed across the gas between
E and F, a current of about 1 milliampere flowing for about one
minute, The discharge was then discontinued, and again the leakage
of the electroscope was observed. It was found that the gas in the
vicinity of the insulated electrode A had become conducting, the
rate of leakage of the electroscope being about one hundred times
as8 great as before. The apparatus was now allowed to stand, the
same gas being left in the tube, and the rate of leak of the
electroscope was read at half-hour intervals. The leakage gradually
and consistently decreased, until, twenty-four hours after the
passing of the discharge, the rate of leak was the same as that
observed at the beginning of the experiment.
On account of the strong electric field in the slot between the
half.cylinders C,D, it was impossible for any charged particles
1o penetrate from the discharge bwtween E and F to the plate A.
Hence it must be concluded that the conductivity of the gas at A
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was caused'by ionization which took place in the vicinity of A.
This conclusiocn was verified by another e#periment performed in a
specially constructed tube, where all the ions directly produced
by the discharge were immediately removed by a strong electric
vfield. Spontaneous ionization of the gas continued to take place
for some hours after the discharge had passed.
It is suggested that this ionization accompanies the gradual change
of the O; molecule (and perhaps others) formed during the spark
discharge to the normal 0, molecule. It is immediately obvious that
no experiments on the ionization produced by electromagnetic
radiation could be performed in this gas with the apparatus describ-
-ed,
(2) carbon Dioxide.- The ionization and photo-electric currents in
this gas were exceedingly small. At atmospheric pressure the
current at A was comparable with the normal leakage of the appar-
-atus, and consequently any observations taken would be of little
value. Even at the comparatively lew pressure of 30 cm. of mercury
. the currents were still small, and investigation of the effects
in carbon dioxide was therefore postponed until a later dage,
(3) Nitrogen.- This gas, when purified, showed no signs of the
Phenomenon just described as occurring in oxygen, but a trace of
oxygen in the gas was sufficient to give an observable effect. The
nitrogen was therefore purified and repurified until all trace of
the effect had vanished. The first experiment was made for the
bPurpose of obtaining a table of ionization and photo-electric
effects from the vicinities of the anode and cathode in the dis-

-charge tube. It was hoped that this table might be comparable
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with that given bn the first chapter (p.19).
¥he tube was therefore filled with nitrogen at atmospheric press-
-ure, all cther gases having been excluded. The direction of the
current in the primary of the coil was arranged so that E was the
ancde of the discharge, and readings were taken of the rate of
leakage of the electroscppe when the leaf, and therefore A, were
charged to +12 mnd -12 volts relative to the earth. One milliampere
was flowing from E to F. Then the direction of the current in the
coil was changed, E becoming the cathode. The same readings were
taken of the rate of discharge of A when charged to +12 and -12
volte., A great many difficulties were met with, one of the most
important being the rise in temperature of the gas due to the
discharge. Finally, the procedure adopted was to allow 15 min, to
rass between each reading of the ionization current, and to flood
the discharge tube with new gas before each reading. This allowed
the tube to cool to room temperature between each discharge, and
also eliminated any errors due to change in the chemical nature
of the gas during the passage of the spark, The results, which
have been verified with many samples of gas, are shown below; the

figures in the last column are accurate to about 10%.

Potential of A in volts. Nature of E. Rate of Discharge of A,
+ 12 Anode. 4
+12 Cathode., 5
-12 Anode, 9
-12 Cathode, 9

Comparing these results with those obtained under different

conditions and described in the last chapter, it must be concluded
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that the rgdiatione in the twé cases are of the same nature and
have the same origin. Briefly, the differences betweer the two
tables are exactly such as were anticipated from a consideration
of the differences in the conditions., In the experiment just
descrived a current of one milliampere was flowing in the discharge;
in the former experiment the current was of the order of one
microampere. The larger current might be expected (a) to intensify
the radiations (as shall be shown later), (b) to partially level
out the electric field in the gap, and so cause the intensity of
the radiations from the vicinity of the cathode to increase. The
firet experiment was performed in air, the second in pure nitrogen.
This appears to have caused little change in the total effect; and
since these radiations are molecular or atomic properties, this is
Just what might be expected.
(4) Hydrogen.- Purchydrogen, like nitrogen, is free from the spon-
-taneous ionization effect observed in oxygen. The experiments
performed in nitrogen, which have just been described, were repgat-
-ed in hydrogen, and the table shown below indicates the results.
The currents in hydrogen were larger than those in nitrigen, and
the figures in the last column can be compared directly with the

corresponding figures for nitrogen.

Potential of A in volts. Nature of E. Rate of Discharge of A,

+12 Anode, 4
~+12 Cathode. 8
-12 Anode. 6

=12 Cathode. 16
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Variation of!;oniggtion and Photo-Blectric Currents with Pressure
in Different Gases,

The next series of experiments was designed to show how the effects
of the radiations from each gas varied with the pressure of the
gas. The experimental arrangements which have already been describ-
-ed were uaed; the Dolezalek electrometer being adopted as the
current measuring instrument. Readings were taken of the ionization
and photo-electric currents at A, the insulated electrode, at
different pressures, when one milliampere was flowing across the
gas between E and F, Two sets of readings were taken: (i) when the
gauze B and cylinder L were at -250 volts relative to A; (ii) when
the gauze and cylinder were at +250 volts relative to A. In all
cases E was made the cathode, as it was found that the currents
from the anode were unsteady.

In case (i) the currents measured by the electrometer represented
the ionization currents at A. No photo-electric effect took place
owing to the large negative potential of B; any photo-electrons
emttted by B travelled to D under the action of the stronger
electric field between B and D, Also since the field between A and
B was 1250 volts/cm., the current measured was the saturation
current for the gas, and was directly proportional to the number

of ions formed between A and B,

In case (ii) the currents measured by the electrometer represented
the sum of the photo-electric and ionization effects, each giving
its saturation current. Therefore, by subtracting the readings
taken under conditions (i) from the readings under conditions (ii),

it was possible to obtain a measure of the pure photo-electric



43.
effects of the radiations.
The procedure while taking these observations was important, as
on it depended the reliability of the results, It was as follows:-
(a) With the insulated quadrant of the electrometer earthed, and =
all the electrical connections to C, D, B, and L broken, the
discharge tube was exhausted.
(b) The tube was flooded with the pure gas to the required pressurs.
(c) The connections to C, D, B, L were made, and the discharge
across EF was started, the current being adjusted to one milli-
-ampere.,
(d) The pressure of the gas was observed.
(e) The electrometer quadrant was insulated, and the ionization
current was read by noting the time taken by the image to move
over 150 divisions on the scale.
(f) The quadrant was earthed, and the pressure of the gas observed.
The pressure at the time of reading the ionization current was the
nean of the two observations.
(g) The discharge was stopped and the apparatus allowed to stand
for 15 minutes.
This procedure was repeated with every observation of the current
and pressure.
Hydrogen.- In Fig.2 below are given the curves obtained in hydrogen
by the experiments just described. The ordinate represents in the
case of curve (&) the ionization current, in the case of curve ()
the ionization current plus the photo-electric current. Curve (c)
has been obtained by subtracting the ordinate of (a) from the
ordinate of (b), and therefore represents the photo-electric

. current alone.
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Nitrogen.- The corresponding curves for nitrogen are shown in Fig.3

above. Again (a), (b), (¢) refer to ionization current, ionization

current plus photo-electric current, and pure photo-electric

current respectively. The scaies in Figs.2 and 3 are the same, 80

that the relative effects in the two gases are shown directly.

Variation of Ionization Current with Discharge Current,

. The next experiments were performed to investigate how the ioniz-

-ation current at A varied with the current flowing between E and

F, the pressure being kept constant. rheseohservationé were made

in the same manner as those already described, viz., & new sgmplo

of gas was used at each reading, and the gas was kept at rboﬁ.
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temperature by allowipg a 15 minutes' pause after each observation,
The results are indicated by the curves shown below (Fig.4), where
the abscissa measures the current across EF in milliamperes, and
fhe ordinate the ionization current in arbitrary units,
Curves (a) and (b) refer to nitrogen, (a) being taken at a pressure
of 25 cm. of mercury and (b) at a pressure of 33 cm. Curves (c)
and (d) refer to hydrogen. (c) was taken at 37 cm., and (d) at 48 cm,
All these curves were obtained with the gauze system charged to

<250 volts, so that no photo-electric effect could take place,

Fig, 4.
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Variation of Peak Potential Across EF with Pressure,

The arrangement used fbr determining the peak potential across k
the discharge tube was a spark-gap placed in parallel with the
digcharge. The electrodes of the gap were zinc spheres of diameter
2.5 cm.,.cérefully cleaned with fine emery-paper. The discharge
across EF was maintained at one milliampere, and the peessure of
the gas was observed. Then the spark-gap was slowly closed until

a spark Just passed. The pressure of the gas was again observed
and the discharge stopped. The parallel gap was measured to ,005 om.
by means of a reading microscope. The pressure of the gas was the
mean of the two readings taken. The results for this series of
observations in nitrogen and hydrogen are shown above (Fig.5),
where the ordinate represents the peak potential across the gap

in kilovolts, and the abscissa the pressure in cm. of mercury.

Discussion of Experimental Results,
The Ionizing Potentials of Hydrogen.- The ultra-violet spark spectra

of hydrogen are well known. Under different conditions the gas

emits two line spectra, stretching from 1670 to 900 A.U., and two
continuous spectra. There is still considerable doubt as to the
lowest ionizing potential of the gas. Many observers record
ionization occurring at a potential of 11 volts, but this valuse
has been questioned by Horton and Davies*; who suggest that it is

due to the presence of mercury vapour in the apparatus, The most

-
Phil, Mag. vol., xlvi. p.872 (1923).
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generally accepted lowest value is 16 volts, which is said to corre
-espond to the formation of Hf'and}Hf from H,; that is, to ioniz-
-ation plus dissociation. F.L.Mohler*; on the basis of his oﬁn
experiments, concludes that "there is no evidence that hydrogen
emits radiation which is capable of ionizing the normal molecule,"
and, a8 he points out, since no hydrogen lines have been observed
beyond 885 A.,U., this appears reasonable if the lowest ionizing
potential is 16 volts., All the experiments performed in hydrogen
and described in the present thesis, however, indicate a strong
ionization of the gas by its own radiations., The problem arises-
was the ionization observed due to the waber-vapour content in the
gas? At the time of writing this problem is still being invest-
-igated: all that can be said here is that ionization still takes

place when the hydrogen (prepared from barium hydroxide by elect=
-rolysis) is dried by liquid air.In one experiment the ionization

current actually increased as water-vapour was removed from the
gas.,
If the observed ionization was due to the hydrogen itself, two
conclusion are possible., Either the gas possesses a lower ionizing
potential than the accepted one (16 volts), or it is capable of
emitting radiations of shorter wave-length than those examined
until the present. If the latter conclusion is correct, the radia-
~tions are molecular in origin, since the limit of the Lyman series,
i

Nﬁi‘fkl which is the atomic radiation of greatest frequency,

Corresponds to a potential of 13.5 volts.

*
Proc., Nat. Acad. Sci. xii. p.494 (1926),
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Variation of the lonigation Current with the Discharge Current,

the Pressure being Constant.- The ordinates of the curves collected
in Fig,4 measure the ionization currents at A. Since the pressure
remained constant, and the currents measured were of saturation
value, they may be taken to represent the intensities of the
ioniging radiations. Therefore the curves show the variation of the
intensity of the radiations with the current flowing between E and
F, They indicate quite definitely that the ihtensity of these
radiations increases linearly with the discharge current. Therefore,
if it is assumed that the mean frequency of the radiations does x
not change with change in the current density, it may immediately
be stated that, since the potential across EF remains constant,

t regsure of the gas being constant, a constant fraction of the
ener dissipated in the discharge (for the energies investigated
is transformed into ionizing electromagnetic radiation,

Whether this remains true for very small or very large currents
still remains to be investigated, but certain significant points
emerge from a consideration of the curves already obtained. The
gradients of the lines (a) and (c) are definitely greater than

the gradients of the lines (b) and (d), while the curves, if pro=-
-duced, cut the discharge current axis at different points., The
difference between the two pairs of curves is that (a) and (c)

were taken at a lower pressure than (b) and (d).

The fact that the gradients of the curves (a) and (c) are greater
than the gradients of the curves (b) and (d) is suggestive. This
means that, as the pressure diminishes, the same increase in the
current density at E produces a larger increase in the radiations

detected at A. This may be due to either or both of the following
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causes: -
(if Owing to the increase in the mean free paths of the gas ions
'with the decrease in the pressure, a greater percentage of the
total number of ions carrying the current may excite radiation in
the gas, If this is correct, the total intensity of the radiations
at their source will increase as the pressure is diminished, a
constant current being maintained across EF,
(ii) The same change in the intensities of the radiations may
occur at the source at all pressures, when the discharge current
is changed by the same amount, but the change in the intensity at
A will be smaller the higher the pressure, owing to the greater
absorbing power of the gas.
Yo matter what the cause of these variations is, it is at least
evident, as has been shown, that, for the currents investigated,
C=Li+M, where C is the ionization current measured at A, and fikx
i is the current flowing across EF. L and M are constants when
the pressure is constant, but L at least must be a function of the
pressure, p. Taking the simplest assumption first, let

C=igp).
Then %—%: $(p).

and therefore

- dC
38, _ 3D _ 5] -
3¢ s Gl T

B C] ";PL'
Where m, is the gradient of the line C=¢;Mp,), and m, is the gradient

of the line(:=C¢Q{y But from the curves of Figs.2 and S.Ei'may be
determined. For the case of hydrogen %: 29, while %Z'-' It for corres-
~ponding pressures. Therefore C is not of the form C=£f(}n). The
Supposition thatCﬁ@rk)#{F)is no more tenable, for again

C, by

i ) —C—-._ L=m - ™.
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It is therefore evident that the true form of thg function must be

C= (,¢(,b)—1‘lr(fa)(1)

¢
Then %7: = Na)'
m oo S TR
and my, €, +¥(Pa)
If W) > Plpar,
., Cl .
in general TM_> <.

The graphs of Fig.4 indicate that #f({o,))w.f(f,,_), and are therefore in
agreement with this hypothesis. It may be remarked at this point
that it is proposed in later work to evaluate Mo) for many differ-
-ent values of p by observations similar to those shown in Fig.4.
In this way it is hoped that thve forme of both_ functions will be =k
exhibited., Reasons will be given later which suggest that the

form of %% should be interesting.

It must be observed that the theory which has just been given only
applies to a limited range of discharge current (0.4 to 1.5 milli-
-~amperes)., It is very improbable ghat the linear relation between
g a.nd' 4 will hold for very smali currents, as G would then be zero
when i=_$. Possibly the complete form of the C, 1 curve is as
shown below in Fig.6.

lomizaton Current

02Zm.a. Ir6m.a.
Discharge Current
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Variation of Ionization and Photd-g;ectric Currents with Pressure

in Different Gases,- Figs.2 and 3 represent the variation with
pressure of the currents at A in hydrogen and nitrogen respectively.
The pressure wag varied from about 76 cm. of mercury to about 30 ocm.
a8 this region was the most difficult to investifjate (owing to the
small values of the currents) and at the same time the most inter-
-esting.

The curves in nitrogen are entirely different from those in hydrog-
-en, except perhaps in the case of the curves giving the pure
photo-electric effects, which are at least similar in form. The
currents in hydrogen continually decrease with increase of preasure;
both experimental curves in nitrogen exhibit a decided minimum at
about 60 cm. of mercury.

As the problem of interpreting, and, if possible, explaining these
results is exceedingly complicated, it may be well to state at the
outset in the most general terms the variables in the experiments.
Broadly speaking, the variation with pressure of any radiations
detected at A might be due to three factors, which are as follows:-
(i) Change in the total absorption of the gas between E and A,

(11) Changes in the intensities of the radiations at their source B,
(i11) Changes in the frequencies of the radiations emitted at E,

0f these factors (i) is likely to be of the greatest and (iii) of
the least importance, while (ii) and (iii) may be grouped together
48 changes in the character of the radiations from E.

Concerning the absorption of the gas between E and A, it is necess-
-ary to consider first how a monochromatic ultra-violet radiation

°f constant intensity I, at its source would vary in intensity at
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A as the pressure of the intei;vening gas is changed., It ia well-
known that, for the visible spectrum and also for the X-ray region,
the intensity at A might be represented by the expression I)‘e"“k ’
where p denotes the pressure of the gas, and « is a function of
the frequency of the radiation., But for the region with which
these experiments are concerned, namely that region producing
intense ionization of the gas, this expression has not been
verified, while for certain analogous cases concerned with the
absorption of ultra-violet light by solutions, it is known that &
is also a function of the concentration of the absorbing medium,

Let it be assumed, however, that the absorption of the
radiation occurs according to the normal law, Let the loss of
energy across a distance a(.x of the total distance EA be proportional
to ‘
(i) the intensity of the radiation at that point, K;
(i1} the density of the gas at that point, 0 .
Also, let the constant of proportionality (the absorption coeffic-
-ient) be a function of the wave-length of the light, ¢(3).

Then dI = —?50)1010&)
and I = I,\ e P A p = )
where ,o=,&,a.

But the ionization current C is proportional to the loss of energy,

a8 the radiation passes through 2 mm, of the gas near A.

AT =W ApT e AR 0
C = KPCHA)Q"&P“BO)) N ¢}

Where d is the distance EA,

Therefore, if the radiation from the vicinity of E were monochrom-

P

-®
~atic, the current C would be a function of p of the form C=¢X’°€
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having a maximum where t:=;.'z.
Needless to say, the radiations from A are not monochromatic, and
the simple theory given above might be expected to be inapplicable
to the experimental results on this ground alone. If, for example,
the gas is supposed to emit a continuous spectrum, the absorption
coefficient in the above analysis will not take a mean value for
the spectrum., As the pressure is diminished, the relative inten-
-sities at A of the different parts of the spectrum will vary,
owing to the @ependence of &« upon \ . If the law of variation of
spectrum intensity at the source is T)=F@) , then the intensity of
the spectrum at A will be given by

~ ¢ Apd

T=-FQ) e ;

and if the spectrum is continuous between the limitskﬂ, and A =Az
(analogous to an X-ray impulse tapect:rumaie where the intensity at /\2

is very small), the total effect at A in terms of ionization

current is oy
Ny ~&pdd()
J RO e TN Q)
Any attempts to evaluate <#Q‘) and FG) at this stage of the invesigg-
-ation must necessarily be purely hypothetical; but if it is

assumed that the gas is a simple resonator of resonating wave-

length /\o » then, where no damping coefficient is introduced,
M) N)s"
pa) = HeaEy®
Similarly, if it is assumed that the continuous spectrum is exactly
&nalogous to the X-ray spectrum, beginning at /\=>«, and dying away

towards /\ = ZA, ’

2 N~ A= 20).
22 !

FQ) =

*
C.T.Ulrey, Phys. Rev. ii. p.401 (1918),
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Neither equation (3) nor (4) can be used until more is known

concerning the variables involved, and until they can be combined
with the variations in intensity due to changes in the emissive
power of the gas, for both are concerned wholly with absorption
effects.
Qualitatively, however, the reduction of pressure might be expect=
-ed by the above theory to increase the current C. Certainly no
minimum is to be expected in the curve, although a maximum is
predicted by equation (2) at a pressure probably much below those &
investigated in the present experiments, The hydrogen curve (a) is
not inconsistent with such a theory. The increase in the current
with diminution of pressure is approximately according to the
formula

C=A}ee‘“/’........._..(2>.
a small but consistent increase in the coefficient  being evident.
Fig.7 exhibits the variation of log%-with pressure for curve (a)
of Fig,.2,

Fig.

Log,‘%

6 ! 1 ] L 1 !
20 30 40 50 60 70 80
Cm. of Mercury.




| - 55,
éo far the variables (ii) and (iii) in the experiments have been
.neglected. The shape of cufve (a) Fig.2 has been examined wholly
from the point of view of the absorption of the gas, and it has
been implicitly assumed that the effects of variations in ghe
intensities of the radiations at their source were negligible
compared with the abéorption effects, It now remains to be seen
whether this assumption is justifiable or not.
Theoretically the reduction ih pressure might be expected by in-
-creasing the mean free pathe of the ions to increase the probab-
-ility of excitation of the shorter wave radiations. On the other
hand, the decrease in the potential necessary to carry the dis-
charge which accompanied the decrease of pressure might cause a
corresponding fall in the potential drops across the free paths
of_the ions, As the mean free path,\ is inversely proportional to
the pressure, and the potential, as shown from Fig.5, is approx-
-imately proportional to the pressure, the product X)\ might be
expected to remain constant, on the assumption that the field X
in the vicinity of E is proportional to the potential across EF,
If, however, the field at B is that due to the normal cathdde fall,
and is independent of the pressure, the probability of radiation
accompanying the impact of ions must be inversely proportional to
- the pressure. Again, if the radiations are due to the impact of
ions on neutral molecules, another point must be considered, For =g
& given ionic current the number of molecules in the gep EF and
therefore the probability of radiation will be proportional to the
Pressure, If the radiations are due to both ionic and molecular
cOllisions, the expression for the intensity at the source will bYe

the sum of two functions of the pressure,
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In the preceding investigation it was found that the current at

- cdlp) ~ P N (7,

where Ef'was negative. This indicates that an important fraction

A was given by equation (1):

of the radiation is due to the impact of ions on neutral molecules,
since no other hypothesis could explein the existence of ?ﬂﬁ. If
the simplest possible interpretation be given to the variation
with pressure of the intensity Ih of the radiations at their

source

IA"‘“_’%

Then, assuming the theory leading to equation (2),
(AcF—B)
and 45[[0) = A !38_0(}7 '(]If(k) B e
Yo matter what functions of p are used in the expression for I,
since C‘FJAE?“E it is quite reasonable to assume that the absorp-
-tion term O °F will be the most important; this explains why the
absorption effects could be considered alone in the case of
hydrogen.
To return to the absorption of the radiations, in the case of curve
(a) for nitrogen, the theory which has been sketched does not
apply. The absorption of nitrogen cannot follow ikw$ the simple
laws which appeared to fit the case of hydrogen, or else the
Quality of the radiations f:om the discharge must vary with the
Pressure in a peculiar manner, It has certainly been observed that
the visible radiations from the discharge in hydrogen are entirely
different from those in nitrogen. The greater part of the spark

in nydrogen is blue in colour, andkits colour does not alter as

the pressure is diminished. The spark in nitrogen at atmospheric
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pressure emits radiations of all colours, and consequently appears
white, bht as the pressure is reduced the discharge becomes almost
entirely red, This may mean a shift of the maximum intensity of the
radiations towards the red end of the spectrum; it may mean that
the absorption of the gas has changed in such a way as to cut off
the blue light. Neither explanation appears probable, but either
is consistent with curves (a) and (b) of Fig.3.
That the maximum intensity of the radiations should shift towards
the red end of the spectrum as the pressure is diminished is con-
-trary to the results obtained by L.Hamburger*ﬁ who found that for
the visible spectrum the maximum of the emitted light from nitro-
-gen shifted towards the ultra-violet as the pressure was dimin-
-ished. His experiments were, however, performed at a very much
lower pressure than those described in the present thesis. It must
also be observed that the curve (c¢) Fig.3, which gives the varia-
~tion with pressure of the intensities of the radiations producing
the photo-electric effects exhibits no minimum. Although the curve
is not by any means exponential, there is a steady increase in the
intensity as the pressure is reduced. This difference between the
ionization current curve and the photo-electric current curve must
be significant. It indicates that if the anomalous variation in
curve(c) is due to absorption, the anomalous absorption affects
only the shorter wave radiations, and then it is difficult go see
¥hy the appearance of the discharge should alter as the pressure
is reduced, On the other hand, it agrees well with the hypothesis

that the meximum intensity of the radiations moves towards the

[—

*x, Akxad, Amsterdam, xx., Proc.?, p.1043 (1918),
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| infra-red, for then the photo-electric effect, being due to
radiations of longer average wave-length than those causing the
ionization effects, would suffer little change. On the whole, the
evidence indicates that the difference between the curves for
nitrogen and hydrogen is not due to the gases obeying different
absorption laws, but is due rather to the difference between the
modes of variation with pressure of the radiations emitted by the

gases.




