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LONDON, I~DINBURGH, aND DUBLIN 

P H I L O S O P H I C A L  M A G A Z I N E  
AND 

J O U I t N A L  OF S C I E N C E .  

[SIXTH 8E RIE8.] 

D E C E M B ~ : R  1921. 

X(dVI[. Tl~e ikfotlon of Electrons in Gases. By J. S. 
TOWNSEND, M.A., F.R.8., Wykeham P~,ofessov of Physics, 
Oxford, and V. A. BAILEY, M.A., Queen's College~ 
Oxford ~ 

1. 1 N  some previous rese,~rches published in the Pro- 
1 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 moving 
in a uniform electric field, and the deflexion of the stream 
by a transverse magnelic force. 

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

We give in tiffs paper a bri~[ 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, ~vith ranges 
of forces and pressures similar to those used in the experi- 
ments with air. 

* Communicated by the Authors. 
Pldl. Mag. S. 6. Vol. 42. No. 252. ~ec. 1921. 3 M 
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874 Prof .  J. S. Townsend and Mr. V. A. Bailey on 

In  the earlier investigations it was found tha t  the motion 
of electrons in hydrogeu and other gases was similar to tlrat 
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 "rod the motion of free electrons* 
in gases, is that the mean kinetic energy of the motion 
of agitation of an ion is the same as that of a molecule oi' the 
gas, whereas with electrons the energy of agitation increases 
with the force, and with tile smaller pressures and larger 
forces used in these experiments the mean kinetic energy of 
agitation of an electron is as great as a tmndred 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 o[" 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 th0 molecule were perfectly elastic 
spheres, but this loss is so small that the velocity of ,qgitation 
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 u and the mean velocily W in the direction 
of the electric force. Ti~e factor k by which the mean 
energy of agitation mu2/2 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 air t. 

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

Electrons are set free from a metal  plato A by the action 
of ultra-violet l ight and travel th,'ough 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 1½ 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 

* Prec. Roy. Soc. A, lxxx!, p. 464 (1908). 
t J. S. Townsend and H. ~I. ~:izard, Prec. Roy. Soc. A, lxxxviii, p. 336 

(1913). 
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the .~_fotlon of .Electrons in Gases. 875 

three electrodes El, E~, E~ at a distance of 4 centimetres 
from the plate B. 

Fig. 1. 

8 

cz 
N 

The electrodes El, E2, Es are mounted on ebonite fixed 
¢o the brass ring C4, and the Upper surfaces turned so-that 
they should all be in the same plane, parallel to the plate~ 
A and B. 

The electrodes E~, E~, E3 are sections of a disk 7"6 eenti- 
metres in diameter. The central electrode E2 is a strip 
4"5 millimetres wide insulated by gaps half a millimetre 
wide from the electrodes Es and E3. 

I t  is essential that the field below B should be perfectly 
uniform, and for this purpose the brass rings C1, (~2, C3 are 
fixed at equal intervals apart between the plate B and the 
ring Ct, and maintained at constant potentials by a battery 
~f small accumulators. The positive terminal of the battery 
is connected to the ring Ct which is at zero potential, and 
the rings (21, C2, (23 and the plates A and B are connected to 
points of the battery which maintain them at negative poten- 
rials proportional to thMr distances from the lower ring C4. 
Thus the electrons arriving at the slit in the plate B have 
acquired the final velocity corresponding to a constant electric 
force Z, and continue to move under the same force from the 
slit to the electrodes El, E2, E3. The stream diverges and a 
large proportion of the electrons are received on the elec- 
trodes E~ and E3, ~|lthough the central electrode E 2 is much 
wider than the slit in B. 

3 M 2  
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876 Prof. J. S. Townsend and Mr. V. A. Bailey on 

The charges nl, ~2, ~ 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 El, E2, E3 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 =  n2/(nl + n2 + ~ ) ,  
i. e. of the charge 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 o[ 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/1-I, where N is the number of molecules per 
cubic centimetro of a gas at 760 ram. pressure and tem- 
perature equal to that of the gas through which the stream 
is moving, e the charge of ~he ion, Z the electric force, and 
H atmospheric pressure. This function R = f N e Z / H  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 dete~nine this 
quantity, and the results have shown that the charge e is 
the same as the charge of a monovalent ion 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 ~hlch 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 tbe pressure 
of the gas. The ratio R for a stream of negative ions may 
be found either experimentally or calculated by the theory 
of diffusion, and these values of R in terms of Z may be 
represented by means of a curve. This curve (shown in 
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the .l/lotion of Electro~2s in Gases. 877 

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. 

! 

0 '7  J 
I 

0"6 t 
R 

0 , 5  

0.4 

0"3 

(3.2 

0'1 

Fig. 9. 

~ J 

I 

I t 
I i 
, I 

0.5 1"5 

t . . . .  

2" 2"5 

J 

/ 

2"5  0"6J 9 
3"0 O.S6 i 
3:5  0 ' 6 9 5  
4"0 0-72,5 

It  is to be no~iced that when the normal distribution of 
the stream is determined experimentally, it is necessary that 
the conditions should be arranged so that the self-~pnlsion 
of the ions dbes not contribute to tile 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 
era'rent 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 an energy of agitation exceeding the value corre- 
sponding to thermal equilibrium with the gas, as shown 
by an abnormal divergence of the stream. I f  k be the factor 
by which the energy of agitatim~ of the electrons exceeds 
~hat of the molecules of the gas, the ratio R becomes 
R=f(NeZ/kII).  Thus when the ratio R corresponding to a 
force Z is found experimentally, the value of X' is equal to 

Z R 
, 0  0 q 8 5  
0"1 0.166 
o .2 o - = o 8  

L? 05? o ~ r  
1.0 0 ' 425  

' l .s o:so6 
2 . 0  o 5 7 0  

,3 3"5 
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878 Prof. J. S. Townsend and  Mr. V. A. Bailey on 

the ratio Z/Z1, where Z1 is the force corresponding to R as 
given by tile 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 magtletic 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 E. ]'he two, 
electrodes E2 and E~ were connected together and the 
current in the coils adjusted so that the charge acquired by 
E~ and E3 is equal to that acquired by El. The centre of 
the stream is thus deflected to the centre of the narrow gap 
between E1 and ~E~, a distance of 2"5 millimetres. 

If  Iq be the magnetic force required to produce this 
deflexion, a the distance from B to the electrodes E, b 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 b 1 
Z - -  z a - -  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 lhe stream felt 
on a line one tenth of a millimetre from the "centre of the 
electrode E~. This w~s no doubt due to a slight inilccuraey 
in the construction of the apparatus. 

The vahle 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 ttie two gaps. 

7. I t  is necessary to show from the results of the experf- 
ments, how to distinguish between a stream consisting 
entirely of free electrons and a stream consisting l~artly of 
free electrons and partly of ions form ed by electrons becoming 
permanently associated with molecules o(' 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 X' by which the energy of agitation 
exceeds the normal, must depend only on the ratio of the 

* Prec. Roy. Soc. A, lxxxvi, p. 571 (1912)~ 
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the Motion of Electrons in Gases. 879 

electric force to the pressure. With the ranges of forces 
and pressures used in ~hese experiments the ahove condition 
is satisfied by the values of W and k obtained with nitrogen 
and hydrogen, as h:~d previously been obtaiued with air. 
The results of tile principal determinations are given in 
Tables I. and H., which are arranged in groups, each group 
corresponding approximately to one value of tbe ratio Z/_p. 
It  will be seen that both W and k remain practically 
constant when the pressure and |he 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 under 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 c[ the stream necessary for measuring 
the velocity could only have been obtained by a current of 
more than 20 amperes which wouhl 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 C4 by the magnetic 
field, which would have introduced an error in the deter- 
ruination of the velocity W. 

With the large values el ZIp electrons are generated in 
the s~ream by collisions of elccirons with molecules. This 
effect does not introduce 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. Ve]ocitles W in direction of electric forces Z, and 
factors k 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 obt:tined for W and k 
in the cases where the ratio Z/p was the same, especially 
when p Was taken over ranges including large pressures, 
but with the smaller pressures and larger values of ZIp the 
discrepancies were not great. 

Examples of determinations el the velocities W and the 
quantities k with electrons moving in oxygen are given in 
Table lII. ,  which show that b6th W and k tend to increase 
when Z and p are reduced in the s,lme proportion. 

This effect would occur if the electrons tended to become 
permanently associated with molecules or other small par- 
ticles as they moved t|~rongh the gas. Thus if electrons 
moved under a force Z and pressure p and a certain number 
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880 P r o f .  J .  S. Townsend  amt Mr'. V.  A .  Ba i l ey  on 

W in een t ime t r e s  pe r  second.  

Z in volts  pe r  cen t ime t re .  
p in mi l i ime t r e s  of m e r c u r y .  

TABLE I . - - N i t r o g e n .  

20 
10 
5 

20 
lO 

2"5 

~.~ 

/ 2"48 / 
/ 1'25 

2'48 
1-25 
0"62 

0"622 

0"625 
0'303 

p. z. z/p. 

20 8.5 0.425 
10 4"25 0425 

16"9 0"845 
s.5 I o.85 
4"25 0"85 

33 4 1 "67 
1(~'9 1(19 
8'35 1"67 
4'25 1 70 

33"7 3"37 
16'9 338 
8"4 3'36 

33"7 - - ~  
679 I 

1688'4 6"73 I 

33.8 
16"8 13"4 ] 
85 1 1 3 . 7  I _ _ _ _  

33'9 26'9 
16"9 27'1 

33'9 54"3 
16'8 55"6 

k. 

1I'5 
10"4 

18"9 
19"1 
18 5 

28'2 
27'8 
29'0 
28 3 

36"1 
37"0 
;J5'8 

4-t9 
449 
44"1 

W × 1 0 - L  

5'85 
5'9 

--77-4- 
7"56 

li:1 
1I'1 

19'6 
19'7 
19"1 

35'6 
35"~ 
32"2 

51:3 62"4 
52"0 62"5 
53"0 

66'8 110 
68"8 105 

117 
121 

181 

of them fo rmed  ions in pass ing  f rom tl ,e p la te  A to the  
pla te  B in the  appa ra tu s  shown in fig. 1, double  this  n u m b e r  
would be fo rmed  if  ~tAe e lec t rons  moved  for  t i le  same 
d i s tance  t h rough  the gas a t  p ressure  21o under  a force 2Z. 
Tiros, in an a p p a r a t u s  of fixed d imens ions  the  g r e a t e r  the  
p ressure  of t i le gas  the  g r e a t e r  the n u m b e r  of ions  t ha t  would  
be formed.  

The s tate  in  which  the p ropor t ion  of ions to e lec t rons  in a 
2as  is i nc reas ing  ~ i t h  p is thus  eas i ly  r ecogn ized  by  the  
fac t  t ha t  W and  k cannot  be r ep re sen ted  in  t e rms  of  the  
ra t io  Z/p  alone.  

I f  the  ions which are  fo rmed  a re  not  s table,  as is the  ease 
when the  e lec t ron  m a y  be d issocia ted  by  coll is ions f rom the 
molecu le  or g r o u p  of molecules  which  the  ion comprises ,  
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t]~e :]lotion of  Electrons in Gases. 

TABL~ TI.--Hydrogen. 

881 

~ .  Z .  

40 8'5 
19'8 4'35 

. . . . .  

k. W X 1 0 - L  

2'72 5"98 
2'87 6"28 

4"56 841 
4'70 1 8"58 
4"48 8"49 

11'25 
11'2 
II'i 

15'5 
15 2 
15.3 
14"8 

21'5 
21"8 
21 '5 

32"5 
32'1 
300 

48'8 / 

17"0 0 425 
0"425 

8'5 0"425 4'25 

19.7  17.5 
10 8'5 0"850 ] 

_.2L__ 0.850 
19"75 J 35"0 1"77 
10 17-0 1"70 

r 5 r 8 '5  1"70 
1-68  2"53 4"25 

. . . .  

10 34'0 
5 17'0 
2'53 8"5 
1"24 4 ' 2 5  

1 3 4 , o  
2"53 i 17"0 
1"24 [ 8"5 
0627 .__ 4'__25 

2"52 [ 34"0 
1'24 17'2 
0"625 8"5 

1 '24 34'0 
0'63 17'2 

3"40 
3"40 
3"36 
"3'42 

6'80 
6'72 
6'85 
6"80 

13"5 
13"9 
13"6 

8'33 
7"83 
7"95 

13'75 
12"8 
13"0 
13 '3 

20'4 
20'2 
29'2 
20'1 

32'2 
31'2 

.. 31"7 
31"5 

55'7 
56"7 
586 

27 "4 97' 1 
27"3 98'0 

TABLE III . - -Oxygen.  
' i 

z. z/p. k. WxlO-~. I 

-I 
/O.  

10 17 
4"9 8'5 
2'5 4"25 

10 34 
4'9 17 
2'5 8'5 

49  34 
2"5 17 
1'26 5 

i 

I 

1"7 
1"73 
1"7 

3.4 
3'47 
3"4 

6"94 
6.8 
6"75 

9"44 
13"5 
15'2 

29"8 
86"2 
37"2 

18 
27 
28'5 

28 
335 
34"5 

40"1 35 
45'2 38'5 
47 '2 

D
ow

nl
oa

de
d 

by
 [

R
M

IT
 U

ni
ve

rs
ity

 L
ib

ra
ry

] 
at

 1
4:

19
 1

8 
M

ay
 2

01
6 



882 Prof .  J .  S. Townsend and Mr. V. A. Bailey on 

a final state of equilibrium is obtained in which the p ro -  
portion of ions to electrons is constant. In this case W 
and k would be functions of ZIp 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 fo electrm~s in a gas at 
constant pressure diminishes as the electric force increases. 
This holds e~en 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 nitrogen or hydrogen."  

The following experiments indicated in d direct manner 
the presence of ions with electrons in a stream in oxygen. 
The ratio of the charges received by the electrodes E~ and 
Ea to that received by E1 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 increased to the maximum 
available, the charges ~2 + n~ were about one per cent. of the  
charge nl in the experiments with n~trogen and air, but with 
oxygen a much hi~her proportion remained on the electrodes 
:Eo and E s under similar conditions. 

I t  had previously been observed ~hat electrons tended to 
form i~ns in moving through imperfectly dried gases, the 
effect being particularly marked with the smaller values of 
ZIp. 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 aud the other for fourteen days. I t  is 
therefore improbable that the effect was due to water vapour. 
Fur ther  experiments are being made on this point and will 
be reserved for a future communication. 

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

* a. S. Townsend and H. T. Tizard, Prec. Roy. See. A~ lxxxvii. (1912). 
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the Motlo~ of Electro~s in Gases. 883 

10. The experimental results for the three gases may be 
shown by means of curves representing W and k in terms 
of ZIp. The values of W in the three gases corresponding 
to tho smallor values of ZIp are given by curves fig. 3, and 

70  

60  

50  

W x l O  "s : 

Fig. 3. 

4O 

3 0  

.,¢/ 

/ 
/ /  
/ 

/ 
/ 

o 2. 4 6 8 

for the larger values of' ZIp by the curves fig. 4. The values 
of k 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 k for that gas are represented by dotted curves. 

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

from the relation l =  ~ 1  v being the number is found occurs 

of molecules per cubic centimetre of the gas. 

Z "F 

I 0  12 14 
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884 Prof.  J. S. Townsend and Mr. ¥ .  A. Bailey o~ 

I t  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 1 and the distance a 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. 

Y 
! 5 0  

WxlCr s ~ r  
, B I  

,F S 
~ . s  e 

I 0 0  /?o 
,,,' 

2' 
50  

f /  / 
__z 
P 

0 I0  20 30 4 0  50  6 0  

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

I f  a number of electrons be uniformly distributed in a 
stream of sectional arch ~'s ~ 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 is very small, as a large proportion of the electrons will 
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the Motion oj Electrons {n Gases. 885, 

have their velocities reversed. I f  s is very large the greater 
proportion will pass by the molecule and their direction of 
me,ion will be only slightly ai~ected, 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 ~, which may be called the radius of  
the molecule for brevity. 

7 0  

~ig. 5. 

6 0  

6 0  

o i- iz  o/d 
IO 

2 75 
0 2 4 6 e, I0 IZ 14 

/ 

I 

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 
path 1. 

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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886 Prof-  J .  S. Townsend and Mr. V. A. Bailey on 

the velocity is W Ze × 1 ---=-- - × 0"815, which formula may be 
m u 

derived from a more general formula* for the velocity of 
ions in gases given by Langevin.  

All the quantities in this formula arc known except l, 
elm being 1"77 x 107 the value of this ratio for electrons, and 
u = 1 " 1 5  × 10 v ~,/L-, since the mean velocity of agitation of a 

Fig. 6. 

150 

I 0 0  

5 0  

z j 
J 

~ 7 

/Z ! 
P 

0 J 0 2 0  ~ 4 0  5 0  6 0  

£art iele  having the same mass as an electron is 1"15 × 107 
centimetres per second when in thermal equilibrium with 
molecules of a gas at 15 ° C. 

Taking one millimetre o[ mercury as the pressure of the 
gas, the values of 1 for the different gases as obtained fro.m 
the above formula are given in Tables IV.,  V., and V[ .  
The values of 1 for air have also been calculated and are 
given in Table VI I .  

The values of at given in the tables are obtained from the 
formula / = l / 4 r w  ~, v the number of molecules per cubic 

* Townsend, ~ Electricity in Gases~' p. 180. 
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the Motion o d Electrons in Gases. 887 

eentimetre of a gas at one mitlimetre pressure and 15cC. 
being taken as 3"46 x 10 tG. 

The quantities o- 1 which are also given are the radii of tile 
molecules deduced from the formula given by Jeans* for 
the viscosity of a gas, taking the lmmber of molecules per 
cubic centimetre at normal pressure and temperature as 
2"77 x 1019 corresponding to the above value of v. 

In the following tables Z is in volts per era.,/9 in mm. of 
mercury, W and u in cms. per see., and l and o- in eros. 

TABLE IV.--1Kitrogen. 

(7" 1 = 1"88 x 10 -s. 

Z 

100 
60 
50 
40 
30 
20. 

3 
2 

k. W X  10 -a .  

180 
126 
108 

89 
72'5 
59'5 
48"5 
41 "3 
35"5 
30'5 
21"5 
13 
7"5 

193 
171 
146 
117 
86 
48"5 
27 

1 7 8  
13"1 

8"7 
6'2 
5'15 

~t X - t0% 

154 
129 
119"4 
108'3 

98 
88"5 
80 
73"9 
68"5 
63"5 
53"5 
41'4 
31"5 

l x  100. 

2"89 
2"83 
2"75 
267 
2 6 6  
2 6 9  
2"77 
2.82 
2 8 8  
3'20 
3"55 
4".JO 

~' X lO s. 

1"78 
1 '80 
1"82 
1"85 
1 "86 
1 "84 
1 '82 
1"80 
1"78 
1'69 
1'61 
1"43 

f. 

0'9775 
0'9794 
0'9818 
0'9862 
0'9905 
099636 
099869 
0'99934 
0'99960 
0'99976 
0"99980 
099976 

TABLE V . - - H y d r o g e n .  

a l =  1"34 x ]0 -s. 

Z 

5O 

20 
10 

5 
3 

1"5 
0"5 
0'25 

k. 

146 
138 
123 
104 

78 
44 
25"5 
18"6 

5"2 
3"1 

W × 1 0 - 5 .  

248 
217 
166 
106 

72 
40"7 
26'7 
20'2 
14"4 
11"9 
9'0 
6"5 

u ×  10 -6. 

139 
134'8 
127'5 
117 
101"5 

76"2 
58 
49'5 
39'8 
34'5 
26'2 
20'2 

I 8 l×100 ,  a x l O .  

- - ~  
4"27 
4"0~ / 1'50 
3'67 1"59. 
2"87 1'79 
2"53 ] '90 
2"15 207  
2"14 207  
231 2O0 
2 6 6  1'86 
2"86 1 79  
3"25 1'67 
3'64 1 '59 

f. 

0"9686 
0'9744 
0'9834 
09921 
0'99524 
0'99742 
0"99814 
0 99858 
0"99894 
099905 
0"99904 
0"99914 

* Jeans~ ~DynamicaI  Theory  o f  G a s e s , '  p. 276 (1921). 
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888 Prof.  J .  S. Townsend a n d  Mr. V. A. Bailey on 

TABLE V I . ~ O x y g e n .  
o-1= 1"81 x 10 -s. 

Z 

 gff-- 
i o 
10 

k. 

136 
70 
55"5 
50 
45 
22"5 

W X I O  -5. 

201 
86 
61 
46 
36 
30 

I 
u X 1 0  -~. / X 1 0 0 .  _ _ _ _ _  

134 I 3"74 
96 2'89 
85"5 I 2'57 
81'2 2"58 
77"1 3"22 
54"5' 5"6 

i 

~rX i0 ~. 

1'57 
1'78 
1 "89 
1 '88 
1 '69 
127 

f. 

0"9919 
O'9949 
0"9968 
0'9978 
0"9969 , 

TABLE V I I . - - A i r .  

o-~ = 1"85 x 10-L 

Z 

50 
20 
%0 

o 

0'5 

102 
57 
46 
;/8 
"22 
11 

5"7 

W × 1 0  -~. 
i 

173 
90 
52 
30 
17"5 
12"5 

9 

uxlO-O. 

145 
116 
87 
78 
71 
54 
38 
27 

1 × 100. 

2"72 
2'78 
271 
2"82 
2"96 
3"28 
3'30 
3'37 

cr×10 ~. 

1"84 
1 "82 
1 "84 
1"80 
1"76 
1 '67 
1'67 
1"65 

f. 

0"9654 
0"9778 
09893 
0'9956 
0 99823 
099897 
099894 
0"99891 

The values of ~ depend on the velocity u with which the 
electron collides ~ith a molecule, and attain a maxinmm 
value within the range of tile velocities that have been 
m e a s u r e d .  

I t  will be noticed that for velocities u less than 1"2 × 10 s 
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 aver~,ge loss of energy at each collision to the 
average energy (mus/2) of an electron is easily obtained. 
In  passing through a distance of one eentimetre i n  the 
direction of the electric force in the time l /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 trans[erred to the molecules of 
the gas. The total path traversed by the electron in the time 
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the Motion of Electrons in Gases. 889 

1/W is u/W, and the number of collisions with molecules is 
u/1W, so t]lat the avecage loss of energy of the electron due 
to a collision is (ZelW)]u. Hence the proportion of the total 
energy (m~t:)/2 which is lost in a collision is 

. . . . .  2 W ~ 2ZelW which reduces to 0~'~-5 × - -  " 
UlIF~2 ' U2 

Thus when u is ten times W, between two and three 
per cent. of the energy of the electron is lost in a collision. 
I t  will be noticed that the mean free path l 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  nmch 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 "t 
vibration set up in some of the constituent electrons. Were  
it no~ for this effect the velocities of agitation u would have 
attained very much higher wtlues than those observed, and 
the velocities W would have been less, since W is inversely 
proportional to u. 

The effect produced by a small degree of inelasticity in 
the collisions between spheres has been investigated by 
P i d d u e k * .  I f f = - ~ ( l + / ~ ) ,  /~ being the coefficient of resti- 
tution as in collisions between inelastic spheres, the formula 
for thevalue  of f i n  terms of k and \V which is applied by 
Pidduek to the ease of the motion of electrons may be 
written in the form 

W ~ k--  1 m 
/ = 1 - - ~ +  k . ~ ,  

where m is ths mass of an eleetron~ and M the mass of a 
molecule of the gas. 

The values of .f tbr the different velocities of impact u are 
given in Tab]es IV.,  V., VI.,  and VII .  I t  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. I t  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, Prec. Lend. Math. Soc. vol. xv. pp. 87-127 (1915-16). 
Phil. llfaq. S. 6. Vol. 42. No. 252. Dee. 1921. 3 N 
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890 Prof. J. S. Townsend and Mr. V. 2,. Bailey on 

an electromagnetic wave only in definite quantities which 
are proportional to the frequency n of the radiation. Thus 
it the molecules of a gas have a fl'ee period of vibration of 
frequency n, they can only absorb energy in amounts 
which are exact multiples of' the quantity hn, h 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 ntnnber of volts. If" n be tile 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 tile 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 hn---'(mu2)/2. Also in a gas containing 
molecules which have no free periods of vibration less than 
that of the light in the visible spectrum, 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 ZIp 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 k/27 is the energy of the electrons ex- 
pressed in volts. Thus in nitrogen at a millimetre pressure 
the value of k is 51 for electrons moving under a force of 
15"2 volts per centimetre, so ~hat the mean velocity of 
agitation corresponds to a potential fall of 2 volts. In this 
ease the total number of collisions made by an electron with 
molecules (u)Wl) 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. 
~o volt. 

In order to explain the loss of energy of electrons due fo 
collisions with molecules on this theory, it i~ 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 ~/lotlon of_Electrons in Gases. 891 

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 hn are between 6"4 
and 9"4 volts, but it is uncertain whether hydrogen absorbs 
rays in this part of the spectrum. 

The velocities of the electrons are distributed about the 
mean velocity u as in the case of molecules, but the law of 
distribution is not the same in the two cases. I f  the Max- 
wellian distribution be assumed in the case of the electrons 
an  upper limit may be found to the number of collisions in 
which the velocity exceeds the mean velocity by a large 
factor. I t  thus appears the.It with a mean velocity of about 
2 volts ( k = 5 4 )  there may be a sufficient number of collisions 
with a velocity of 6"4 volts to account for the average loss of 
energy  of electrons in colliding with molecules o[ 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 k of order 10, since the nmnber of 
possible collisions that occur with velocities exceeding 6"4 
volts is so small in these cases. 

When a large proportion of the energy o[ an electron is 
lost in each collision the quanti ty k 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 timt 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 a r e  very diathermanous, but 
are rapi t ly  formed in gases containing water-vapour or 
carbon dioxide whioh are very opaque to thermal radiation. 

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

3 N 2  
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