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XCVIIL. The Motion of Electrons in Gases. By J. S,
Towwsenp, M. d., F.R.8., Wykeham Professor of Physics,
Ozford, and V. A. Bamry, M.A., Queen’s College,
Oxford *.

1. lN some previous researches published in the Pro-

ceedings of the Royal Society, a full account has

been given of the determination of the motion of electrons in
air from measurements of the divergence of a stream movin

in a uniform electric field, and the deflexion of the stream
by a transverse magnetic force. L

The pressure of the air was varied from about a quarter of
a millimetre of mercury to 20 millimetres, and the electric
force from about 4 volts to 40 volts per centimetre, which
were found to be the most suitable ranges of the pressure
and electric force for observing the motion of free electrons,
when the velocity of agitation exceeds the velocity in the
direction of the electric force.

We give in this paper a bricf account of the method of
finding the velocities of the electrons and the application of
the results to determine some properties of the molecules of
gases. The paper also contains results of a large number
of experiments which have recently been made on the motion
of electrons in hydrogen, nitrogen, and oxygen, with ranges
of forces and pressures similur to those used in the experi-
ments with air.

* Communicated by the Authors.

Plil. Mag. S. 6. Vol. 42. No. 252. Dec. 1921, 3IM
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In the earlier investigations it was found that the motion
of electrons in hydrogen and other gases was similar to that
obtained in air, but only a few experiments were made with
these gases.

2. One of the principal differences which was observed
between the motion of ions and the motion of free electrons*®
in gases, 1s that the mean kinetic euergy of the motion
of agitation of an ion is the same as that of a molecule of the
gas, whereas with electrons the energy of agitation increases
with the force, and with the smaller pressures and larger
forces used in these experiments the mean kinetic energy of
agitation of an electron is as great as a hundred times that
of a molecule of the gas. The reason for this is that the
electron loses only a small part of the energy which it
acquires in moving under the electric force when it collides
with a molecule, since the mass of a molecule is so large
compared with that of an electron. Thus the effect of a
collision with a molecule is to alter the direction of motion
of the electron without making much reduction in the
velocity. The average loss of energy in a collision with a
molecule is somewhat greater than the loss which would take
place if the electron and the olecule were perfectly elastic
spheres, but this loss is so small that the velocity of agitation
becomes very large.

In order to obtain definite information as to the nature of
the collisions of electrons with molecules of a gas, it is
necessary to determine experimentally both the mean velo-
city of agitation » and the mean velocity W in the direction
of the electric force. Tie factor & by which the mean
energy of agitation mu?/2 of an electron exceeds that of a
molecule of the gas, and the velocity W in the direction of
the electric force Z, were determined by means of the
apparatus which was found to be most suitable for deter-
mining these quantities for electrons moving in airf.

3. The principle of the method is shown by the diagram
fig. 1.

“Electrons are set free from a metal plate A by the action
of ultra-violet light and travel through the gas to a parallel
plate B which is at a distance of 4 centimetres from A.
The middle part of the plate B is of thin brass foil with a
slit 2 millimetres wide and 1} centimetres long in the centre,
through which some of the electrons pass in a narrow stream
into the lower part of the apparatus and are received on the

# Proc. Roy. Soc. A, 1xxxi. p. 464 (1908).
t J. 8. Townsend and H. T. Tizard, Proc. Roy. Soc. A, lxxxviii. p. 336
(1913).
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three electrodes E,;, E,, E; at a distance of 4 centimetres
from the plate B.

Fig. 1.
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The electrodes E;, T, E; are mounted on ebonite fixed
to the brass ring C,, and the upper surfaces turned so -that
they should all be in the same plane, parallel to the plates
A and B.

The electrodes Ey, E,, B, are sections of a disk 7:6 centi-
metres in diameter. The central electrode E, is a strip
45 millimetres wide insulated by gaps half a miliimetre
wide from the electrodes E; and E,.

Tt is essential that the field below B should be perfectly
uniform, and for this purpose the brass rings C,, (!5, C; are
fixed at equal intervals apart between the plate B and the
ring C,, and maintained at constant potentials by a battery
of small accumulators. The positive terminal of the battery
is connected to the ring C; which is at zero potential, and
the rings C,, C;, C; and the plates A and B are connected to
points of the battery which maintain them at negative poten-
tials proportional to their distances from the lower ring C,.
Thus the electrons arriving at the slit in the plate B have
acquired the final velocity corresponding toa constant electric
force Z, and continue to move under the same force from the
slit to the electrodes E;, E,, E;. The stream diverges and a
large proportion of the electrons are received on the elec-
trodes E, and Ej, although the central electrode E,; is much
wider than the slit in B.

3 M2
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The charges ny, ny, m3 acquired by the three electrodes
were measured accurately by means of an induction balance.
The apparatus for measuring the charges was arranged so
that the potentials of the electrodes B, K,, li; deviated from
zero only by very small fractions-of a volt while the charges
were being measured.

The principal electrical quantities to be determined experi-
mentally are a series of values of the ratio R=mny/(ny +ny+n3),
i.e. of the cbarge acquired by the central electrode to the
total charge, corresponding to different electric forces Z and
different pressures p of the gas, and of the transverse magnetic
force which deflects the stream through a distance of 2-5
millimetres.

4. The value of the ratio R may also be found theoreti-
cally when the energy of agitation of the charged particles in
the stream is known, as in the case of ions where the energy
of agitation is the same as that of the molecules of the gas.
The calculations show that R is, in this case, a function of
the product NeZ/Il, where N is the number of molecules per
cubic centimetre of a gas at 760 mm. pressure and tem-
perature equal to that of the gas through which the stream
is moving, e the charge of the 1on, Z the electric force, and
1T atmospheric pressure. This function R=FNeZ/II is the
same for all gases, and is independent of the pressure of
the gas and of the mass associated with the charge e.

A comparison of the values of R found experimentally
with the values given by the theoretical investigation gives
a method of determining the product Ne. A large number
of experiments have already been made to detemmine this
quantity, and the results have shown that the charge ¢ is
the same as the charge of a monovalent jon in a liquid
electrolyte.

Negative ions are formed when there is a small proportion
of water vapour present in the gas, and with the smaller
electric forces of the order 4 to 6 volts per centimetre the
value of R as found experimentally was in accordance with
the results indicated by the theory.

Thus the conditions under which the charged particles in
the stream have an energy of agitation equal to that of the
molecules of the surrounding gas are easily attained and
recognized by the fact that R is independent of the pressure
of the gas. The ratio R for a stream of negative ions ma
be found either experimentally or calculated by the theory
of diffusion, and these values of R in terms of Z may he
represented by means of a curve. This curve (shown in
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the diagram fig. 2) is the same for all gases and independent
of the pressure, and will be referred to as the normal
distribution curve.

Fig. 2.
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It is to be noticed that when the normal distribution of
the stream is determined experimentally, it is necessary ihat
the conditions should be arranged so that the self-repulsion
of the ions does not contribute to the divergence of the
stream. The currents should therefore be small and the
experiments made at low pressures, since the effect of self-
repulsion is directly proportional to the intensity of the
current and inversely proportional to the velocity of the
ions.

5. Generally when the gases are very dry the elec-
trons move freely between the molecules of the gas and they
acquire un energy of agitation exceeding the value corre-
sponding to thermal equilibrium with the gas, as shown
by an abnormal divergence of the stream. If £ be the factor
by which the energy of agitation of the electrons exceeds
that of the molecules of the gas, the ratio R becomes
R=/(NeZ/kI1). Thus when the ratio R corresponding to a
force Z is found experimentally, the value of £ is equal to
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the ratio Z/Z,, where Z, is the force corresponding to R as
given by the normal distribution curve.

With a stream of electrons the ratio R for a fixed force
Z diminishes as the pressure of the gas is reduced, and in
this respect differs from a stream of ions.

6. The velocity W of the electrons in the direction of the
electric force is determined by deflecting the stream with a
transverse magnetic force. The magnetic force was produced
by a current in two large circular coils, outside the air-tight
case containing the apparatus shown in fig. 1. The coils
are fixed in positions to give a uniform magnetic field in the
space between the plate B and the electrodes I. The two
electrodes Il; and E; were connected together and the
current in the coils adjusted so that the charge acquired by
E, and E; is equal to that acquired by ;. The centre of
the stream is thus deflected to the centre of the narrow gap
between E; and E,, a distance of 2-5 millimetres.

If H be the magnetic force required to produce this
deflexion, a the distance from B to the electrodes E, 6 the
distance between the centres of the two air gaps on either
side of E,, the velocity W of the electrons in the direction
of the electric force Z is given by the equation*

HW 4 1
Z T za T 16°

There was a small difference between the values of the
magnetic force required to deflect the centre of the stream
to the centres of the two gaps, which showed that when
there was no magnetic force the centre of the stream fell
on a line one tenth of a millimetre from the centre of the
electrode E,.  This was no doubt due to a slight inaccuracy
in the construction of the apparatus.

The value of H used in obtaining W from the above
formula was the mean of the two forces required to deflect.
the stream to the centres of the two gaps.

7. It is necessary to show from the results of the experi-
ments, how to distinguish between a stream consisting
entirely of free electrons and a stream consisting partly of
free electrons and partly of ions formed by electrons becoming:
permanently associated with molecules of the gas.

In a stream of free electrons moving in a gas the final
velocity W in the direction of the electric force, and the
final value of the factor % by which the energy of agitation
exceeds the normal, must depend only on the ratio of the

* Proe. Roy. Soe. A, Ixxxvi. p. 671 (1912).
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electric force to the pressure. With the ranges of forces
and pressures used in these experiments the above condition
is satisfied by the values of W and % obtained with nitrogen
and hydrogen, as hud previously been obtained with air.
The results of the principal determinations are given in
Tables I. and II., which are arranged in groups, each group
corresponding approximately to one value of the ratio Z/p.
It will be seen that both W and % remain practically
constant when the pressure and the force are reduced in the
same proportion.

For certain forces and pressures the apparatus was not
adapted for finding the velocities, so that there are some
blank spaces in the column nnder W. For example, with a
pressure of 20 millimetres and a force of 33-4 volts per
centimetre in nitrogen, the magnetic force required to pro-
duce the deflexion of the stream necessary for measuring
the velocity could only have been obtained by a current of
more than 20 amperes which would have injured the coils.
Also with the smaller electric forces the lateral divergence
of the stream was, in some cases, so large that some of the
stream was deflected on to the earth ring Cy by the magnetic
tield, which would have introduced an error in the deter-
mination of the velocity W.

With the large values of Zjp electrons are generated in
the stream by collisions of electrons with molecules. This
effect does not intreduce any error in the measurements of
k or W since this process of ionization increases by the same
proportion the number of electrons in all parts of the stream.

8. Velocities W in direction of electric forces Z, and
factors £ by which energy of agitation of electrons exceed
the normal value corresponding to 15°C., in nitrogen,
hydrogen, and oxygen are given in the following tables.

9. In oxygen different values were obtained for W and %
in the cases where the ratio Z/p was the same, especially
when p ivas taken over ranges including large pressures,
but with the smaller pressures and larger values of Z[p the
discrepancies were not great.

Examples of determinations of the velocities W and the
quantities £ with electrons moving in oxygen are given in
Table 1II., which show that both W and % tend to increase
when Z and p are reduced in the same proportion.

This effect would occur if the electrons tended to become
permanently associated with molecules or other small par-
ticles as they moved through the gas. Thus if electrons
moved under a force Z and pressure p and a certain number
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W in centimetres per second.
Z in volts per centimetre.
p in millimetres of mercury.

TasLe I.—Nitrogen.

P Z Z/p % Wx10-%
20 85 0425 115 585
10 495 0-425 10-4 59
20 169 0845 189 Gk
10 85 085 191 56

5 425 085 | 185 —
20 334 167 | 9282 —
10 160 1-69 978 111

5 835 167 290 111

25 425 170 283 —
10 337 337 361 196

5 169 383 370 197

23 84 336 358 191

5 337 671 449 356

248 168 6179 449 854

125 34 673 441 82

248 338 136 51:3 62-4

195 168 134 52:0 625

062 85 187 530 —

126 5339 269 668 ( 110

0622 169 271 688 105

0625 339 543 1w | 18

0'303 16-8 556 121 [ —

|

of them formed ions in passing frem the plate A to the
plate B in the apparatus shown in fig. 1, double this number
would be formed if the electrons moved for the same
distance through the gas at pressure 2p under a force 27Z.
Thus, in an apparatus of fixed dimensions the greater the
pressure of the gas the greater the number of ions that would
he formed.
The state in which the proportion of jons to electrons in a
cas 1is increasing with p is thus easily recognized by the
fact that W and # cannot be represented in terms of the
ratio Z/p alone.
If the ions which are formed are not stable, as is the case
when the electron may be dissociated by collisions from the
molecule or group of molecules which the ion comprises,
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TasLe II.—Hydrogen.
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|
P Z. Z/p. k. \ W x10-2,
40 &5 0212 272 598
198 435 0221 287 628
40 170 0425 456 | 841
20 &5 0-425 470 | 858
10 425 0-425 448 | 849
1975 175 0886 883 | 1195
10 85 0850 783 11-2
5 425 0850 795 111
1975 350 177 1375 155
10 170 170 12:8 152
5 85 170 130 153
253 425 168 133 148
10 540 3-40 204 | 215
5 170 340 202 | 218
253 85 336 | 202 15
124 425 342 | 201 -
5 340 680 32:2 325
253 170 672 312 321
1-24 85 685 317 300
0627 425 680 315 —
952 240 135 557 494
124 17-2 139 567 488
0625 85 136 586 —
124 340 274 [ or1 | 103
063 172 273 | 980 =
TasrLe IIT.—Oxygen.
: : ;
». 7 5 2p. |k Wxloon
. . . —
10 17 171 944 | 18 |
49 85 173 135 | o7 '
25 425 17| 152 1 285 |
10 54 34 | 298 | 98
49 17 s47 | 362 | 335
25 85 34 [ 372 | 345 ‘
£9 34 694 | 401 | 35
25 17 68 | 452 385
19 &5 675 | 472 -
\
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a final state of equilibrium is obtained in which the pro-
portion of ions to electrons is constant. In this case W
and & would be functions of Z/p alone. A stream of this
kind may be distinguished from a stream comprising only
free electrons, by the effects obtained with magnetic forces™.

In all cases the proportion of ions to electrons in a gas at
constant, pressure diminishes as the electric force increases.
This holds even in the case where water vapour is present.
With the forces and pressures used in these experiments.
there does not appear to be any indication of the presence
of ions in nitregen or hydrogen.

The following experiments indicated in a direct manner
the presence of ions with electrons in a stream in oxygen.
The ratio of the charges received by the electrodes E, and
B, to that received by E, in the apparatus fig. 1, was deter-
mined while large magnetic forces were acting which tended
to deflect the stream towards the electrode E;. The greatest
force which it was possible to use would have been too small
to produce an appreciable deflexion of particles having
masses of the same order as the mass of a molecule.

When the magnetic force was increaged to the maximum
available, the charges n, + n; were about one per cent. of the:
charge n; in the experiments with nitrogen and air, but with
oxygen a much higher proportion remained on the electrodes
E, and E; under similar conditions.

It had previously been observed that electrons tended to
form ions in moving through imperfectly dried gases, the
effect being particularly marked with the smaller values of
Z/p. This, however, does not seem to be the cause of the
presence of ions in the oxygen used in these experiments.

The oxygen was obtained by the electrolysis of barium
hydrate, and was dried in a flask with phosphorus pentoxide.
Practically the same results were obtained with two speci-
mens of the gas, one of which had been in the drying flask
for seven days and the other for fourteen days. It is
therefore improbable that the effect was due to water vapour.
Further experiments are being made on this point and will
be reserved for a future communication.

The velocity W and the quantity % obtained in these
experiments with oxygen at the lower pressures and the
higher forces are probably not much different from the exact
values for streams of electrons, and these will be used for
the present in order to compare oxygen with nitrogen and
hydrogen.

#J. 8. Townsend and H. T. Tizard, Proc. Roy. Soe. A, Ixxxvii. (1912).
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10. The experimental results for the three gases may be
shown by means of curves representing W and % in terms
of Z/p. The values of W in the three gases corresponding
to the smaller values of Z/p are given by curves fig. 3, and

Fig. 3.
70
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for the larger values of Z/p by the curves fig. 4. The values
of & are similarly represented by the curves figs. 5 and 6.
Since the results obtained with oxygen are not as accurate
as those obtained with nitrogen and hydrogen, the values of
W and % for that gas are represented by dotted curves.

11. The results of the experiments may be used to find
the mean free path ! of an electron between collisions with
molecules, and the distance & between the centre of the
molecule and the centre of the electron when a collision

. 1 .
occursis found from the relation = o being the number

of molecules per cubic centimetre of the gas.
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It is difficult to set a limit to the distance between the
centres at which the force between the molecule and the
electrons would be sufficient to deflect the electron through
a small definite angle, but the following definitions may be
adopted for the mean free path I and the distance ¢ which
may be called the radius of the molecule as found by these
calculations. As the velocity of agitation of the electrons is

Fig. 4.
/A

S
150 7

Wx 10 ,/
'l
/4
&
100

S0 /'/.

\.
N

Q 10 20 30 40 S0 60

very large compared with the velocity of agitation of the
molecules, the latter may be considered to be at rest,

If a number of electrons be uniformly distributed in a
stream of sectional areh 7s® and move with the same velocity
in the same direction towards a molecule, the centre of the
stream being in line with the centre of the molecule, the
average velocity of the electrons after colliding will have a
component in the opposite direction to the original motion
if s 1s very small, as a large proportion of the electrons will
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have their volocities reversed. If s is very large the greater
proportion will pass by the molecule and their direction of
motion will be only slightly affected, and in this case the
average velocity after collision will have a component in
the original direction of motion. There is one value of s for
which the average component of the velocities of the elec-
trons after collision will be zero, and this is the value taken
in this investigation as o, which may be called the radius of
the molecule for brevity.

Fig. 5.
70
6 Wa
0 Ve
/ —
50

k ///7
/

S Y
v ’ &
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30 / /\
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// .
B
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Similarly if a large number of electrons move in the same
direction initially in‘a gas, the mean value of the components
of the velocities in any direction is zero after all the electrons
have collided with molecules, and the mean distance they
travel in the original direction of motion is the mean free

ath I,
P 12. With the above specification of the mean free path
of an electron moving in a gas under an electric force Z,
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the velocity is W=%€ X Zi><0'815, which formula may be
derived from a more general formula* for the velocity of
ions in gases given by Langevin.

All the quantities in this formula are known except ,

-e/m being 1°77 x 107 the value of this ratio for electrons, and
u=1"15 x 107 4/, since the mean velocity of agitation of a

Fig. 6.
150
k 7
e /
100 /
50
z
P
Q 10 20 30 40 50 60

particle having the same mass as an electron is 115 x 107
centimetres per second when in thermal equilibrium with
molecules of a gas at 15° C.

Taking one millimetre of mercury as the pressure of the
gas, the values of I for the different gases as obtained from
the above formula are given in Tables IV., V., and VI.
The values of I for air have also been calculated and are
given in Table VIIL.

The values of o given in the tables are obtained from the
formula l=1/wvo®, v the number of molecules per cubic

# Townsend, ¢ Electricity in Gtases,” p. 180.
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centimetre of a gas at one millimetre pressure and 15°C.
being taken as 3:46 x 108,

The quantities o; which are also given are the radii of the
molecules deduced from the formula given by Jeans* for
the viscosity of a gas, taking the pumber of molecules per
cubic centimetre at normal pressure and temperature as
2-77x 10" corresponding to the above value of v.

In the following tables Z is in volts per em., p in mm. of
mercury, W and « in cms. per sec., and { and o in cms.

TasLE IV.—Nitrogen.
o=188x 1075

\ ‘
;- |k wWx10-5] ux—10v | 1x100. | axc1on f.

100 | 180 — 154 — — —

60 | 126 193 129 2-89 178 09775
50 108 171 1194 | 283 | 180 | 09794
40 89 146 1083 | 275 | 182 | 09818
30 725 | 117 98 267 | 185 | 09862
20, 59'5 86 885 | 266 | 186 | 09905
10 485 | 485 80 269 | 184 | 099636
5 413 | 27 739 | 277 | 182 | 099869
3 855 178 635 | 282 | 180 | 099934
2 305 131 635 | 28 | 178 | 099960
1 215 87 535 | 320 | 169 | 099976
05 13 62 414 | 305 | 161 | 099930
025 75| 515 815 | 440 ) 143 | 099976

TasLe V.—Hydrogen.
oy=134x 1078,

Z I

7 k| Wx10-5| ©x10-%. | Ix100. | ¢ X 105, Fa

56 146 248 139 497 147 0-9686
50 138 217 1348 407 150 09744
40 123 166 1275 367 159. | 09834
30 104 106 117 287 179 09921
20 78 72 1015 253 190 0°99524
10 44 407 76-2 215 207 009742
5 255 267 58 214 2:07 099814
3 186 202 495 2-31 200 099858
15 12 144 398 266 186 099894 :
1 9 119 345 2-86 179 099905 |
05 52 90 262 395 167 099904
025 31 65 202 | 364 159 099914 |

* Jeans, ‘ Dynamical Theory of Gases,” p. 276 (1921).
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TasLe VI.—Oxygen.

ay=181x10-8,
z : |
> k. )WX10‘5. wx10-6 | Ix100. X 10% £

‘\ i
| . | .
50 186 201 3¢ | 374 157 09775
20 0 1 86 . 96 | 280 | 178 | 00919
14 565 . 61 | &5 | 257 | 188 | 09949
10 50 46 812 | 258 | 188 | 09968
6 45 1 36 Lo 8922 | 169 | 09978
2 225 | 80 545" l 56 | 127 09969
‘ |

TasLe VIL.—Air,

oy =185 x 10~%.
Z | i i
> k. ‘lwxlo—i Cwx10-8 | Ix100. oX10% | f.
100 | 160 l 210 | 145 | 272 | 184 | 09654
50 102 173 | 116 278 | 182 | 09778
20 57 9 | 87 271 | 184 | 09893
10 46 52 | 78 282 1 180 | 09956
5 | 88 30 |7l 296 176 099823
2 v 1T | 5d 328 1 167 | 099807
1 1 | 125 ¢ 38 ] 330 1 167 | 099894
05 | 7 9 | = | 387 165 | 099891

i | :

The values of o depend on the velocity w with which the
electron collides with a molecule, and attain a maximum
value within the range of the velocities that bave hbeen
measured.

It will be noticed that for velocities v less than 1-:2 x 10%
o is greater for hydrogen than for nitrogen, so that the field
of force round a molecule as measured by a charged particle
of small mass is wider for a molecule of hydrogen than for
a molecule of nitrogen.

13. The determination of the velocities may be used to
find what proportion of the total energy of an electron is
lost by a collision with a molecule. An approximate esti-
mate of the average loss of energy at each collision to the
average energy (mu?/2) of an electron is easily obtained.
In passing through a distance of one centimetre in. the
direction of the electric force in the time 1/W, the electron
acquires the amount of energy Ze, and in the steady state
when the motion has attained the final value corresponding
to the force Z this energy is transferred to the molecules of
the gas. The total path traversed by the electron in the time
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1/W is «/W, and the number of collisions with molecules is
u/lW, so that the average loss of energy of the electron due
to a collision is (Ze/W)[u. Hence the proportion of the total
energy (mu?)/2 which is lost in a collision is

2ZelW . 2 W2
"~ , which reduces to 0815 X W °

winu?
Thus when w is ten times W, between two and three
per cent. of the energy of the electron is lost in a eollision.
It will be noticed that the mean free path ! does not enter
into the final calculation, so that the result is independent of
the linear dimensions which may be attributed to a molecule.

The loss of energy of the electron, although comparatively
small, is very wmuch greater than the loss that would be
sustained by a small sphere moving with the velocity u in
colliding with a large sphere, if both spheres were perfectly
elastic. The energy lost by the electron appears as an
increase of the internal energy of the molecule such as a
vibration set up in some of the constituent electrons. Were
it not for this effect the velocities of agitation » would have
attained very much higher values than those observed, and
the velocities W would have been less, since W is inversely
proportional to w.

The effect produced by a small degree of inelasticity in
the collisions between spheres has been investigated by
Pidduck *. - If f=4(14pu), p being the coefficient of resti-
tution as in collisions between inelastic spheres, the formula
for the value of fin terms of £ and W which 1s applied by
Pidduck to the case of the motion of electrons may be
written in the form W

/ k-1 m
f=l—m v W
where m is ths mass of an electron, and M the mass of a
molecule of the gas.

The values of s for the different velocities of impact « are
given in Tables IV., V., VI, and VII. It will be noticed
that f decreases as u increases, which indicates that the
greater the velocity of impact the larger the proportion of
the energy of the electron which is converted into internal
molecular energy.

14. Tt is of interest to consider the mode in which an
electron may lose its energy in colliding with a molecule
from the point of view of the quantum theory of radiation.
According to this theory a molecule can absorb energy from

# I'. B. Pidduck, Proc. Lond. Math. Soc. vol. xv. pp. 87-127 (1915-16).
Phil. Mag. 8. 6. Vol. 42. No. 252. Dec. 1921. 3N
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an electromagnetic wave only in definite quantities which
are proportional to the frequency n of the radiation. Thus
if the molecules of a gas have a free period of vibration of
frequency n, they can only absorb energy in amounts
which are exact multiples of the quantity in, & being Planck’s
constant.

It is convenient to express this quantity in volts, that is,
the energy acquired by an electron moving under the action
of an electric force between two points differing in potential
by a certain number of volts. If n be the frequency of the
yellow sodium line, the quantity of energy hn corresponds to
a fall of potential of about 2 volts. .

‘When electrons moving with high velocities collide with
molecules the frequency of the radiation which is excited
depends on the velocity, and if the quantum theory be
extended to cases where energy is supplied to molecules by
the impacts of electrons, the highest frequency which could be
excited by an electron moving with a velocity u is obtained
from the relation An=(mu?)/2. Also in a gas containing
molecules which have no free periods of vibration less than
that of the light in the visible specirum, they would absorb
no energy from electrons moving with velocities smaller
than that corresponding to potentials of about 2 volts.

The mean velocity of agitation of electrons corresponding

to the various values of the ratio Z/p may easily be obtained
in volts from the values which have been found for the
quantity k. In a gas at 15° C. the energy of agitation of
the molecules corresponds to a fall of potential of 1/27th
of a volt, so that %/27 is the energy of the electrons ex-
pressed in volts. Thus in nitrogen at a millimetre pressure
the value of % is 54 for electrons moving under a force of
152 volts per centimetre, so that the mean velocity of
agitation corresponds to a potential fall of 2 volts. In this
case the total number of collisions made by an clectron with
molecules (w/W1) is about 470 in moving through a distance
of one centimetre in the direction of the force and the
average loss of energy in each collision is approximately,
a5 volt.
**In order to explain the loss of energy of electrons due to
collisions with molecules on this theory, it is necessary to
suppose that in a small proportion of the total number of
collisions there is a comparatively large loss of energy
and in most of the collisions there is no loss (excepting the
extremely small loss corresponding to the momentum trans-
ferred from the electron to the molecule, and the loss by
radiation due to acceleration of the electron, both of which
may be neglected in comparison with the observed effect).
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The large losses of energy could only occur when the
electron collides with velocities exceeding those corre-
sponding to hn, where n is the frequency of radiation which
is absorbed by the gas. In hydrogen and nitrogen there is
no absorption of radiant energy in the visible or infra-red
spectrum. In the ultra-violet spectrum nitrogen is slightly
opaque to rays of which the values of kn are between 6'4
and 9-4 volts, but it is uncertain whether hydrogen absorbs
rays in this part of the spectram.

The velocities of the electrons are distributed about the
mean velocity u as in the case of molecules, but the law of
distribution 1s not the same in the two cases. If the Max-
wellian distribution be assumed in the case of ihe electrons
an upper limit may be found to the number of collisions in
which the velocity exceeds the mean velocity by a large
factor. It thus appears that with a mean velocity of about
2 volts (k=354) there may be a sufficient number of collisions
with a velocity of 64 volts to account for the averageloss of
energy of electrons in colliding with molecules of nitrogen.
But the loss of energy is not explained on this theory when
the electrons are moving with smaller mean velocities corre-
sponding to values of £ of order 10, since the number of
possible collisions that occur with velocities exceeding 64
volts is so small in these cases.

When a large proportion of the energy of an electron is
lost in each collision the quantity £ is comparatively small
and W is comparatively large provided no ions are formed.
In order that an ion may be formed the electrons must not
rebound from the molecule after a collision, and the tendency
to form ions is greatest when the molecules absorb a large
proportion of the energy of the electrons. Also it is found
experimentally that ions are only formed (even in the presence
of water-vapour) when the electrons are moving with com-
paratively small velocities, so that in order to account for
the formation of ions it is necessary to suppose that the mole-
cules can absorb small quantities of energy. Hence the
quantum theory indicates that large numbers of ions may be
formed when the gas contains impurities which absorb radiant
heat. The experiments are in agreement with the theory on
this point as it has been found that ions are not formed in
hydrogen and nitrogen, which ‘are very diathermanous, but
are rapiily formed in gases containing water-vapour or
carbon dioxide which are very opaque to thermal radiation.

In conclusion we desire to express our thanks to Mr. B.
Lambert for baving supplied us with a quantity of carefully
prepared nitrogen for use in these experiments.
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