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PREFACE

This book is intended to give a brief, critical survey of the work
on the behaviour of slow electrons in gases, much of which has been
carried out during the last twenty-five years and is available only
in the original communications. The investigations described deal
with the determination of such quantities as the mean free paths,
average energy losses and probabilities of attachment, of electrons
moving through a gas with energies not exceeding a few electron
volts.

Many different techniques have been used for the investigation
of the various aspects of the motion of electrons in gases. Here
the main attention is focussed on the diffusion methods developed
by Townsend at Oxford and by Bailey at Sydney, as these lead to
the widest variety of experimental results ; particular attention is
given to the study of the formation of negative ions by attachment.

An account of the diffusion methods is given in the earlier chapters,
including a discussion of the formulae used and a summary of the
Fxperimental results obtained. There follows a brief survey of a
‘number of other methods. An important application of the work
described in the earlier portion of the book is given in the final
chapter which is devoted to certain problems concerning the motion
of electrons in alternating fields and the effect of radio waves on
the ionosphere.

The book should be useful as a work of reference, for essentially
all of the results obtained by the diffusion methods are given by
means of graphs and tables, and the bibliography relating to the
whole field is comprehensive. The final chapter should be of interest
to those concerned with the propagation of radio waves. Further,
we have endeavoured to make the presentation sufficiently complete
and straightforward to prove of value to the general physicist,
and to Physics students in the final years of a degree course.

The authors wish to acknowledge their indebtedness to Professor
V. A. Bailey for the benefit of a number of helpful discussions, and
to Mr. N. F. Roberts for his assistance in the preparation of the
manuscript for publication ; finally they wish to thank Miss D.
Grime for her help in proof reading and Messrs. Simmons Limited
for their patience and care in the printing of the book.

R.H.H.
SYDNEY J.W.R.
November, 1940.
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I
THE MOTION OF SLOW ELECTRONS

IN GASES

1.1—Maxwell’s Diffusion Equations.

Maxwell’s theory of diffusion was first developed to account
for the interdiffusion of two gases. Later, J. S. Townsend made a
natural application of this theory to the case in which one gas is
replaced by a swarm of electrons or ions*. Most of the methods
described in this book for investigating the motion of electrons
in a gas depend upon the kinetic diffusion of these particles as they
pass through the gas; accordingly, the fundamental equations
relating to the process of diffusion are introduced immediately.

We begin by introducing an important quantity, the coefficient
of diffusion K, which is definedf as ““ . . .. the volume of gas reduced
to unit of pressure which passes in unit time through unit of area
when the total pressure is uniform . . . . and the pressure of either
gas increases or decreases by unity in unit distance.” In all the
diffusion experiments described in the present book the partial
pressure of the charged particles has been small compared with
that of the gas, so that the total pressure may be regarded as uni-
form. TUnder these conditions the equation of diffusion takes a
simplified form, the net transport of the charged particles per
second across unit surface normal to the pressure gradient being

PV = —K.grad P, .ooovvvnnnnnnn. (1)

in which equation P is the partial pressure and V the transport
velocity of the particles. In the Cartesian form, this equation
becomes
PV, __oP
T =
V. V,and V, being the components of V. The term — (a.P/dx)

* J. 8. Townsend, Phil. Trans., A, 193, p. 129 (1899).
1 J. C. Maxwell, ‘‘ Collected Papers,” 2, p. 60.
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represents the momentum parallel to the x-axis transferred to
unit volume per second by the flow of the charged particles across
its bounding surface.

Under the conditions usually encountered, it may reasonably
be presumed that the mean velocity of agitation U and the velocity-
distribution of the particles do not vary from point to point; so
that the root mean square velocity » and hence the mean energy
of agitation E are taken to be the same at all points in the gas.
Then, from the equation

P o=} mwmud, ...l 3)

in which #» is the particle density at the point considered and m
is the mass of the particle, it will be seen that the equations (2)
may be written

nV, = — Kalb, etc. ..., (4)
o

With this notation, the equation of continuity,

an 7 7] 0 _ .
ot T oV t 5,V + oV =0, (5)
becomes
on . (0  0*n  03n
a K (5; top t a?) =0 e ®

It is necessary to point out that the transport velocity, which
in general varies from point to point in the gas, should not be con-
fused with the mean agitational velocity U, which is usually pre-
sumed to be constant under the given conditions. The velocities
V. V,and V, are to be regarded as mathematical quantities which
satisfy the condition that the change in the distribution which
would obtain if all the charged particles in any volume element
had the velocities V,, V, and V, corresponding to this element,
and no other motion, should be the same as the actual change in
distribution arising from the motion of agitation*. Further, it
must be emphasised that the velocities V,, ¥, and V, do not repre-
sent a general drift arising from the variation of n from point to
point ; these quantities are introduced merely to describe the net

* Townsend, Phil. Mag., 25, p. 459 (1938).
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rate of kinetic diffusion from an element of space into neighbouring
elements. In this respect the velocity V differs from the mean
drift velocity W due to an applied uniform electric field, W repre-
senting a general drift of all the charged particles in a direction
parallel to the field.

1.2—Early Experimental Work.

The early experiments* on the motion of ions in gases were
made at relatively high pressures (~ 760 mm). It was found that
the drift velocity of the ions was small compared with that which
would be attained under similar circumstances by a gas molecule
carrying unit charge ; and also that the coefficients of diffusion in
air at atmospheric pressure were considerably smaller for ions
than for gas molecules. These results led to the conclusion that,
at higher pressures, the masses associated with the atomic charges
were large compared with the masses of the corresponding gas
molecules. However, later experiments showed that, as the gas
pressure was reduced, the mass associated with the atomic charge
became smaller ; in dry gases, at pressures not greater than about
10 mm, and with electric forces of several volts per centimetre,
the negative particles attained very high velocities, indicating that
the masses of a large proportion of these particles were considerably
smaller than the corresponding molecular masses.

Townsend determined the charge carried by a gaseous ion
by measuring the lateral diffusion of a stream of ions moving in a
uniform electric field. The apparatus used is shown diagram-
matically in figure 1. X-rays from a source X were passed through
an aluminium window at the top of the apparatus and fell on the
metal plate 7', giving rise to secondary X-rays. These secondary
rays ionized the gas, some of the ions passing through the gauze
accelerating-electrode @, and of these, a proportion passed through
a circular orifice S. These ions moved through the uniform electric
field produced by the guard-rings R,, R,, R,, R; and R, falling
finally on the composite electrode 4 B, which consisted of a disc B
and an outer ring 4 coaxial with S. The measurement consisted
in determining the ratio R of the current arriving on B to that

* See Townsend, ‘ Electricity in Gases,” 1915 ; * Motion of Electrons in Gases,”
1925
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arriving on A. The value of Ne was then calculated from this
result, N being the number of molecules in 1 cc of a gas at 15°C
and 760 mm, and e the charge carried by a gaseous ion.

The formulae used in the calculation referred to above were

derived from a theoretical consideration of the diffusion of ions
in a uniform electric field.

Tl G\
R4 ZHwWy
I";',':nu‘
R, — P EUARY —
'3 l”l,ulll.
[HI Y
SHIEIHE
— [ L L Rp—
l,":l'.‘-l
THHTRE
l;'l‘“'ll
R — g Py e—
/] "'|I'|I|‘
IR
Ro H IRERE]

To Induction Balance

Fig. 1. Schematic diagram of Townsend’s diffusion apparatus.

1.8—The Diffusion of Charged Particles in a Uniform Eleetric Field.

When a uniform electric field F is applied, there is a general
drift of all the charged particles in a direction parallel to the field,
this drift being represented by the drift velocity W.

Under these circumstances, the drift velocity may be regarded
as superposed on the velocity of transport due to diffusion; so
that the number of particles crossing an area dS per second becomes

(—Kgradn +2W).dS. ............ (7)
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If, now, V (and its components V,, V, and V,) denotes the net
transport velocity, we have

nV = —Kgradn +2W; .............. (8)

or, writing this equation in the Cartesian form,
0
WV, = — K2 4 aW,, etey ooverrnnn... (9)
ox
W. Wyand W, being the components of W.

Using the same argument as in §1.1, it is easily shown that
the cquations (9) may be written

PV oP PW
= T ete 10
K e T K (10)
In the absence of F, these equations are (sce §1.1)
%:,’f - — af, Cte. ... (2)

The term on the right represents the momentum parallel to the
z-axis transferred to unit volume per second by the flow of charged
particles across its bounding surface ; so that the term on the left
gives the component of momentum lost in collisions with gas mole-
cules per unit volume per second under the steady velocity of
transport V,. [t is, of course, assumed that the partial pressure
of the particles is small compared with that of the gas, so that we
need consider only those collisions between particles and gas mole-
cules.

When the field F is applied, the component of momentum
communicated to unit volume per second becomes — o P/ox + neX,
the components of F being X, Y and Z, and e being the charge
carried by a particle; while that lost per second in collisions is
again equal to PV,/K, V, now representing the net velocity of
transport given by equation (10). The equations giving the net
velocities of transport may therefore be written

PV, opP

——— IS e~ e R R R R S ll
e fm + neX , etc (11)

It is usually found convenient to select the coordinate axes
so that the z-axis is parallel to the electric field. Then, repre-
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senting the drift velocity of the particles in the direction of this
axis by W,and the electric force by Z, equations (10) and (11) become

PV, op A
K ox’
PV, oP
X = b—y’ " e it (10&)
PV, _ _ P PW
K oz K
and
PV, opP A
K =
PV, oP
e % L 1
i o - (11a)
PV, oP
%= g tmel

A comparison of equations (10a) and (1lla) leads to the im-
portant relationship

w neZ

T TE . cieeeecnecereneenn 2

X P (12)
As P = } nmu?, it is easily shown that this equation can be written

W  NeZ

K kI’
where N is the number of gas molecules in lcc of gas at 760 mm
and 15°C, I7 is the pressure 760 mm expressed in dynes per square
centimetre, and k is the ratio of the mean energy of agitation of the
charged particles to that of the gas molecules at 15°C. This equa-

tion was first established by Townsend*.
The equation of continuity of the particles is

32+ divav =0,
The measured ratio R (see §1.2) is independent of fluctuations

* Phil. Trans., A, 198, p. 129 (1899).
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in the intensity of the stream of particles, so that the current density
at any point may be regarded as constant*. In this case an/ot
is zero. Then, from equation (10a), remembering that P is pro-
portional to » under the given conditions, it follows that the particle
density » satisfies the equation

W on
=TT eeeceeeaeaaeaas 1
Vin =4 — (15)
or, alternatively,
NeZ on
VI =-— . —. e 15
V=0T (153)

In obtaining equations (15) and (15a), it is assumed that, under
the experimental conditions, the ratio W/K does not vary from
point to point. In practice this condition is ensured by causing
the stream of particles to traverse several centimetres of the gas
before entering the main body of the apparatus (see figure 1), so
that a steady state is attained , a steady state being defined as the
state in which the average encrgy lost by a particle at a collision
with a molecule is equal to the average work done on the particle
by the field between successive collisions. Further, it has been
assumed that the density of the particles at any point isso small
that effects due to the mutual repulsion of the particles may be
neglected. As the currents used in the diffusion experiments are
of the order of 10-12 amp, this neglect is justifiedt.
The solution of equation (15a) can be given in the form

5= Nez - 2) .
- ICII ? b y’ b

and integrating over the electrodes 4 and B, the ratio R is obtained :
B=" (G

The solution ¥ for a given apparatus is most conveniently repre-

sented by means of a curve, this curve being known as *“ the normal
distribution curve.” Such curves have been calculated by Hasel-

* See Townsend, * Electnicity mn Gases,” pp. 94 and 163.
1 See Townsend, loc. cit., p. 128.
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foot, Townsend and Tizard, Mackie, Townsend and Bailey*. A
typical distribution curve for an apparatus similar to that shown in
figure 1 is given in figure 2.

06 -

[
P

05 A
/

0-3
p LI/

ozl

ol

0 05 10 ] 20 25

Z/k

Fic. 2. A typweal normal distribution curve.

As most of the early experiments, including that described
in §1.2, were carried out under conditions such that only ions were
present in the gas, the value of the energy factor L was unity, as
in the steady state the energy of agitation of the ions is very nearly
equal to that of the moleculest. Accordingly, knowing the normal
distribution curve for the particular apparatus and the value of Z,
an estimate of the quantity Ne could be made from a single ob-
servation of R.

For negative ions produced by sccondary X-rays, the values
obtained for Ne were in excellent agreement with the value 1.22 x

* Haselfoot, Proc. Roy. Soc., A, 87, p. 350 (1912) ; Townsend and Twzard, Proc
Roy. Soc., A, 88, p. 336 (1913) ; Mackie, Proc. Roy. Soc., A, 90, p. 69 (1914) , Town-
send and Bailoy, Phil. May., 44, p 1013 (1922

+ See ‘‘ Motion of Electrons in Gases,” p. 10.
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101¢ e.s.u. obtained for univalent ions from experiments on elec-
trolysis. The mean values of Ne determined by Townsend* were
1.23 x 10'°in air, oxygen and hydrogen, and 1.24 x 10!°in carbon
dioxide. Very similar results were obtained when the ions were
produced either by a radioactive substance or by photo-electrons
liberated from a metal cathode by the action of ultra-violet lightt.

The values of Ne obtained for positive ions were frequently
somewhat larger, indicating that a proportion of the ions carried
a double charge€.

The results given above, which support the less accurate
values obtained previously§ by substituting experimental values
of W and K in the equation

w NeZ

X = ki
show that gaseous ions usually carry a charge equal to that carried
by a univalent ion in electrolysis. The close agreement between
the results obtained by the methods of clectrolysis and diffusion
is good evidence that the differential equation for n, upon which
the diffusion method rests, is correct when the charged particles
are of molecular mass.

1.4—The Mean Energy of Agitation of Electrons.

In experiments on the lateral diffusion of negative ions, it
was found that, for dry gases, when the ratio of the electric force Z
to the gas pressure p was not too small, the measured values of £
were considerably smaller than the corresponding values obtained
when the gas contained a small proportion of water vapour. This
decrease was due to the presence of free electrons, for which the
factor k can clearly be considerably greater than unity when the
ratio Z/p is not too small.}

*  Electricity in Gases,” pp. 169-170.
1 Haselfoot, Proc. Roy. Soc., A, 82, p. 18 (1909) , 87, p. 350 (1912).
4 Franck and Westphal, Verfh.d.D.Phys.Ges., 11, pp. 146 and 176 (1909).

§ * Electricity in Gases,” p. 160, and J. J. Thomson, ¢ Conduction of Electricity
through Gases,” 1928, 1, p. 90.

1 Seo “ Electricity in Gases,” p. 175.
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When the charged particles consist entirely of free electrons,
as is the case in many dry gasest, the factor £ can be determined
by a method identical with that used to determine the quantity Ne.

Using a diffusion instrument similar to that shown in figure 1,
the value of k& corresponding to the given values of Z and p can be
deduced from a single observation of the ratio R. For, knowing
the normal distribution curve for the particular apparatus, the value
of NeZ/kIT can then be determined immediately ; and as IT =
1.013 x 10° dynes per square centimetre, Ne = 1.22 X 101° e.s.u.,
and Z is known, the factor k can be calculated. A useful relation-
ship is

NeZ VA
v~
Z being expressed in volts per centimetre.

Numerous experiments carried out by Townsend and his
collaborators show that for a wide range of values of Z and p the
factor % for electrons in a given gas depends only on the ratio of
Z to p*. This important property of the motion can be deduced
from theoretical considerations. For, if Z and p were increased
to uZ and up, the mean distance between successive collisions
would be decreased by the factor u, but the acceleration due to
the electric force would be increased by the same factor ; hence the
mean energy acquired between collisions, and therefore the average
effect of collisions, would be unaltered, so that it follows that the
mean energy of the electrons would remain unchanged. It is,
of course, assumed that a steady state exists under both sets of
circumstances.

The root mean square velocity of the electrons, in centimetres
per second, is given by

w=L15k X 107. ... ........ (16)

A further useful relationship, giving the mean electronic energy B
in terms of electron-volts, is

E = k/21.

It was found experimentally that k increases with Z/p; and
that, for a given value of Z/p, k may vary considerably from gas

+ Such gases are 4, Ne, He, N,, H,, CO, CO, and NO.
* See loc. cit. p. 179.
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to gas. Thus, the values of % in the rare gases were distinctly
larger than the corresponding values in the active gases. These
points are illustrated in the following table giving pairs of values
of Z/p and k in argon and nitrogen*. In this table, Z is expressed
in volts per centimetre, and p in millimetres of mercury.

Table 1.

Z/p k Z/p k
0.195 120 0.256 7.5
0.355 160 0.5 13.0
0.525 200 1 21.5
0.71 240 2 30.5
0.95 280 5 41.3
1.25 320 10 48.5
5 310 20 59.5

10 324 40 89
15 324 60 126

1.5—The Drift Velocity of Electrons.

The first accurate measurements of the drift velocity W of
electrons moving through a gas under the action of a uniform
electric field were made by Townsend. The apparatus used was
similar to that shown in figure 1, except that the circular orifice S
was replaced by a slit, and the composite electrode was of the form
shown in figure 3. This electrode was placed so that C, lay
parallel to the slit, and symmetrically with regard to it.

As it is convenient to determine both the drift velocity and
the mean energy of agitation in the same diffusion instrument,
this form of the apparatus was also the one generally used to de-

* See ‘ Motion of Electrons in Gases,” pp. 32 and 33.
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termine k. In this case, the measurement consisted in determining
the ratio R of the current arriving on C, to the total current ar-
riving on Oy, C, and Cy; the normal distribution curve was given

Fra. 3.

in a corresponding form. These currents are usually compared
by means of an induction balance, a simple form of which is shown
in figure 4; a more claborate type is described in detail in §2.3.

K
Cs — '
o P
C ’\ I A
4 \ .& Q
2 |

C X —]

AN\ "

2 ]

Fi1a. 4. A double-induction balance.

Switches are set in position (1) for determiming k; R = Q,/(2Q, + Q,).
Switches are set in position (2) for determining ¥ ; @, set to 0.

In order to determine W, the diffusion instrument was placed
between two large, similar, vertical coils, so that the electrons
could be made to move under the combined influence of a vertical
electric field and horizontal magnetic field, the magnetic field being
parallel to the slit and to C;. When a current was passed through
the coils, the electron stream was deflected as shown in figure 5,
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the magnetic force here being assumed to be perpendicular to the
plane of the paper.

'

1

'I

Cn n, Ca""rz C.n'ns

By measuring the angular deflection 0 of the stream, Townsend
was able to calculate the drift velocity W by means of the formula

Hy

G b e (17)

tan( =
H being the magnetic force.
This equation was established as follows* :
Let H lie along the y-axis, and the electric force Z along the
z-axis. The equations for the motion of an electron between
collisions then become

d%x dz
m;it—z == He(it N
and
d%* dx
m(ﬁ = Ze — e;u ,

so that the velocities © and z are given by

z = g——Acos(wt + a)
and

z = A sin (wt + a),

* Townsend, ‘‘ Electricity mn Gases,” p. 100. See, also, Pidduck Proc.Lond.
Math.Soc., 15, p. 123 (1916) ; L. G. H. Huxley, Phil.May., 23, p. 210 (1937) , Town-
send, Phid.Mag., 25, p. 459 (1938).
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where w = He/m, the velocities at the beginning of a free path
being Z/H — A cosa and A sina respectively.

A collision between an electron and a molecule is —following
the gas-kinetic theory—defined as an event in which, on the average,
all directions of motion of the electron after the collision are equally

probable ; so that, if &;, Z,, . . ., 2y, 2, . . . ., be the velocities after
a number of consecutive collisions of an electron with molecules
of the gas, the sums #, + Z, + ...., 2, + 2, + ..., differ for

different electrons and have an average value equal to zero for a
large number of electrons. Hence, for a large number N of col-
lisions involving a particular electron,

NZ
XA, cos a; = §72
and
ZA,sin a, =0.

The distances x, and 2, travelled along the axes of # and 2z in
the first interval ¢, are obtained by integrating the expressions
for  and z:

Z Al . :
mo=gh+ ot [sm a, — sin (o, + al)],
and
A,
z="" [cos a; — cos (wt;, + (ll)]-

The distances traversed in the time N7 =, + ¢, + ...+ ¢y are

NZT
L, = Z' ( 's> sin wt, — —l .2z, cos wty,
H w
and
NZ 1 <Z . | R
Zz, = I:I—a) - &—).2 I—J - a:,) cos wt, + —a—).Zz, sin wt,.

The terms independent of Z vanish in estimating the mean
displacements of a group of electrons starting from the origin, so
that the velocities V, and W, along the axes of # and z are

Xz, Z w?T? Ze oT?

Yy = “H TT el m 1+ ol®
and
272
W, = 2z, Z T _ Ze T

ﬁ'—;HwT'l%-w”T’_ﬁ'l—{-w’T"
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When H is zero, w = 0, and W, equals the drift velocity
W in the absence of the magnetic field, so that W = ZeT/m.
The angle 6 is therefore given by
Va HW

ta«n6=IT,h—‘—‘-‘(DT=Z. ............

In practice, the magnetic force is adjusted until the current
arriving on C, is equal to the net current arriving on C, and Cj,
the centre of the stream then falling in the narrow gap between
C, and C,. The deflection of the stream by the magnetic field is
then given by 0 = tan-1(b/d), where 2b is the width of C, and d is
the distance between the plane of the slit and the planc of the col-
lector electrodes. Under these circumstances, the drift velocity
is given by

W = Zb/Hd.

It was found experimentally that, for any gas, W also depends
only on the ratio of Z to p. This relationship, like that involving
k, is to be expected on theoretical grounds.

For a given gas, the drift velocity, like &, increases with Z/p.
Unlike %, however, the value of W for a given value of Z/p does
not vary greatly from gas to gas. These points are illustrated by
the results for carbon dioxide and hydrogen given in the following
table.

Table 2.
002 H2

Z/p W x 10-% Z/p W x 10-8
0.25 1.2 0.25 6.5
0.5 2.5 0.5 9.0
1 5.5 1 11.9
2 11.8 2 16
5 50 5 25.5
10 108 10 38
20 138 20 70
50 195 50 217
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As before, Z is expressed in volts per centimetre, and p in
millimetres of mercury ; W is in centimetres per second.

1.6—The Mean Free Path of Electrons.

For charged particles moving in a gas under the action of a
uniform electric field, there is a simple relation between the drift
velocity W, the root mean square velocity » and the mean free
path I; this relation is

W = (. ge} S e (18)
mu

where (' is a numerical factor which depends on the velocity dis-
tribution and the variation of the mean free path with the velocity
of agitation.

An equation of the form of (18) can be deduced immediately
from the relation

w =%
m

given in §1.5. Alternatively, suppose for simplicity that all the
free paths are equal and that the velocities are all equal, and there-
fore equal to u; then, neglecting the curvature of the paths, the
average distance travelled in the direction of drift in the intervals
l/u between collisions is given by

Ze (1 ) 2
§ == é‘ -’n—’; . ('7}’ ,
as all directions of motion after a collision are equally probable,

so that*

W = s/(l/u) = ;?n—j—f

Taking into account the distribution of free paths about the
mean, but again neglecting the distribution of velocities, Townsendt
obtained the result

Zel
W = —
mu
“ Motion of Electrons in Gases,” p. 16.
1 ¢ Electricity in Gases,” pp. 82-84.
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In order to allow for the velocity-distribution also, he used a general
formula given by Langevin* relating to the motion of ions in gases,
and obtained a value of C equal to 0.815.

Equation (18) is discussed in more detail in Chapter 3, where
it is shown that the formula generally used,

el
Wo— 0815 x 2% (19)
mu

is not likely to be in serious error.

For purposes of calculation, it is convenient to write equation
(19) in the form

| = 810 x Wyk/Z,
or

L =810° x Wak/(Z/p), «evvvvnn.. (19a)

where L is the mean free path (in centimetres) at 1 millimetre
pressure for the particular value of Z/p to which W and k refer.
In these two formulae W is expressed in centimetres per second,
Z in volts per centimetre, and p in millimetres of mercury.

It is clear from cquation (19a) that L, like £ and W, is a func-
tion of Z/p. In expressing expcrimental results it is customary
to give L as a function of either the encrgy of agitation or the root
mean square velocity of agitation.

Experimental determinations of L in various gases have brought
to light the important fact that this quantity may vary considerably
with % ; for example, in argon, L decreases by a factor 20 as u
ranges from 3.6 x 107 to 19 x 107. Each of the first gases in-
vestigated had a minimum value of L for some value of u, a pheno-
menon usually known as the Ramsauer effect ; a number of gases
investigated later, however, showed the opposite behaviour.

In general, the quantity L varies considerably from gas to
gas, values as large as 1.6 cm being recorded for argon, and as low
as 4 X 102 em for carbon dioxide, as will be seen from the follow-
ing table.

* Ann. de Chum. et de Phys , 28, p. 336 (1903).
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Table 3*.
A Co,

k w x 1077 { L x 102 k u X 1077 | L x 102
6 2.82 138 1.2 1.26 0.42
8 3.26 154 1.3 1.31 0.45
10 3.64 161 1.5 1.41 0.54
16 4.6 138 1.8 1.54 0.63
30 6.3 61.5 9 3.45 2.39
50 8.15 29.5 47 7.9 5.91
70 9.6 20.0 75 9.95 4.76
140 13.6 10.4 139 13.6 3.67

1.7—The Mean Energy lost by an Electron at a Collision.

In a steady state, the mean energy lost by an clectron at a
sollision with a gas molecule is equal to the average work done on
he electron between collisions by the electric field. It is found
sonvenient to express this loss of energy in terms of 1 the mean
proportion of the average energy of an electron lost at a collision.

The coefficient 4 is given by a formula of the type

A= Cy. . W22, oo (20)

vhere (', like the factor €, is a number depending on the distri-
»ution of velocities about a mean, and on the variation of the
‘ree paths with the velocity of agitation.

An equation of the form of (20) can be derived as follows.
Suppose, for simplicity, that the free paths are all equal, and that
he electrons all have the same velocity of agitation w. Then,
i electron moves a distance d counter to the field in the time
3/W, making (u/l).(6/W) collisions during this period; so that
1 is given by

(w/l) (8/W) . yAmur == Zed,

* See ‘* Motion of Electrons in Gases,” pp. 34 and 35.
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the right hand side representing the work done on the electron
by the field. In §1.6 it was shown that, in the case at present
under consideration, W is given by 4Zel/mu. The above equation
then becomes

A o= 4W?/u2

In this work it has been customary to use for C, the value
2.46 (=2/0.815) given by Townsend*. Equation (20) may then
be written

A = 246W2/u. .............. (21)

The coefficient 4, like L, can thus be calculated once W and &
(or #) have been determined. It is also clear that 1 is a function
of Z/p for any gas; usually, however, when expressing experi-
mental results, A is given as a function of u.

Pidduckt made a theorctical investigation of collisions be-
tween electrons and gas molecules, the latter being treated as
imperfectly elastic spheres; he derived the formula

(k—f) + 1 —NHeM/m = W2/Q2,

where 2f = (1 + ¢), ¢ being the coefficient of restitution, M is
the mass of a molecule, and M Q2% the average cnergy of agitation
of the molecules. By means of this formula, substituting values
of W corresponding to k = 12, values of f are obtained equal to
0.9990 in air, 0.9990 in hydrogen, 0.9998 in nitrogen and 1.00001
in helium. From these results it may reasonably be concluded
that, at low electronic energies, collisions between electrons and
gas molecules are almost perfectly clastic. For elastic collisions,
Pidduck’s investigations led to a further formula,

A= @m/M) 1 — 1/k).

In the table below, values of A calculated for He by means of this
formula are compared with experimental values obtained by Town-
send and Bailey, who used equation (21). The close agreement
between the two sets of values in the region k<80 is good evidence
that collisions in this gas are almost perfectly elastic for a wide
range of values of k, and that equation (21) is reliable. The ac-
curacy of this equation is discussed in further detail in Chapter 3.

* ¢ Motion of Electrons in Gases,” p. 17.
+ Proc.Lond.Math.Soc., 15, p. 126 (1915).
€ Phil.Mag., 48, p. 657 (1923).
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Table 4.
Energy Losses in Helium.

Z/p k (2m/M)(1 —1/k) |(2.46W2/u?) X 10%
0.013 1.77 1.19 1.3
0.02 2.12 1.45 1.56
0.05 3.68 1.99 2.3
0.20 11.3 2.48 2.56
1.0 53 2.68 2.4
1.5 79 2.70 2.6
2.5 124 2.72 3.4
5.0 172 2.73 9.8

Experimental results show that A usually varies markedly
with the electronic energy, and from gas to gas, being considerably
less for the rare gases than for the active gases. The smallest
value so far observed is for argon, and the largest for nitrous oxide,
these values being 1.5 x 1075 and 1.5 X 107! respectively.

Typical experimental results for the gases neon and carbon
dioxide are given in the following table*.

Table 5.
Ne o,

I A x 104 k A x 10%
23.5 0.86 1.2 2.32
34.5 0.84 1.5 37.4
62 075 18 144
114 0.66 9 516
194 0.90 47 460
275 4.9 75 472
316 33 139 506

* * Motion of Electrons in Gases,” pp. 34 and 35.
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1.8—Electrons in Gas Mixtures.

The experimental investigation of the motion of electrons
through some gases is at times made difficult by certain properties
of these gases; thus, in argon, it is not easy to investigate the
behaviour of the electrons for low values of k, as the mean free
path is very large and the energy loss at a collision very small.

In these cases it is often convenient to study a mixture of the
gas with another gas for which the electronic properties are known.
This method was used by Townsend and Bailey to complete the
results for argon at low electronic energies; and more recently
it has been used extensively at Sydney in the investigation of a
number of gases having a high chemical activity.

Consider a mixture M containing the proportion f of the gas X
which is to be investigated, and the proportion g (=1 — f) of a
gas A whose properties are known. Let the quantities /, L and 4
in M, X and A, for the same value of %, be denoted by the respective
subscripts m, x and a. Then, the average number of collisions
made by an electron in moving 1 cm through the mixture is clearly
1/1,,, and this must be equal to 1/, + 1/I,, so that we have

lm-l — ;1 + l;l’
or
o= fLE 4 gL e, (22)

Further, in moving a distance 1 cm through the mixture,
the average proportion of the mean energy lost by an electron
in collisions is 4,/l,,; it is clear that this must equal the sum
A/l + Ay/ls. Accordingly, we have

AnLit = fA.L? + gAaLi.  eeriii... (23)

Thus, knowing L, and A, and having determined L, and
1,, as functions of k£ by the methods already outlined, the quantities
L, and 4, can be calculated by means of equations (22) and (23).
Having obtained L, and A, as functions of & (or ), the corres-
ponding values of the ratio (Z/p), and the drift velocity W, can
be derived from equations (19a) and (21) which may be written

Z/p = 4.4 x 107® w2AY/L, .......... (19a)
and
W =064 udt. ...l (21)
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THE MOTION OF ELECTRONS IN GASES IN WHICH

NEGATIVE IONS ARE FORMED BY ATTACHMENT

2.1—The Probability of Attachment.

The methods of investigating the motion of electrons in gases
described in Chapter 1 are inaccurate when there is present in the
stream an appreciable proportion of negative ions. In this chapter
an account is given of the methods developed by V. A. Bailey for
the determination of %, W, L and A when negative ions are present.

These methods also make possible the determination of %
the probability of an electron’s becoming attached to the molecule
with which it collides. This quantity is introduced in the following
manner. For a steady state in a uniform electric field in a gas
at pressure p, the mean velocity of agitation U and the drift velocity
W are functions of Z/p only; in a large number N of collisions
between electrons and gas molecules, a number 2N result in attach-
ment to form negative ions, where % is a number depending only
upon the nature of the gas and the velocity U.

In practice, the quantity most readily determined is the attach-
ment coefficient a, which is defined as the probability of an electron’s
becoming attached to a gas molecule in moving 1 cm in the direction
of drift. The relation between % and a is shown by the following
considerations.

In moving a distance é in the direction of drift, NV electrons
made NUS/IW collisions, as the average number of collisions made
per second by an electron is U /l—it being assumed that I does
not vary appreciably with the velocity of agitation—and the time
taken is 8/W. Of these collisions a number A(NTU/IW) will result
in the formation of negative ions; but, from the definition of a,
this number must equal N ad, so that

a =RhUAW. oo, (24)

Equation (24) is not exact, as the variation of the mean free
path with the velocity of agitation has been neglected,and the
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assumption has been made that all electrons have the same velocity
of drift. In general, however, the resulting error is not likely to
be serious.

Experiments lead to values of %, not T; and it has been
customary to use the equation

a =huflW. ...l (24a)

The additional error so introduced is again not likely to be of serious
magnitude. Thus, for a Maxwellian distribution of velocities,
which appears to be the broadest probable distribution, the ratio
-ﬁ/u equals 4/8/3x (= 0.92); so that, as the distribution which
the bulk of evidence suggests as the most probable is somewhat
narrower than a Maxwellian, the corresponding error is not likely
to be greater than a few per cent.

2.2—The Energy of Agitation and the Attachment Coefficient.

In the present section, an account is given of the first method
used by Bailey* to obtain pairs of values of o and k.

A schematic diagram of the diffusion instrument is shown
in figure 6.
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Fie. 6. Schematic diagram of Bailey’s diffusion instrument.
Five parallel plates 4, 5, 3, 1, 0 and the guard rings 4 and 2 are
maintained at suitable potentials so as to produce a uniform electric
field ; the distance ¢ between 5 and 3 is equal to that between 3

* Phil. Mag., 50, p. 825 (1925).
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and 1; and the electrodes 5, 3 and 1 have slits of equal width which
are acourately aligned, one above the other. Electrons are pro-
duced by illuminating the target 4 with ultra-violet light.

For this type of apparatus, the quantity R for either of the
electrodes 1 and 3 is defined as the ratio of the electron current
passing through the slit to that arriving at the plane of the electrode.
As before, the normal distribution curve is obtained by solving
the equation
NeZ on
kIT - 9z
for the particular boundary-conditions, and then integrating over
the electrode. The solution of the above equation is in this case
given in the form

q(z, z) = Az} . exp [ — 40.3 Zx?/4kz],

o0
q(z, 2) = Jn.dy ;

-0

a
q(z, ¢).dx
0

J‘ q(x, c).dx
0

where 2a is the width of the slits*. The ratio R is therefore a function
of Z/kec:

Vin =

where

so that R is given by

R = R(Z/ke).

Let £ be the ratio of the currents (composed of electrons and
negative ions) received by 1 and 3 respectively, and # the corres-
ponding ratio for 0 and 1. For electrode 3, let S; denote the ratio
of the current passing through the slit to the current arriving at

* The use of mnfimte hmits m certain of the above integrals 1s justified, as the
width of the shts and the length of the sht 1n 5 are so designed that, under the ex-
perimental conditions, appreciably all of the charged particles passing through &
fall on the electrodes 0, 1 and 3.



26 MOTION IN GASES IN WHICH NEGATIVE IONS ARE FORMED

the plane of this electrode ; and let 8, be the corresponding ratio
for electrode 1. Then, it is simply shown that

g - fQ+n)
PTIHE + )
and > . (25)
n
S == — .
1 1 + "7

Let n, be the number of electrons and N, the number of ions
passing per second through the slit in 5; and let ny, N, and n,, N,
be the corresponding values for electrodes 3 and 1 respectively.
Of the n, electrons passing through 5, a number n,e-e¢ arrive at
the plane of 3* and these electrons have a distribution ratio
R(Z/kc), where R is a known function}{. Hence

Ny = ANy,
where
a = R(Z/kc).e-oc.
Similarly,
n, = ang —= a’n,
In the space between 5 and 3, the remaining ny(l — e-2¢)

electrons form jons, which arrive at the plane 3 with, say, a dis-
tribution ratio . It follows that

Ny = NoR(Z/c) + mo(l — e-ac)r
= NoR + b.n,, say.
Similarly,
N, = N;.R + b,
= R:N, + (Bb + ba)n,.
It is also clear that
8; = (ng 4+ Nj)/(ne + Ny)

* For all the methods to be described, it is assumed that the 10ns formed by attach-
ment are '‘ permanent "’ ; that is, that these 1ons do not dissociate before arriving
at one or other of the collector electrodes.

1 For negative ions which have moved a distance ¢ 1n the direction of drift (that
is, which have entered the particular chamber through the preceding sht), the
distribution ratio is given by R(Z/c), as k = 1. If no ions were present, R(Z/kc)
would be equal to S; (and §,).
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and
838, = (ny + Ny)/(ny + No).

From these relations, the following equation is obtained:
a = S; (R — 8)/(R — 8,). ceeeees.(26)

For given values of Z and p, the ratios £ and # are measured,
and S; and S, then obtained by means of equations (25). As Z/c
is known, the distribution ratio R for ions can be read directly
from the normal distribution curve. The value of a is then cal-
culated by means of equation (26).

The relation

a = R(Z/kc)eoc .......iiii.l, (27a)

contains the two unknowns £ and a. A second relation is obtained
by determining the value of @, corresponding to the same value of
Z/p, but with Z and p altered to ¢Z and gp respectively. 1t is
clear from equation (24a) in §2.1 that a/p is a function of Z/p
alone ; and k is also a function of Z/p. It follows that

a, = R(gZ/kc).e™®.  ............ (27b)

Thus, the values of £ and a/p corresponding to a given value
of Z/p can be determined from two sets of observations by means
of equations (27a) and (27b).

Later, an apparatus was constructed in which the lengths
of the two diffusion chambers could be varied*. The computation
of k and « is then simplified ; two values of the quantity @, namely
a and a,, are determined, the first corresponding to Z, p and c, the
second to ¢Z, qp and gc. As Z/p is unchanged,

a = R(Z/kc).eac
and
ay = R(Z/ke).e~o%x,
It follows that
(¢ — Dac = log (a/a,)
and
R(Z/ke) = a®®/ta® -1 /gl/tad- 1),

whence a and k may be obtained.

* V. A Baley and J. D. McGee, Phil.Mag., 8, p. 1073 (1928).
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2.3—The Experimental Determination of the Attachment Coefficient.

A more detailed description will now be given of the apparatus
mentioned in the previous section, as it is essentially the same as
that used in all the determinations of attachment coefficients
described subsequently in this chapter.

The diffusion instrument is shown in figure 7.

F1a. 7. Diagram of a diffusion instrument.

Three equi-spaced pillars standing on the brass base B support
the guard rings R, R,, R;, R;and R, and the electrode E;, distance
pieces of glass tubing being used. Each of the electrodes E,, E,
and E; is supported by two strips of plate glass fixed to the corres-
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ponding guard ring. Wires are connected to R,, R, and E; through
capillary tubes mounted on the top plate 7' ; the leads connected
to B,, E, and E, and the rings R, and R, are taken through ebonite
plugs in the base B. Gas is admitted or withdrawn through the
tube ¢; in the more recent instruments this tube is connected to
the bage. Ultra-violet light from the spark S passes through an
annular quartz window W and is reflected from the mirror M to
the target A which serves as a source of photo-electrons. A uniform
field is produced by applying suitable potentials to the electrodes
and guard rings. The electrodes E,, £, and E; consist of rings
over which silver foil is tightly stretched. In each case the slit
cut in the foil is 4 mm wide. The three slits are parallel and are
arranged one above the other, those in B, and E; being considerably
longer than that in Ej, so that their length can be regarded as
infinite in the computation of the distribution function R. The
distance between successive rings is 2 cm, and ¢ is 4 cm.

The very small currents arriving at the electrodes (~ 10-*2 amp)
are compared by a null method, an elaboration of Townsend’s
induction-balance being used (see figure 8). This method has the

R, E, R
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o] b

4 a,
1

<

g

-

K @ P _Jr__
M K. Ko © %

A

b’
0 f—j
v ¢ ¢
R E R

Fia. 8. Apparatus used to compare the small electric currents in the diffusion
instrument.

important advantage that, during an observation, the electrostatic
conditions within the instrument remain undisturbed. Each of
the double condensers C, and O, consists essentially of three con-
centric brass cylinders a, b and ¢, insulated from one another by
means of ebonite rings. The electrode K, is connected to the
cylinder b, ; by means of the key K,, E, can be brought to the
potential V, of its guard ring R, and then left insulated at that
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potential. Similarly, E, is connected to b, and can be left insulated
at the potential V, The cylinders @, and a, can be connected
in turn to an electrometer by means of the key K, and all three—
a,, a, and the electrometer—can be brought to zero potential with
the earthing key K,. By means of the resistance boxes @, and
@, and the sliding potentiometer P, the outer cylinders ¢, and
¢y can be brought to any desired potentials v, and v,. Initially,
let @,, a, and the electrometer be insulated at zero potential ; let
the clectrodes E, and E, with their attached cylinders be insulated
at potentials ¥, and V, respectively ; and let v; = v, = 0. When
charges ¢, and g, arrive on E, and E, respectively, the potentiometer
and resistances can be adjusted so as to restore the potentials of
all the insulated systems to their original values, provided the
cylinders ¢ are well screened from the cylinders a.

From the initial and final conditions of the system attached
to E, we obtain the equation

¢, = .01,

where ('}, is the capacity of the condenser formed by the cylinders
b, and ¢,. Similarly,

gs = v3.05.

If the condensers are identical, C,,, equals C,p,; 8o that

@/%: = n/v; = Q/(Q1 + Qo).

In this way the ratios & and 7 can be determined experimentally.

The distribution ratio B was calculated in a manner similar
to that used for earlier apparatus*. In order to verify these cal-
culations, experiments were carried out in hydrogen, for which
the values of k£ are known. It was found that, for R>0.36, the
experimental values of §, agreed closely with the calculated values
of R; as R decreased below this value, however, the difference
between S, and R became greater. This behaviour when the
stream diverged strongly was due principally to the effect of the
ends of the slit. The values of S; were found to be consistently
about 6% less than those of S;. It was decided that this difference
was due partly to a lack of uniformity in the top field and partly
to slight errors in the dimensions and location of the slits.

¥ Phil.Mag., 50, p. 825 (1925).
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These results led to the conclusion that two distribution curves
are required, one for each of the electrodes 3 and 1: for the latter
electrode the distribution ratio R” was taken equal to the calculated
values for R>0.40 and equal to the experimental values of S,
for smaller values of R ; the ratio R’ for electrode 3 was taken
equal to 0.94R".

A slight modification of the theory of the method given in
§2.2 is thus necessary ; however, it can be shown that, if a quantity
a” be introduced, where

a" = R"(Z/kc)e-oe,

it is related to the experimentally determined ratios Sy and S,
by the equation

a” = Sy(R" — 8)/(R" — 8y).

‘The experimental procedure for determining a and % is thus un-
altered.

This method was first applied to dry air. It was found that
the values obtained for k were in satisfactory agreement with those
given previously by Townsend and Tizard. As Z/p was varied
from 0.422 to 0.250, the values of a/p varied from 3.36 x 103 to
0.54 x 1072 Corresponding values of & were calculated by using
the results for W given by Townsend and Tizard and substituting
in the formula

ho=17 x 1078 aW?/Z,  ............ (28)

which is obtained by eliminating u/l from the equations a = hu/IW
and W = 0.815Zel/mu, and then expressing Z in volts per centi-
metre. In this way the typical results shown in the following
table were obtained for air.

Table 6.
Z/p w X 1077 h x 108
0.5 3.3 3.3
1.0 4.5 2.0
2.0 6.0 0.7
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It should be noted that this method makes possible only the
determination of £ and a. However, knowing k and a/p and one
of the three quantities W, L and A for a given range of Z/p, it is
clear that the corresponding values of the remaining two, and of
the probability %, can be obtained. In the above case it was found
convenient to use values of W obtained previously by Townsend
and Tizard.

The same apparatus was used later for some experiments
with hydrogen chloride and ammonia*. The variation of k¥ and
a/p with Z/p was investigated in the manner described above.
It was found that the (Z/p,k) curve for HCIl lay considerably
below that of all other gases investigated previously.

Rough estimates were made of 1 and 4 by means of the
formulaet

A = 305 L¥Z/p)*/k?,
and
k = 11.1 (a/p)L¥Z/p)/k,

the values of L being derived from viscosity measurements. These
results showed that the probability » was large in both gases,
(~10-5 to 10-3), and that large values of 4 occurred in HCl. The
results for NH, were not satisfactory; it was decided that the
NH, contained a proportion of H, which was slowly increasing with
time.

The unsatisfactory results for NH, led to the design of the
instrument in which the inter-electrode distance ¢ could be varied.
As mentioned in §2.2, the calculation of a and k from the observa-
tions made with this instrument is very simple. Tests were made
in hydrogen, the values of 8; and S, agreeing well with calculated
values of R greater than 0-5. Experiments were carried out on
NH,; curves were obtained showing the variation with Z/p of
k and a/p, the consistency of the results deduced from observations
of & and # for various combinations of Z, p and ¢ being good evi-
dence that the method was reliable. It was shown that, as %
increased from 55 to 64, the probability 4 increased by a factor of

* V. A. Bailley and A. J. Higgs, Phil.Mag., 7, p. 277 (1929).

t The first relation 1s obtained by eliminating W from A = 2.46W2/u and W =
0.815 Zel/mu ; the second by ehminating W from o = hu/lW and W = 0.8156
Zel/mu. 1In both cases u is replaced by 1.154/k x 107, and then Z expressed in
volts per centimetre and » in mlhmetres of mercury.
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about 14 ; and that, as k increased from 5.5 to 45, the quantity L
increased by a factor of about 1-8.

A further investigation, using the original instrument shown
in figure 7, was carried out by McGee and Jaeger*. The gas selected
was pentane ; some time previously, when studying ionic mobilities,
E. M. Wellish had noticed an “ ageing " effect in this gas}. For
values of Z/p ranging from 0.60 to 40, the quantities £ and o/p
were calculated in a manner similar to that used by Bailey for air.
In order to estimate L, A and k, approximate values of W were
obtained by means of a Townsend diffusion apparatus (see §1.5).
It was found that A has a maximum value 5.4 X 10 2atu = 2.4 X
107, falling to 1.0 x 10~2at 4 = 10.0 x107; that L has a maximum
of 2.7 x 10 2at u = 2.7 x 107; and that the probability # dimin-
ishes from 1.35 x 105 t0 0.15 X 10-% as u increases from 1.9 x 107
to 5.5 x 107

2.4—The Magnetic Method for the Determination of the Drift Veloeity.

The methods outlined so far in this book make possible the
determination of k, 4, L and W in the absence of negative ions,
and of k¥ and a/p when negative ions are present. In this section,
a description is given of a method devised by Bailey] for determining
W—and thence 4, L and A—in gases in which negative ions are
formed.

This method depends upon the fact that, when a magnetic
field H is applied parallel to the electric field, the divergence of
the stream of electrons is reduced.

Townsend has shown§ that, in the presence of a magnetic
field lying along the axis of 2, the coefficients of diffusion in the

direction of the axes are given by
K
K. = K, = 1 4+ T2

and

* Phil.Mayg., 6, p. 1107 (1928).

+ Phil.Trans., A, 209, p. 249 (1909).

t Phil.Mag., 9, pp. 560 and 625 (1930).

§ “ Electricity 1n Gases,” p. 100 ; see, also, Huxley, Phl.Mag., 28, p. 217 (1937).
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where w = He/m, T is the mean time between collisions and K is
the ordinary coefficient of diffusion satisfying the relation

W__NeZ

K~ kIl

It was also shown that, for given values of Z and p, the drift velocity
W in the direction of Z is not affected by the presence of the magnetic
field; and (see §1.5) that

HW
ol = '—Z— .
The equations of motion then become

nV, = — Ka'alzs
ox
on
nV, = — Kyé-g—l,
on
nV, = — K,— + aW;
0z

so that, from the equation of continuity, assuming a steady current,
we obtain

1 fo%n o*n

o W
@ \oz?

on
5.7/-2- + 5_2—2 = i(_ . —a—z- 3 eeeaen (29)
where
H W)2
= —_— 3 eseees s e sane 0 d
o=1+ (2 (30)
Z being expressed in e.m.u. and H in gauss.
Pidduck* obtained for nV, and nV, the respective expressions
Z—: ® Z—: - wTZ—: + z—;—:
— K~ Y and — K ~3
1 4 T an

it is clear, however, that the differential equation obtained for
n when these expressions are used is identical with (29).

* Proc. Lond. Math. Soc., 15, p. 125 (1915).
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Equation (29) can be simplified by integrating each term
with respect to y (the y-axis being taken parallel to the slits):
for, as n and hence gl; are appreciably equal to zero at the side
boundary, we then obtain
1 0% oYq w oq

dox* 92 K oz’

>}
where g= J n.dy. Then, using the relation W = 40.3{ and
o K k
replacing z by c£, this equation becomes
o%q Zo oq o oy
— = 403" 2= =, 72,
ox? 03 ke 8& c* &

If Z/ke is not too small, the second term on the right can be ne-
glected in comparison with the first, so that we may write

0%q Zd oq

st = 4035 o
In this case, therefore, the distribution ratio B must be a function
of Zgp/ke. As H tends to zero, & approaches the value 1, so that
Z @ /kc approaches Z/kc; hence it will be seen that the new dis-
tribution ratio is obtained by replacing the variable Z /kc by Z & /kc.

Several methods of obtaining W from observations made with
parallel electric and magnetic fields have been given by Bailey.
Of these, the most convenient procedure is that described below ;
this method will be referred to as the magnetic method.

First, the quantities ¥ and « are determined by the method
outlined in §2.2%. The magnetic field is then adjusted until the
divergence of the stream is the same as that of a stream composed
entirely of negative ions, that is until S, (and 8;) is equal to R(Z/c).
Let this value of the magnetic force be denoted by H, and the
corresponding value of @ by @&, Then,

R(Z®Dy/ke) = R(Z/c),
so that we have

k= @, =1 + (HW/Z),

* Hereafter, this method will be referred to as the original method.
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whence
A
W =—+k —1 x 105, ............ (31)
H,

Z now being expressed in volts per centimetre.

The above derivation of this formula for W is not strictly
accurate, but it will be shown later that the correct expression
for W requires merely the introduction of a factor which is not
likely to differ greatly from unity. The close agreement between
the values of W obtained by this method and those obtained by
Townsend’s method is shown by the results for hydrogen given in
the table below ; this agreement is good evidence that equation
(31) is reliable.

Table 7
¢=4cm,Z =4V/em, R(Z/c) = 0.555.
Z/p k P H, Wy x 1078 | W, x 1078
0.625 6.5 6.4 950 0.99 0.99
5 26 0.8 760 2.63 2.565
20 78 0.2 500 7.02 7.0

W 5 calculated from (31) ; W, denotes Townsend’s values.

It will be seen that, by this method, accurate determinations
of W can be made even when a large proportion of negative ions

is present within the gas.
A simple formula for deriving 4 from k and H,/Z is obtained '

by eliminating W and » from
A = 2.46 W2/u2, u = 1.164/k x 107, and W =5_ vE — 1 x 108
0

This relation is
A =186 (Z/H)* 1 — 1/k). ...ooo.... (32)
When k is sufficiently large, this equation may be written
A = 186 (Z/H,)%
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The curve (Z/p,A) can thus be determined over a wide range of
values of Z/p from observations of H, alone.

The mean free path is derived most conveniently by means
of the equation

L =8 x 10-°W/k/(Z/p),
and probabilities of attachment by the formula
h =17 x 101%qW2/Z,

The original method and the magnetic method together afford
a powerful means for investigating the behaviour of electrons
in gases in which negative ions are formed by attachment.

In this manner, a study of the motion of electrons was made
in ammonia, water vapour and hydrogen chloride*. Initial experi-
ments made with ammonia yielded values of % and a/p which
were in good agreement with those obtained earlier by Bailey and
McGee. Observations of H, were then made in the same gas. A
number of experiments were performed in order to check the theory,
and these verified that H,/Z is a function of Z/p and that S; = R
when H is such that 8; = R.

Curves for each of the three gases were given, showing the
variation with Z/p of the quantities &, a/p and W, and the varia-
tion with u of the quantities L, A and h. It was pointed out that
a comparison could be drawn between the light-absorption curve
of a gas and the curve (4,4). The comparison is made by setting
#v equal to mu?/2, where # is Planck’s constant and » is the fre-
quency of the light ; and it was shown that large values of 4 cor-
respond to strong absorption bands and low values of 4 to regions
of small light-absorption. 1t was also suggested that the pro-
bability of an electron’s becoming attached to a molecule is the
greater the farther the electron penetrates into the molecule ; and
that, in the gases NH;, H,0 and HCI, it is probable that no negative
ions are formed at low values of Z/p. Further, these experiments
showed conclusively that & can vary considerably with the elec-
tronic energy ; in NH,, for example, & varies by a factor of at least
one hundred.

The next gas investigated was nitrous oxidet. It was found
that more-accurate results were obtained by keeping the inter-

* V. A. Bailey and W. E. Duncanson, Phil.Mag., 10, p. 145 (1930).
t V. A. Balley and J. B. Rudd, Phil.Mag., 14, p. 1033 (1932).
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electrode distance ¢ at its maximum value 4 cm. The original
method could have been used, but the following means of obtaining
a and k proved more convenient.

Observations were made to determine the value of the quantity
a, first with the magnetic field equal to zero and then equal to
H,y/2; let these two values be denoted by a and a,, respectively.
Then,

a = R(Z/kc).e-ac
and
@, = R(ZP/kc).e-ec,
where
o — 1 = (HW/Z)*/4.

However, it has been shown that
b — 1 = (HW/2),
so that we have
(& — 1)/(k — 1) = 1/4.

From these relations, the following equation, giving k, can be
obtained :

log [R (Z]%g?‘)] — log [R(Z/Icc)] = log a,, — log a.

For given values of Z and ¢, the left side is a known function of
k which can be conveniently represented by a curve. In practice,
¢ was fixed at 4 cm, and values of Z of 8, 12, 16 and 24 V/cm were
used ; four curves were thus necessary. The values of ¢ and a,,
were determined experimentally and the value of k then obtained by
means of the appropriate curve. The corresponding value of o
was calculated from the relation: @ = R(Z/kc)e-«. Knowing the
three curves (Z/p.k), (Z/p,a/p) and (Z/p, H,/Z), the quantities
W, 4, L and h were derived by means of equations given earlier in
this section. The values obtained for k and W were in fair agree-
ment with those given by Skinker and White, whose observations
were made at low values of Z/p where b is negligible ; also in agree-
ment with Skinker and White, it was found that ionization by
attachment becomes appreciable at values of Z/p greater than 2.
The curves (L, u) and (4, w) for N,0 were found to be very similar
to the corresponding curves for CO,. In both gases the maximum
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in the (A4, w) curve is closely matched with the most pronounced
peak in the light-absorption curve. The maximum value of 4
observed in N,0, namely 15.5 per cent., is remarkably high.

Nitric oxide* was investigated in the same manner as nitrous
oxide. The values obtained for & and W were also in good agree-
ment with those given earlier by Skinker and Whitet. Curves
were given showing the variation with 4 of L and A. In this case
the maximum in the A curve does not correspond to the fundamental
vibration-absorption band, but lies close to the second harmonic of
this band. Accurate determinations of 2 were not possible ; how-
ever, it was found that &, like A, diminishes notably as u increases,
this conclusion being in agreement with that reached by Skinker
and White.

2.5—The Method of Mixtures.

In §1.8 it was pointed out that the experimental investigation
of the motion of electrons in a gas is at times somewhat difficult
on account of certain properties of this gas; and that in such cases
it is often convenient to study a mixture of the gas with anothe
gas for which the relevant electronic properties are known.

When negative ions are formed in the mixture, the valuer
of L and A can be determined by the methods described previously
in this chapter ; so that the quantities L, 2, Z/p and W for thc
pure gas can be determined as functions of k by means of equation:
(22), (23), (19a) and (21).

The probability of attachment and the attachment coefficien
can readily be obtained from values of a for the mixture ; for, by
an argument similar to that used in the derivation of equatio
(24a), it can be shown that

(a/P)m = (hof/Ls + hag/La) (Un/Wp)s - (24b

the notation corresponding to that used in §1.8. The probabilit;
h, can be obtained by means of this equation, whence (a/p), car
be calculated from equation (24a).

A more powerful method, however, is the followingf. Tw
mixtures are prepared; the first contains the proportion f; o

* V. A, Bailey and J. M. Somerville, Phil.Mag., 17, p. 1169 (1934).
+ M. F. Skinker and J. V. White, Phil.May , 46, p. 630 (1923).
1 V. A. Bailey and R. H. Healey, Phi.Mag., 19, p. 725 (1935).
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the gas X whose properties are to be determined and the proportion
g1 (=1 — f;) of a gas 4 of known electronic properties; in the
second mixture, consisting of the gas X and a known gas B, these
proportions are denoted by the subscript 2. For a given value
of k let (Ly, 4,) and (Lg, A;) be the values of (L, A) in mixtures 1
and 2 respectively, and for the same value of & let (L,, 4,), (L4, 4,)
and (L,, A,) be the corresponding values of (L, 4) in the respective
gases X, A and B.
Then, as shown in §1.8,

Lt = filz' + g.Lg% }
............ (33)
L3t = fol7' + g.L3"
and
MLY = fid:L7' + g1d.Lg", }
........ (34)
ALt = fodo L7t + gadolit

It is convenient to introduce the quantities ©,, 03, ¢4 @b, 7as
ry, s and ¢t defined by the equations

er =Jf1* — L e =f* — 1, )
qe = QIL;I’ 9y = Q2L;17
> ....(35)
re = 01413 Ty = @ahsLit,
s = L, t = AL J

From the relationships 4 = 2.46W?/u2, L = 8x 10-° WVE/(Z/p)
and # = 1.154/k X 107, it is easily shown that

s = 1TkY(Z/p)A?, }

and ..(36)

t = 17kY(Z/p) AL

Then, using the quantities defined above, equations (33) and

(34) become
% + L3
.. .. (37
QD + L;lr ( )

Co L
S
o
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and
tl.fil =7, + Yl ;ly
tzfél =Ty -+ AEL;I.

Eliminating L;! from equations (37), and A,L;' from (38), the
following equations are obtained :

da — 9o = Sf1t — Saf3h, el (39)
To — Ty = LfT70 — Gof3t. ool (40)

The manner in which s and ¢ are related to the observed quantity
H, is now shown. From the relation

A =186 (Z/H)X1 — 1/k)
and the equations (36), it follows that

ot =kl — 1/k)to ... (41)
and
o= Bl — 1k, L.l (42)
where
o =125 f* Hy/p, ...oovvviiin. (43)
and
T = 231 f Z%/pH,. .............. (44

Equations (39) and (40) may thus be written in the simpi(
forms

T = 07 — Op  cvveneennnennnnnas (45
Y = Ty — Tgy eoeevvecenrnnennns (46
where
x = k(1 — 1k} gy — o)y coueerninnn. (47
and
y = k(1 — 1/k)¥ry — ry) oovniiiin (48

In equations (45) and (46), the quantities  and y are know
in terms of k, the quantities ¢, and 7, in terms of (Z/p), and th
quantities g, and 7, in terms of (Z/p),. For a given value of (Z/p)
we may therefore regard equations (45) and (46) as a pair of simul
taneous equations in k and (Z/p),.
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The solution can be obtained by trial-and-error methods.
A simple, graphical method of solution, which has proved par-
ticularly convenient, is described below.

The values of L,, 4,, and L,, A, are known functions of &
from the data for gases 4 and B respectively ; thence, by using
equation (35), the values of g,, 7,, ¢, and r, are obtained as functions
of k; the corresponding values of x and y are then calculated by
means of equations (47) and (48). The (x, y) curve is drawn on
transparent paper, and the (z, k) or (y, k) curve on ordinary graph
paper. From the experimentally-determined curves (Z/p, H,/Z)
for each mixture, the corresponding quantities ¢ and v are obtained
as functions of Z/p by means of equations (43) and (44); the
curves (o, t)—denoted by the symbols I and II—are then drawn
to the same scale as the (z, y) curve,  and o being corresponding
co-ordinates.

The (x,y) curve, drawn on transparent paper, is placed over
the sheet on which the two (o,7) curves are drawn, in such a manner
that the corresponding axes are parallel, the origin lying at a selected
point on II. The point of intersection of the curve (x,y) with I
determines a value of (Z/p), corresponding to the value (Z/p),
determined by the initial point taken on II; also, this point of
intersection determines a value of x—or y—and thence from the
curve (z,k)—or (y,k)—the corresponding value of k. Thus, by
sliding the origin of the (z,y) curve along II, the curves (Z/p,k)
for mixtures 1 and 2 can be rapidly obtained.

Knowing the curves (Z/p,k) and (Z/p,H,/Z) for each mixture,
the curves (L,u) and (4,u) for the gas X can be readily derived ;
for, from these known curves, the quantities s and ¢ for each mixture
can be obtained as functions of k, and the values of L, and 4, then
calculated by means of the first of equations (37) and (38) which
may be written in the forms

L, = 1/(s97* — @a)s  cevvevnenn oun (49)
and
Ay = (gt — ra)/(s* — Qa) ool (50)

From these results, the (Z/p,k) curve for the gas X can be obtained
by means of equation (36),

Z/p = ki/11L.
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Finally, the (Z/p,W) curve for the gas X is obtained from the
relations 1 = 2.46W?/u? and v = 1.164/k X 107.

It will be seen that the method desecribed above makes possible
the determination of & (or u), L, 4 and W for each of the gas mix-
tures and the unknown gas X from observations of a single quantity
H, in pairs of gas mixtures.

2.6—The Halogens.

In the present section, a brief account is given of certain re-
searches on the motion of electrons in chlorine, bromine and iodine.
It is thought that such an account might prove of interest as an
illustration of the method described in §2.5.

In each of the above cases it was found convenient to study
mixtures of the particular halogen with other gases whose electronic
properties were known.

Preliminary investigations in pure Cl, had shown that the
high chemical activity of the gas made it difficult to obtain reliable
obscrvations ; thus, rapid absorption occurred, even though the
electrodes were platinized, and the photo-electric current from the
metal target rapidly diminished when the silver surface was exposed
to the gas. These difficulties suggested the use of gas mixtures,
and it was from such investigations that the method described
in §2.5 arose.

(i) Chlorine*.—Most of the observations were made in the
following mixtures :

Mixture 1........ 20 per cent. Cl, + 80 per cent. CO,.
Mixture 2........ 20 per cent. Cl, + 80 per cent. He.
Mixture 3........ 40 per cent. Cl; + 60 per cent. CO,.

Values of H, were determined for each mixture and the cor-
responding (Z/p,H,/Z) curve drawn. By means of equations
(43) and (44) the quantities o and v were calculated, and the three
(o,7) curves obtained ; these curves for mixtures 1 and 2 are shown
in figure 9. The curves (z,y) and (y,k) for the above mixtures
were calculated from the known data for He and C'O,} in the manner
described in the previous section (see figures 10 and 11). By

* Bailey and Healey, Phil.Mag., 19, p. 725 (1935).

t The values of L and A in He and CO, were obtained from the results given by
Townsend and Bailey (Phil.Mayg., 48, p. 567, 1923) and by Skinker (Phil.Mayg., 44,
p. 994, 1922) and Rudd (Phil.Mag., 14, p. 1033, 1932).
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means of the graphical method of solution, values of k£ in each
mixture were determined for a number of values of Z/p. In a
similar manner, the data for mixture 2 were combined with those
for 8, and the data for 3 with those for 1.

8

TXI0° 4
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S
00 4 8 2 16
oxI0”
Fia. 9.

Curve I. — 20 per cent. Cl, + 80 per cent. CO,.
Curve TI. — 20 per cent (', -+ 80 per cent He.
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Fie. 10. 80 per cent. CO, and 80 per cent. He.
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In order to test the reliability of the method, a number of
values of k in mixture 1 were determined by means of both the
original method and a magnetic method. The various experi-
mental data for mixture 1, and the values of k¥ obtained by the
three methods are given in table 8. This table also contains the
calculated values of ¢ and 7, together with values of W and a/p.

5 ]‘ 7

A
4 /

/

3
/
yx 'O-‘ //
/]
b4
/ é
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0O 0 20 30 40 50 60 70 80 90 /00 MO

k

Fia. 11. 80 per cent. CO, and 80 per cent. He.

It will be seen that the three different methods of determining
k yield results which are in very satisfactory agreement. This is,
perhaps, shown more clearly by figure 12, in which the values of
k given in table 8 are plotted against Z/p. The chief significance
of this agreement will be discussed later ; however, it should be
noted that these results constitute additional evidence for the re-
liability of the diffusion methods, as the method of mixtures—
which involved the data obtained for He by means of Townsend’s
earlier methods, and those obtained for C O, by means of Bailey’s
magnetic method—yielded values of % for mixture 1 which were
in good agreement with those obtained by the original and magnetic
methods.
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Table 8.
Mixture 1........20 per cent. Cl, + 80 per cent. CO,.

z | p |zm| H| S| 8 |ox10%|zx102| & |Wx10% a/p
4« | 8| 5 | —|.206].316

6 | 12| , | —|.406 |.548 - — 8| — |18
2 | 4| » |900| — |.450 1.41 a8 | —| 06 | —
72 |12 | 6 | — |.396|.577 — — lsg| — |2
48 | 8| , |894| — .60 10 3 | —| 20 |—
56 | 8| 7 | —|.352]512 )

84 |12 | , | — |.454 |.606 - — |29 — |.082
8.4 |12 | . |1060 | — |.697 55 6 | —| 38 | —
96 | 1.2 | 8 |802 -—|.716 42 111 | 29% 56 | —
12 |12 |10 | —|.232].375

8 | 8| . | —|179|315 - — |47 — |.048
8 | 8| . |e6sz2|.231 323

8 | 8| » | 227 |.454 | 496 — — | 10§ — |.053
8 | 8| . |497| — .690 385 186 | 40* | 100 | —
128 | 8 |16 | — |.180 |.314

128 | .8 | , | 79.4|.238 |.338 — — | e0g —  |.056
8 5| . | 520 — |.690 .65 2.86 | 62% | 120 | —
8 4|20 |532| —|.600 83 350 | 71| 120 | —
192 | .8 |24 |79.5|.213.208 — — | = = o3
96 | 4|, |670| —|m7 1.04 403 |76%| 120 |--
256 | .8 |32 | 79.5|.238 |.324

256 | 8 | , | 487 |.499 | 535 — — | 848 — |7
128 | 4 | . |885| — |54 1.38 540 | 83* | 121 | —
32 | .8 |40 | —|.243] 284

32 | 8| , |431 477|479 — S — oo
12 | 3| . |787| — |47 1.64 710 | —| 140 | —
12 |25 |, 716 — |41 | 180 9.32 108t | 17.2 | —

The values of H, are in italics in the column under H.

* k from mixtures 1 and 2.
1 & from mixtures 1 and 3.
9 & by orignal method.

§ k by magnetic method.

} k interpolated from fig. 12.

Values of L and A for Cl; were calculated by using equations
(49) and (50) ; the corresponding (L,u) and (4,u) curves are shown
in figures 13 and 14. It will be seen that L varies very rapidly
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with u, increasing by a factor of about 100 as « changes from 3 x 107
to 8 x 107. The maximum in the 4 curve at 4 = 8.1 x 107 agrees
well with a maximum in the light-absorption curve at a wave-
length equivalent to u = 8.2 x 107,

100 /
A
L~
& = O
Ly | T
w1 K
k
ol 1
00 10 20 30 40 50
Zp
Fia. 12.

Curve I. — k for mixture 1: 20 per cent. Cl, + 80 per cent. CO,.
Curve 1I. — k for mixture 2: 20 per cent. Cl, + 80 per cent. He.

Mixture 3 : 40 per cent. Cl, + 60 per cent. CO,.
from mixtures 1 and 2.
from mixtures 1 and 3.
by ¢ Original ” Method.
by ¢ Magnetic” Method.
from mixtures 1 and 2.

i1

om» XO
(I
oo o oA

Curves showing the variation with Z/p of k and W were ob-
tained in the manner described in the preceding section; these
curves are given in figures (15) and (16).

Values of % in Cl, were determined from measurements of
a/p in the mixtures by means of equation (24b) in §2.5. When the
probability of attachment for the known gas is zero, this equation
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takes the simplified form*
h, = 0.037 (1, + r.L)ka/Z, .......... (51)

where %, a and Z refer to the particular mixture. The values of &
calculated by means of equation (51) are represented by a curve
in figure 17. Finally, values of a in CI, were calculated from
these results with the aid of equation (24a) in §2.1.

(ii) Brominet.—In the investigation of the motion of electrons
in bromine, it was found that reliable observations of H, could be
made in the pure gas. These measurements made possible more-
accurate determinations of A.

Observations were made in the following mixtures :

Mixture 1........ 20 per cent. Br, + 80 per cent. CO,.
Mixture 2........ 20 per cent. Br, + 80 per cent. He.
Mixture 3........ 100 per cent. Br,{.

Two sets of values of k& were obtained for each mixture by
combining the data for that mixture with those for each of the
other two; in each case the agreement was very satisfactory.

The (4,u) curve for Br, can be derived directly from the curves
(Z/p,Ho/Z) and (Z/p,k) for mixture 3. The fact that observations
of H, could be made in pure Br, thus ensured that accurate values
of 1 were obtained ; this is important, as the values of 4 computed
from observations on pairs of gas mixtures are less accurate than
the corresponding values of L. However, the results obtained
by the two different methods were in good agreement ; for example,
from the data obtained for mixtures 1 and 2, a value of % equal
to 77.5 corresponds to Z/p = 18.5 and 1 .= 1.08%,, while observa-
tions of H, in pure Br, gave 4 = 1.10%, for Z/p = 18.5.

The methods for determining L, W, b and a were the same
as in Cl,. Experimental results are shown in figures 13-18.

(iii) Todine}.—Observations were made in pure I, and in
mixtures of I, with He or CO,:

* This equation 18 derived by using the relation A = 2.46 W2/u? and equations
(34) and (38).
a J3J5 E. Bailey, R. E. B. Makinson and J. M. Somerville, Phil.Mag., 24, p. 177
7).
9 Referred to as a muxture for the sake of convemence.
I Healey, Phil.May., 26, p. 940 (1938).
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Mixture 1........ 163 per cent. I, in C'0,.
Mixture 2........ 33} per cent. I, in CO,.
Mixture 3........ 334 per cent. I, in He.

Mixture 4........ 100 per cent. 7,.

The graphical method makes possible three separate determina-
tions of points on each (Z/p,k) curve by combining the results
for the particular mixture with the results for each of the other
three. It was found, however, that owing to the relative shapes
of the (¢,7) and (x,y) curves the only reliable points on the (Z/p,k)
curve for mixture 4 (pure iodine) were obtained by combining the
data for this mixture with those for mixture 3. These points
were supplemented by others obtained in the following manner
from the (Z/p,k) curves for mixtures 1, 2 and 3:

From the definitions of ¢ and v in equations (43) and (44)
it follows that

Z/p — fVor/1T
Also,
xy.‘ = 6;1. -— Oy
and
Yus = Ty — Ta (g = 1,2,3)
Therefore,

(Z/P)a = Voo X T/1T = /(@ — 0,) Gu — 7,)/17.
Then, for a given value of k, the value of (Z/p), is obtained from
the appropriate (Z/p,k) curve; the correspondmg values of g,
and 7, are readily determined from the experimental data, as these
quantities are functions of (Z/p),; also, z,, and y,, are known
functions of k; hence, the value of (Z/p), correspon(ﬂng to a given
value of k& can be computed from the formula above.

The experimental results are shown in figures 13-18.

(iv) Discussion of Experimental Results.—The curves shown
in figures 13-18 show a remarkable similarity in the properties
of the three halogens.

From figure 13 it will be seen that the three (L,u) curves are
of the same general shape. The variation of L with u is less pro-
nounced in iodine than in chlorine or bromine ; nevertheless, as
% ranges from 2.7 x 107 to 10.0 X 107, L; changes by a factor 7.
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F1a. 13. (L,u) curves for the halogens.

The maxima of the three curves lie fairly close to one another, the
value of L,,,, diminishing as the molecular weight increases, as is
shown in the following table.

Table 9.
Halogen Value of L. Maximum occurs
at u =
25(71) 4,25 x 1072 7.8 x 107
Br,(160) 3.656 x 102 9.6 x 107
1,(254) 2.1 x 1072 10.0 x 107

Figure 14 shows that the three (4,u) curves are also of the
same general form. As u increases, A rises from small values
to a maximum, falls slightly, and then rises again. Here, as in
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figure 13, the variations in the iodine curve are not so marked
as those corresponding to chlorine and bromine.
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Fia. 14. (Au) curves for the halogens.

The positions and values of the maxima are given in table 10.

Table 10.
Halogen Value of 2,,,... Maximum occurs
at u =
Cly 3.08 x 10-2 8.1 x 107
Br, 0.78 x 102 9.6 x 107
I, 1.52 x 102 10.1 x 107

For each halogen there is a rough agreement between a maxi-
mum in the light-absorption curve and the maximum in the (4,u)
curve (see table 11).

There is a further interesting correlation between the light-
absorption and the (1,u) curves; from the colours of the halogens
it is evident that, as the wavelength diminishes from the infra-red,
absorption would become appreciable first in iodine, then in chlorine
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and finally in bromine ; and from figure 14 it will be seen that,
as u increases from small values, 4 becomes appreciable in these
gases in the same order.

100
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Fre. 16. (Z/p, k) curves for the halogens.

Table 11.
! Maximum in Light-
Halogen Amax. OCCUrs at w =— | Absorption occurs
at u =
Cl, 81 x 107 8.2 x 107
Br, 9.6 x 107 10.3 x 107
1, 10.1 x 107* 9.4 x 107

* This value of » is also in fair agreement with the value of the excitation-potential
2.3 volts) given by Mohler and Foote (Handbuch d. Phys., 28, p. 762).
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The similarity in the properties of the three halogens is further
illustrated by the (h,u) curves given in figure 17. It should be
noted that larger values of & occur in iodine than in bromine or
chlorine ; these values are the largest yet recorded for any gas.
For iodine, the large values of % in the range of velocities from
7 X 107 to 10 x 107 must tend to mask the correlation between

the light-absorption and (4,u) curves.
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Fia. 16. (Z/p, W) curves for the halogens.

It is interesting to enquire whether the ions initially formed by
attachment in these halogens are of molecular or atomic mass;
the latter value of the mass seems the more probable, as in each
case h is small at low electron energies (<  volt), but rises to large
values at energies which do not differ greatly from the energy of
dissociation of the molecule (see table 12).

The fact that both 1 and % are small for v <3 x 107 shows that,
in spite of the large electron-affinities of the halogens, the behaviour
of electrons in these gases is similar to that in the inert gases over a
considerable range of velocities.

It will be seen from figure 18 that the values of a/p in iodine
are of the order 10 times greater than the corresponding values
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Table 12.
Energy of Dissocia-
Halogen P mae. occurs at u -— | tion* is equivalent
to u =
cl, 7.6 x 107 9.3 x 107
Br, 9.9 x 107 8.4 x 107
1, 8.6 x 107 7.2 x 107
8
6
/ L
) /
hxio® 4 // \\
/
/ s ,>(\/ G
o

I4 4 6 8 10 2
uxlo”’
Fia. 17. (h, u) curves for the halogens.

for chlorine and bromine. The curve rises to a maximum at Z/p =
20, then falls away; turning-points in the two other (Z/p,a/p)
curves possibly occur in the range Z/p<5.

In figure 15 the (Z/p,k) curves are given, that for iodine being
similar in shape to the other two. This similarity is more marked

* Franck and Jordan, Handbuch d. Phys., 23, p. 761. In this reference, the
respoctive energies given for Cl,, Br, and I, are 57 X 103, 46 x 10% and 34.5 x 10°
calones per gramme molecule The International Critical Tables (Vol. 5) give the
values 2.835 volts (v = 9.5 X 107), 1.961 volts (u = 8.3 X 107 and 1.532 volts
(« = 7.4 x 10%). N. E. Bradbury (Journ.Chem.Phys., 2, p. 833, 1934) states that
the energy of dissociation of Cl, 18 ahout 1.5 volts (u = 7.3 X 107).
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Fie. 18 (Z/p, a/p) curves for the halogens

mn the (Z/p,W) curves shown in figure 16 ; in this case each curve
rises steeply at first, then bends sharply, whereafter the gradient
is considerably reduced.






III
THE VELOCITY - DISTRIBUTION OF SLOW ELECTRONS

IN GASES

3.1—The Drift Velocity and the Coefficient of Diffusion.

In chapters 1 and 2, a number of formulae were used which
contain numerical factors depending upon the velocity-distribution
of the electrons. In the present chapter it is proposed toshow
how these factors are related to the velocity-distribution, to indicate
how the various experiments allow some estimate to be made of
the distribution and finally to make estimates of the accuracy of
the formulae mentioned above.

We begin by discussing the mean free path l. Consider a
large number of electrons making collisions in the neighbourhood
of a point P in the gas ; and let N, be the number having velocities
between U and U + dU, B be the probability that one of these
electrons will make a collision in moving unit distance in the radial
direction, and I; be the associated mean free path. It can then be
simply shown* that the number N of these N, which arrive at a
radial distance r from P (the distribution is spherically symmetrie,
as all directions of motion after a collision are equally probable)
is given by the relation

N = NjpFfr,
so that
1 ]
Iy = JVJN,e-ﬁrpr.dr
o
1
5

The mean of the squares of the individual paths,

1 [e o]
— | N,e~Pr pre.dr,
3 [ame

therefore equals 215°

* Townsend, ‘ Electricity in Gases,” p. 82.
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In the above discussion it has been assumed for the sake of
simplicity that there is no applied field ; it is clear, however, that
for a given value of U the quantity I, is not appreciably affected
by the presence of a field. Further, it is usually assumed in this
work that I, does not vary greatly with U ; this assumption is
supported by the experimental results for the majority of gases,
and by the fact that most indications point to a fairly narrow dis-
tribution of velocities.

In §1.1 it was shown that in the absence of a field the co-
efficient of diffusion K is given by equations of the form

nV, = — K‘—’Z& .
oz

This coefficient can also be expressed in terms of the rate of change
of the mean square of the distances of the electrons from any point,
and in terms of the mean free path and the average velocity of
agitation*. These expressions are obtained in the following manner.
For simplicity, let the distribution be symmetrical about the
centre Ot ; the electron density # is then a function of the radial
distance r. The number of electrons included between spheres
of radii » and r + dr is 47r?n.dr, and the mean square of their

distances from O is

In these integrals the upper limit 7’ is taken very large, so that
n = 0 and dn/dr = 0 whenr = ¢'. The total number of particles
is constant ; hence, when differentiated with regard to time, the
above equation becomes

rl 2 r’
J ré ;7-& dr = 0%—1:;—) J nridr.
o ¢ o

* ¢ Electricity in Gases,” £ 85-88.

+ This investigation also hof generally, for as far as the radial motion from O
is concerned, 1t is immaterial whether the distribution between two concentric
spheres of radii 7 and r 4 dr 18 umiform or not.
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The rate of increase of the number of particles in the included
space is equal to the difference between the rates at which electrons
flow across the two surfaces. Thus, representing the radial velocity
of transport by V,,

4m5%d/r = dqnri(nV,) — [4 ar¥(nV,) + (4 nr2al,). dr]

Ly < ().

r’ 2 r’
d 2K dn ) dr = '}(R—) nre.dr.
dr dt 0

Integrating by parts, and making use of the conditions n = 0 and
dn/dr = 0 at r = 7', it is simply shown that the left-hand side

is equal to
rl rl
- 2K J r”%’—l r o= GKJ nri.dr,
o ¥ 0

6K = d(BY/dt. ..ooeeiiiiiniinns (52)

Hence the rate of change of the mean square of the distances
of any distribution from a point is 6K.

The expression for K in terms of ! and U follows from equation
(52) when it is remembered that all directions of motion after a
collision are equally probable, and that in all the cases considered
the agitational velocity does not vary appreciably between col-
lisions.

Let P (see figure 19) be a point on the surface of a sphere of
radius  and centre O, and let ¢ be a point on the surface of a small
sphere of radius  and centre P ; then the mean square of the dis-
tances of the points on the surface of the small sphere from O 1s

or

Hence,

80 that

1 4
—_— (rt + % 4 2rx cos 6) 2nx? sin 0.d0 = 7% - 2%,
4 nx*J‘ 0

where 0 is the angle which QP makes with OP. The mean square
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of the distances from O is therefore increased by 22 when the electrons
in the neighbourhood of the surface of the large sphere traverse
free paths of length z. If, for the moment, we consider only those
electrons having velocities between U and U + dU, it is clear that
when several consecutive paths are traversed the change in the mean

Fie. 19.

square of the distances will be Xz? in the time Xx/U ; hence the
rate of change of the mean square is U(Zx?/2x) = 2I,U, which
is independent of r. The coefficient K for the entire group is
therefore given by the equation

] ——
K = 3 G0,

the bar over the expression on the right-hand side denoting an
average value. As it is customary to assume that I; does not
vary rapidly with U, this equation is usually written
1.~
K = élU e (53)
Equation (53) can also be obtained more directly by con-
sidering the number of electrons flowing per second across a small
area which is normal to the density gradient*. Let this area dS
be at the origin of coordinates in the plane z = 0, and let the
density » at any point in the neighbourhood of the origin be given by
n = ny + dn
=M T R

* See Huxley, Phil.Mag., 28, pp. 211-217 (1937); and Townsend, Phil.Mag.,
28, p. 485 (1937).
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For simplicity, assume that all the electrons have the same velocity
U. Then, using spherical co-ordinates, the number of electrons
per second which make a collision within the volume element dv
at (r, 0, @) is

ndt.(U/ly) = n(U/ly) r*sin6.dd.do.dr,

and of these, a proportion ¢ ™7 dS. cosf/4nr? cross dS without
making a further collision. Hence the flow of electrons 7, per
second across dS from points in the space z > 0 is equal to

o [(#n/2(2x
;{g J J J <n0 + rcos 0 g;-) ¢ _sin 0 cos 0d@.do.dr
U o Jo (1]

_d8 n.,U 1 (dn)]
T2

The use of the above expression for » in this integral is justified,
as it is clear that in all the cases considered, essentially all of the
electrons crossing dS make a collision in the immediate neighbour-
hood of the origin before doing so. The rate of flow of electrons
across dS from points on the other side of the plane z = 0 is similarly

given by
_dS [n,U 1 dn)]
w=5 % v (@)

so that the total rate of flow in the positive direction of z is

For electrons having a distribution of velocities, this equation
becomes

g — Mm = (lU)ddS
Jdn
so that, as 7, — 9, = — K Jz'dS’ we have
1_____.
K = é(lUU)r

as before.
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The formulae for W given in §1.6 for the case in which all the
electrons have the same velocity of agitation U are not quite correct,
as it was there assumed that, in the mean time l;/U between
collisions, the displacement in a direction parallel to the field was
}(Ze/m)(ly/U)?. The correct formula can be derived in the follow-
ing manner*.

Consider an electron making a collision at O ; let the ensuing
free path OP, in the absence of the field be of length x, making
an angle 0 with the z-axis (see figure 20). When Z is applied (it
is assumed that Z is not too large) this path is altered to the curved
path 0Q. The time of transit is x/U and the acceleration normal

R3

4

Fra. 20.

to OP is (Ze/m) sin 6, so that the displacement PQ is }(Ze/m)
sin 0.(x/U)?; hence the displacement parallel to z is

3(Ze/m) sin20.(z/U )2

As all directions of motion after a collision are equally probable,
the mean displacement for a large number of electrons having the
free path z is

7 sin0

$(Ze/m) . (x/U)”j ae

0
= é(Ze/m) . (x/U)

* Townsend, Phil.Mag., 22, pp. 151-153 (1936).
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Then, averaging for all the free paths, we obtain the following
equation giving the mean displacement Az :

9
Az = ;(Ze/m) (p/U)

Over a large number of free paths N, the mean displacement of a
single electron due to the field Z 1s N. Az in time Nl/U, so that
the drift velocity W, of electrons having the same velocity of
agitation U is given by
Wy — 2 Zefly

3 m \U

For the general case we then have

9
Wt 2oy,
3 ‘"L

or, making the usual assumption that I; does not vary sharply

with U,
2 Zel
= -, — ). i i i H4
V=3 U> (54)

Huxley* obtains the equation giving the transport of electrons
in the direction of the field by a method similar to that used earlier
in this section to obtain the coefficient of diffusion.

Let Z be counter to the direction of the z-axis. Then con-
sider the number of electrons flowing per second across a small

z

Fic. 21.

* Phil.Mag., 28, pp. 211-217 (1937).
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area dS, from points P in the space 2> 0 (see figure 21) ; as before,

it is assumed that » = n, + z% in the neighbourhood of O.

When Z is not too large, the curvature of the paths is slight, so
that the length of the path from P to O is very nearly equal to
the direct distance 7 ; the principal effect of the field is, then, to
change the angle of incidence from 6 to 0 + a.

The velocity parallel to Oz acquired during the path PO is
(Ze/m).(r/U), so that, from a triangle of velocities it is clear that

. Zer 6.
Sin o = —?ﬁsm
Using the same notation as before, it is then seen that the number
of electrons per second which collide within a small volume element
dr at P and then traverse dS without further collision is

7_1,_[{6_1/10 d8. cos (0 + a)

ly dqrt dr.

As Z is not too large, cos a may be put equal to unity in the ex-
pansion of cos (0 + a). The flux 7, is then given by

N n/2(2xn
’71=l'U" gli <no+rcosd.g—1—l)e"ﬂlisin0.
v 7)o )0 Jo #

Zer .
<cos 06— ;n—v—zsmz 0) . dodo.dr

_ a8 [ngU ( RERZ ]
=Sy m (-p T ) & v

where K;; = § (I;U) and Wy = %% <%’> The number of elec-

trons crossing dS per second in the reverse direction is similarly
given by

dsS [n,U 9 Wy dn
N2 = 5 _;—‘—KU<1'_Z’—U‘ ~+non],
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so that the net transport in the direction of the z-axis is

9 Wy dn
1]2—1]1=[—KU<1—1——[;Z a;'f-noWU ds.
In all the experiments considered, the drift velocity is at most a
few per cent. of the agitational velocity, so that the term W,/U
may be omitted from the above expression.
Considering the entire group of electrons, having velocities
distributed about a mean value U, the equation giving the transport
of electrons in a direction counter to the field is then obtained :

nV, = — K2 4w,
0z

where K =} (IyU) and W = §_Zﬁe %)

3.2—The Energy Faector.

In obtaining the relation

PV, P
= "% + neZ

in §1.3 it was assumed that in a steady state the expression PV,/K,
which is given by the third of equations (10a), represents the momen-
tum lost by the electrons per second per unit volume in collisions
with molecules. This identification is, in general, not quite accurate,
so that the relation

W neZ 3Ze NeZ

K~ P mai# EIT
can not always be regarded as exact*. It will then be seen that

the values obtained for % (and u) may be somewhat in error.
Using the results obtained in the previous section, it is easily

shown that
¥ ()2
K a/ mu?

* Townsend, Phil.Mag., 28, p. 481 (1937).



66 THE VELOCITY-DISTRIBUTION OF SLOW ELECTRONS IN GASES

where au = U and b/u = (1/U). In general,a < 1 and b > 1,
equation (11a) and the resulting expressions for W /K being exact
only when b/a = 3/2, as in the Maxwellian distribution, where

a = 8/3n = 092, and b = %v8/3n = 1.38.

From the above discussion it will be seen that W /K may be
expressed by the relation

14 NeZ

K~ kAU
where k, = %(a/b)k.

For a Maxwellian distribution, &, = k; and for the case in
which all the velocities are equal, &, = 1.5k.

3.8—The Mean Energy lost at a Collision.

A more rigorous derivation of the quantity A than that given
in §1.7 is the following.

Consider the dN electrons having velocities between U and
U + dU. Then, in moving a distance ¢ in the direction of drift
each of these particles makes (U/l) . (/W) collisions with gas
molecules, so that we have

U ¢
2) _— ==
(Ay.3mu?) 1, Zed,
that is,
we
ZU == 'ﬁi.

Then, in the time ¢, the number of collisions made by the entire
group of N electrons is

f %t.dN = NtU/I;

and the total energy lost by the electrons in these collisions is
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given by
U
J‘lv.gm‘u”.—it.dN
3  i[—=1"
= -mW? - [(U'l)] fU'ldN
2 l
3 tr———1"
- 2 2 -1 .
R ymW l[(U )] :
so that

2 = 3w u—2/ (U.’(U—T) ).*

For the case in which all the electrons have the same velocity,

2 2
PRSP
u? ;
where
u, = 1154k x 107

For a Maxwellian distribution, the proportion of electrons
having velocities between U and U -- dU is given by an expression
of the form

%—V = A.e P U4U,
so that
.oy =2,
n
In this case, therefore,
w2 we

A = 2.356—; = 2.356—;.
u uf

3.4—Formulae Used in the Determination of the Drift Veloeity.

In Townsend’s method of obtaining W. by measuring the
deflection 0 of the stream when a magnetic field H is applied parallel

* This formula was given by Dr. L. G. H. Huxley 1n a private communication
to Prof. V. A. Bailey.
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to the slit (that is, parallel to the y-axis) the formula used is (see
§1.5)
HW

7‘: tan 0.

Huxley* has shown that this formula is not exact, and obtains
the result

w

tan 0 = —°
an W
where
2T? 1 ]
== - 272
w. H[l T w2T2<3 t wT) ’
2 Z sz
W. = 1 +w2T’< 1§ ot )]
and
l He
T = t—]’ w = E.

A formula given by Townsendt is a special case of the above
result, corresponding to wT'<1; this relation is

tan 0 = }o(T%)/T.

The values of H used in these experiments were such that the above
condition is fulfilled ; so that we have

w0 -3 2 (N [(D)
=3HW <U2>/[<U)]
N6}

* Phil.Mag., 23, pp. 219-229 (1937).
t Pml.Mag., 28, p. 880 (1937).

or
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For the case in which all the electrons have the same velocity,
we then have

W = 1.33 g tan 0.

For a Maxwellian distribution of velocities, this formula be-
comes

8 Z
W = 3—7“‘ . I—J. tan 0
= 0.85§ tan 0.

H

In Bailey’s method of determining W (see §2.4), the magnetic
field H is applied parallel to the electric field Z. Under these
circumstances, it can be shown* that

1/ W0 N
K. =K, =3 (rﬁm)’
K, still having the value ;: (ﬁf)

When H = H,, &, = k,. Thus, when all the clectrons have
the same velocity

K
Icl—q)o———'=l+w§T2,
x
that is,
He 1
=2, - =k -1
m U \/1
or

7z —
= 0.67- — L
w 7 H‘)\/I.c1
The corresponding result for the general case is simplified
by the fact that the values of H, are such that wiT?>1, so that
w2T? may be put equal to wj7* + 1. Using this approximation,

* Huxloy, Phil.Mag., 28, p. 217 (1937).
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it is simply shown that

Bo= @ = 3"

I

w350 /(09

HoW [— %5 i
= L3V [ Vosio,
Z
22 i {wn[wm] wy

== 3 }}:'\//s {(U l) U.’)/M" }.

For a Maxwellian distribution we then have

or

w

I

wre

VA —
W= 1075 v

A more exact formula for this case is

wo—10Z L, -

H, 2k,

-1
obtained by expanding (l + -, T2> and neglecting powers

of 1/w?T? higher than the first. 'This result shows that the crror
mtroducod by setting wiT? equal to wiT? + 1 is only about one
per cent for values of &, as low as 10.

3.5—-The Probable Distribution.

Tt will be seen from the preceding sections that the formulae
used in Chapters 1 and 2 to calculate k, u, W, L, 1 and h may be
appreciably in error*.

Thus, in §3.2 it has been shown that the values k, given fork
by both methods are related to the true values m the following

* J. W. Reed, Amalg W’less A’un Tech. Rev, 5, p 21 (1940)
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b {ﬁ . u-e/w_—x)}.

The other correct formulae, for Townsend’s method and Bailey’s
method, are given in the following table.

manner :

k1=

[ SRV

Table 13.
47 S Ly
—_— . -1 -2
n ;Htan 0[(U )] /(U )
Townsend’s 3 pm .
Method L= W(Zg)/(U“)-

WA z% {(U-1 )(U?) u‘*}i

Bailey’s
Method

h

1]
A
v
o

The formulae actually used by Townsend and Bailey are
given below, the subscripts 7' and B being used to denote the
values obtained for the various quantities.
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Table 14.
wp = 115 k¥ x 107
VA
Townsend’s Wy = H tan 6.
Method
1 pm
Lr = gz W2 (5 )ur
Ap = 2.46 Wi ug.
wy = L15 k) x 107
Z
WB == H*o(kl - 1)‘.
Bailey’s L, = 1 <m .
Method B 0.815 We\ze )"»
Ay = 2.46 W3 up
h’B E= ﬂB_KB u]'zl_

The relations set out above can be used to derive the following
table giving the ratios of the values obtained by Townsend and
Bailey to the true values of the various quantities. Four velocity-
distributions are dealt with ; these are :

I All the electrons have the same velocity of agitation,
II dN/N = A. exp (— BUY.U*.dU ;
III dN/N = 4. exp (— BU*.U*.dU;
IV dN/N = A. exp (— BU?).U?.dU (Maxwellian).
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Table 15.
Ratio 1 11 I1I 1V
ko/k 1.5 1.31 1.14 1
o 1.22 1.14 1.07 1
WT/W 0.75 0.83 1.06 1.18
LT/L 0.756 0.86 1.16 1.33
Ap/ A 0.31 0.47 0.97 1.45
kB/k 1.5 1.31 1.14 1
uB/u 1.22 1.14 1.07 1
Wg/W 1.5 1.22-1.28* | 1.04-1.10% | 0.90-0.94*
LB/L 1.5 1.30 1.18 1.05
13/}. 1.23 1.07 0.99 0.90
ag/a 1 1 1 1
hy/h 1.84 1.39 1.13 1.06
* The lower value corresponds to k, == 10, tho higher to k; > 100
For the ratios Lp/L, As/XA and hg/h, the respective values 1.26, 1.08
and 0.93 have been chosen, corresponding to k, = 30.

The variation of a number of these ratios with the velocity-distri-

bution is shown schematically in figure 22.

In figure 23 are shown the distribution curves (for thc same
most-probable velocity) corresponding to II, III and IV.
In all cases so far investigated by both methods there is a

remarkably close agreement between corresponding sets of results,
so that the prevailing distribution must be such that W,/W is
very nearly equal to Wy/W.

This condition is fulfilled by the distribution III :

dN/N = A. exp (— BU%.U2dU.

The bulk of evidence suggests that the distribution curve
is of the same form as the curves shown in figure 23. A study
of the formulae for W in table 13 and the very close agreement
between the corresponding ratios for the distribution III then
shows that the actual distribution is not likely to be very different
from that given by (55). This conclusion is supported by an
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THE PROBABLE DISTRIBUTION

investigation of the more general expression
dN/N = A. exp (— BU".U?.dU

for values of r and p in the neighbourhood of 4 and 2 respectively,
from which it can be shown that there 1s a notable difference between
Wp/W and W 5/ W when r is appreciably diffcrent from 4 or p from 2

The distribution 1IT is in agreement with that arrived at by
Druyvesteyn*, Davydovt and Morse, Allis and Lamar, who by
making the rather special assumption that collisions are eclastic
deduced this formula theoretically. Tt is also supported by the
results obtained by Townsend§ and Llewellyn Jones} for electrons
with somewhat higher energies; these results, however, suggest
that the formula [T underestimates the small proportion of electrons
having velocities considerably greater than the mean. Pidduck
has also pointed out that this formula is a special case of the more
general result which he derived somewhat earlier|l.

It might be expected that the distribution would vary with £,
but the close agrecement between the results obtained respectively
by Townsend and by Bailey suggests not only that the distribution
is independent of k over a fairly wide range, but also that it is
effectively independent of the particular gas, and hence of the
elasticity or otherwise of the collisions. From this last conclusion,
1t will be scen that there is some justification for a wider application
of the formulae deduced from theoretical investigations in which
it is assumed that all collisions are elastic.

Further evidence that the distribution does not vary markedly
from gas to gas 18 afforded by the results obtained by the method
of mixtures described 1n §2.5; thus, for chlorine (see §2.6), there
is a very close agreement hetween the values of & determined from
observations on mixtures of this gas with such widely-differing
gases as helium and carbon dioxide, collisions being effectively
elastic over a tairly wide range in helium, and notably inelastic
over the same range in carbon diovide (sec §1.7). These particular
results also support the conclusion that the distribution does not

* M. J. Druyvesteyn, Physica, 10, p. 61 (1930), 1, p. 1003 (1934).
1 P. Davydov, PPhys.Zeuts.der Soujetunion, 8, p. 59 (1935).
§ P. M. Morse, W. P. Allis and E. 8 Lamar, Phys Rev., 48, p. 412 (1935).
§ J. S. Townsend, Phil Mag., 9, p. 1145 (1930) ; 22,p 145 (1936)
1 F. Llewellyn Jones, Proc. l’ln/a Soc, 48, p. 513 (1936).
| ¥ B. Pidduck, Quart. .JJ. of Math , 7 p- 199 (1936) ; Proc.Lond.Math.Soc., 15
p. 89 (1915).
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vary appreciably over a wide range of energies, as Pidduck showed
in his earlier paper that for inelastic collisions, the distribution is
that corresponding to the value of k& which would be acquired in
the same electric field with perfect restitution.

Adopting the distribution III, the correct formulae are those
given in the following table ; it will be seen that they are not
seriously different from those used in Chapters I and II.

Table 16.
k= ky/1.14.
w = 1.15 k¥ x 107,
Townsend’s Z
Method W = 0945 tan 0
1 pm
L =5 W(zz
A = 2.54 W2 y-2,
k= ky/1.14.
v = 115 k¥ x 107,
W = 0.97?—10*.
H,
Bailey’s )
Method 1 pm
L =55 W<Ze b
A = 2.54 W2 u-2
b= (),
0.95 P

It should be noted that the argument used in this section to
deduce a probable velocity-distribution holds only for a certain
range of electronic energies; thus, the formula for W given in
table 13 for Bailey’s method becomes appreciably inaccurate for
values of % less than 5, and the experimental results extend only
to values of k of the order 100.



Iv

THE RESULTS OBTAINED BY DIFFUSION METHODS

4.1—The Energy of Agitation.

In the present chapter it is proposed to give a summary of
the experimental results obtained by the diffusion methods and
to comment briefly on some of the more striking features of these
results. A more complete discussion of individual gases is given
m the original publications, to which reference is made in §4.6.

We begin with the energy factor k. It is found that this
quantity increases with Z/p ; and that, for the same value of Z/p,
it may vary considerably from gas to gas. For example, the values
of k in the inert gases are notably larger than the corresponding
values in the active gases. These points are illustrated by the
following results.

k
Z/p
A NH,
5 310 1.5
10 324 12

Curves showing the variation of & with Z/p in a number of gases
are shown in figures 24a, b, ¢ and d.

The results for chlorine, bromine and iodine have already
been given in figures 13-18 in §2.6.

4.2—The Drift Velocity.
For any gas, the drift velocity, like k, increases with Z/p ;

it is considerably less than u in the ranges here considered, but
approaches u for higher values of Z /p.
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The experimental results show that, unlike %, the value of
W for a given value of Z/p does not vary greatly from gas to gas,
as is illustrated by the typical results given in table 2 in §L.5.
A remarkable difference, however, is shown by the results
obtained for argon and for a mixture containing 96 per cent. of
argon and 4 per cent. of hydrogen, the higher values of W in the
mixture being due principally to the effect of hydrogen in reducing
the velocity of agitation.

Figures 25 a, b, ¢ and d give the curves (Z/p, W) for a number
of gases.

4.3—The Mean Free Path.

The experiments described previously show that L may vary
considerably with the electronic velocity. Chlorine furnishes
a most striking example, as L, 4 and % for this gas vary by large
factors over the range studied; and in such a case the variation
of the mean free path with the agitational velocity may introduce
an appreciable error in the formulae used.
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In general, the quantity L varies widely with the gas; the
longest mean free path has been observed in argon and the shortest
in chlorine, the values being 1.6 cm and 5 x 107* cm respectively.
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The (L,u) curves for various gases may be grouped in two
main classes, the first having a minimum and the second a maximum
in the range studied ; to the first class belong air, hydrogen, nitrogen,
argon, carbon monoxide, helium, neon, nitric oxide and oxygen ;
to the second belong argon, pentane, ammonia, water vapour,
nitrous oxide, carbon dioxide, chlorine, bromine, iodine and ethylene.

The first gases investigated showed a distinct minimum value
of L, a phenomenon commonly known as the Ramsauer effect*.

*Tt should be noted that m therr onginal publications of this phenomenon,
simultaneously but independently, Ramsaucr stated that 1t was true only for argon
while Townsend and Bailoy stated 1t to be true for all the three gases mvestigatod
by them.
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Attempts to explain this behaviour on the classical theory were made
by Hundt and by Zwicky}, but it was not until 1929 that a satis-
factory theory was given by Holtsmark*, who used wave-mechanical
reasoning to explain the results obtained for argon and kryp-
ton. Holtsmark’s work has been extended to a number of gases
by Allis and Morsell. A further investigation has been made by
Voss.

Curves showing L as a function of u are given in figures 26 a,
b, cand d.

100 7
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Fius 24c. (Z/p,k) carves for mitric oxide, nitrous oxide, carbon menoxide and carbon
dioxide. The broken curve represents Skinker’s 10sults for carbon dioxide, and the
full curve Rudd’s results.

1 F. Hund, Zeus.f.Phys., 18, p. 241 (1923).

1 ¥. Zwicky, Phys.Zeus., 24, p. 171 (1923).

* J. Holtsmark, Zeuts.f.Phys, 55, p. 437 (1929); 66, p. 49 (1930). See F. L.
Arnot, ‘ Collision Processes mn Gases,”” 1933, pp. 65 and 72, and N. F. Mott and
H. 8. W. Massey, “ The Theory of Atomic Colhsions,” 1933.

|| W. P. Alls and P. M. Morse, Zeits.f.Phys., 70, p. 567 (1931).
o W. Voss, Zets.f.Phys., 83, p. 581 (1933).
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4.4—The Mean Energy Lost at a Collision.

It has already been pointed out in §1.7 that A usually varies
markedly with the velocity of agitation, and from gas to gas. In
carbon dioxide, for example, A varies between 2.3 x 10~* and
5 x 10~2 over the range studied, and there are similar variations
in the halogens; the smallest value of 4 so far observed is for
argon, and the largest for nitrous oxide, these values being 1.5 X
10° and 1.5 x 107! respectively.
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Fie. 24d. (Z/p,k) curves for pentane, ammoma, water vapour and hydrogen
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It has also been shown that, in a number of gases, collisions
between electrons and molecules are almost perfectly elastic for
low values of Z/p (see table 4, §1.7); such gases are air, helium,
argon, nitrogen and hydrogen.

In many cases it has been found that there is a definite re-
lation between the light-absorption and (4,4) curves for a gas,
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A being large at values of  corresponding to wave-lengths at which
the light-absorption is large, and small at those values corresponding
to regions in which the light-absorption is small. This behaviour
is illustrated by the results for the halogens given in table 11, §2.6.
A number of other gases also exhibit this relationship, as is shown
by the following table.

Table 17.

Maximum in Absorption

Gas Amas OCCUTS at Curve corresponds to
u = u ==

NH, 2.0 x 107 2.5 x 107
C.H, 2.3 x 107 23 x 107
N,0 3.0 x 107 3.2 x 107
co 3.4 x 107 3.2 x 107
0, 3.8 x 107 3.2 x 107

Nitric oxide presents an interesting case, the behaviour being some-
what anomalous in that the peak in the (A,u) curve corresponds,
not to the fundamental vibration absorption band at 5.3y, but
to the weaker harmonic at 2.6 .

In the (A,u) curve for nitrous oxide there occurs a second,
smaller maximum at ¥ - 7 x 107 em/see, this velocity corres-
ponding fairly closely to the value 30,000 calories per gramme
molecule given* for the energy of activation of the molecule.

Curves showing the variation of 2 with » are given in figures
27 a, b, ¢ and d.

4.5—The Attachment Coefficient and the Probability of Attachment.
Barly experiments at Oxford indicated that appreciably
no negative 1ons were formed by attachment in argon, helium,

neon, hydrogen, nitrogen, carbon dioxide and carbon monoxide.

* Hinsholwood and Burk, Proc.Roy Soc, A, 108, p. 28+ (1924), Volmer and
Kimmerov, Zets.f.Phys.Chem B, 9, p. 141 (1930).
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When negative ions were present, a transverse magnetic field of
a few hundred gauss would not deflect the entire stream from the
centre collector-clectrode.

The methods described in chapter 2 made possible the deter-
mination of the attachment coefficient and the probability of attach-
ment for gases in which negative ions are formed.
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Fie. 26a. (Z/p,W) curves for argon, hehum and ncon

Curves showing the variation of a/p with Z/p in a number
of gases are given in figures 28 a and b. Negative ivns are also
formed in nitric oxide, but the experimental conditions for this
gas were such that accurate values of a/p (and hence of ) could not
be obtained ; however, 1t was found that » diminished considerably
as u increased.

For the gases investigated at Sydney it was found that A
differs greatly from gas to gas, the variation of A with » in each
case being considerable ; for these gases it was also found that
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there is usually a close correspondence between the variations in
the (h,u) and (L,u) curves.

The theory has been put forward that there may be an associa-
tion between h and the electric moment u of a molecule ; such a
relation is supported by some of the earlier results* but appears
unlikely in the light of the results obtained for the halogens. A
more probable relation is that between the variation of L and h
with » and the magnetic properties of the moleculet ; in certain
gases which are paramagnetic, L and & diminish on the whole as %
increases, while both quantities exhibit a general tendency to
increase with 4 1 a number which are diamagnetic.
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Kia. 256b  (Z/p,W) cuaives for hydrogen, ar, mtiogen and oxygen.

Curves showing k as a function of u are given in figures 29
a and b. It will be seen that, in most cases, h rises from small
values up to a maximum and then falls away.

In table 18 are given the least and greatest values of A
recorded for a number of gases.

For some gases there is a rough agreement between the energy
of dissociation of the molecule and the electronic energy at which
h has a maximum value ; this would suggest that, in these cases,

* See V. A. Bailey and A. J. Higgs, Phil.Mag., 7, p. 277 (1929).
V. A. Bailey and J. M. Somerville, Phil.May., 17, p. 1169 (1934).
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Table 18.
Gas Greatest values Least values
of h of h
A,Ne,He,N,,
H,(C0,CO 0 0
CeH,, 1.2 x 10-5* 1.8 x 10-¢
2 1.8 x 104 0
N,0 7.3 x 1075 0
NH, 41 x 10 0
HCI 4.7 x 1074 4.0 x 1075¢
H,0 5.0 x 10-* 6.0 x 1076}
Cl, 1.4 x 103 0
Br, 1.6 x 10-3 0
I, 6.4 x 10-3 1.0 x 10-3f
* b still nsing.
t b stall falling.
16 —
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(Z/p,W) curves for mitric oxide, nitrous oxide, carbon monoxide and
The broken curve represents Skinker’s results for carbon dioxide,
and the full curve Rudd’s results.
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the formation of negative ions is bound up with the dissociation
of the molecule, the electrons attaching themselves to atoms.

Table 19.
Gas b ez Occurs at Energy of Dissociation
U = is equivalent to u =

Cl, 7.6 x 107 9.3 x 107*
Br, 9.9 x 107 8.4 x 107*
I, 8.6 x 107 7.2 x 107*
N,0 75 x 107 6.8 x 107
NH, 8.5 x 107 10.3 x 1079
* See table 12, §2.6.

1 Hinshelwood and Burk, Proc Roy.Soc, A, 108, p 284 (1924), Volmer
and Kimmerov, Zeuts f Phys, Chem B, 9, p. 141 (1930).

9 N. E. Bradbury, Journ Chem.Phys , 2, p. 835 (1934)
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4.6—Summary of Experimental Results.
In the present section, the results given by means of curves

in the preceding sections are summarized in the form of tables,
the various quantities being presented as functions of Z/p.
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Fia. 26a. (L,u) curves for argon, helium and neon.

It should be noted that the results given in this chapter have
been calculated by means of the formulae listed in table 14, §3.5.
If the distribution suggested by the evidence quoted in that section
be adopted, then suitable correction factors are those given in
column III of table 15. Work published prior to 1925 made use of
Townsend’s methods, and the work published later was done by
means of the methods developed at Sydney.

Notation.
p = pressure of gas, in mm of mercury.
Z = electric intensity, in volts/cm.
k = mean energy of agitation of an electron in terms of the
mean energy of agitation of a molecule at 15°C.
% = the mean velocity of agitation of an electron, in em/sec.
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W = the drift velocity of an electron parallel to the electric
field, in cm/sec.

L = the mean free path of an electron in the gas at 1 mm
pressure, in cm.

A = the mean proportion of its own energy lost by an electron
at a collision with a gas-molecule.

a = probability of attachment of an electron to a molecule
per unit length of its motion in a direction parallel
to Z.

h = the probability of an electron becoming attached to the
molecule with which it collides.
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F1a. 26b. (L,u) curves for hydrogen, air, mtrogen and oxygen.
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J. S. Townsend and V. A. Bailey, Pkil.Mayg., 48, p. 657 (1923).

Z/p k wx10-7 Wx10% L x10?% A X104
0.013 1.77 1.53 1.11 9.14 1.30
0.02 2.12 1.68 1.33 7.8 1.56
0.05 3.68 2.12 2.14 6.6 2.3
0.1 6.2 2.87 2.96 5.95 2.6
0.2 11.3 3.87 3.93 5.3 2.5
0.5 27 5.96 5.74 4.8 2.3
1 53 8.4 8.25 4.85 2.4
2 105 11.8 12.7 5.25 2.85
3 137 13.5 17.5 5.5 4.15
4 152 14.2 23.5 5.85 6.756
5 172 15.1 30.2 6.4 9.8
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¥F1a. 26¢c. (L,u) curves for mtric oxide, mtrous oxide, carbon monoxide and carbon

dioxide.
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NEeoN (containing one per cent. of Helium)

V. A. Bailey, Phil.Mag., 47, p. 379 (1924).

Z/p k wx10°7 Wx105 L x102 A x10°
0.06 23.5 5.58 3.3 21.5 8.6
0.1 34.5 6.75 3.95 18.7 8.4
0.2 62 9.05 5.0 15.8 7.5
0.4 114 12.3 6.35 13.7 6.6
0.6 158 14.5 7.95 13.4 7.4
0.8 194 16.0 9.65 13.5 9.0
1.2 235 17.6 15.0 15.4 18

2 275 19.1 27.0 18.6 49

4 308 20.2 530 18.7 170

6 316 20.4 74.5 17.7 330
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ARrGoN*

J. 8. Townsend and V. A. Bailey, Phil.Mag., 44, p. 1033 (1922).

Z/p k wx10"7 W x10-5 L x10?2 Ax10°
0125 100 11.5 3.1 20 1.79
0.195 120 12.6 3.25 14.7 1.64
0.355 160 14.5 3.6 10.3 1.52
0.525 200 16.3 4.15 9.0 1.60
0.71 240 17.8 4.85 8.5 1.82
0.95 280 19.3 6.0 8.5 2.38
1.25 320 20.6 7.7 8.9 3.45
5 310 20.2 40 11.3 9.7

10 324 20.7 65 9.4 24.3
15 324 20.7 82 7.9 38.6

*The results for a mixture contaming 96 per cent argon and 4 per cent. hydrogen
are given n the same publication and also in Townsend’s * Motion of Electrons n

Gases ” (Oxford, 1925).
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HYDROGEN
J. S. Townsend and V. A. Bailey, Phil.Mayg., 42, p. 873 (1921).

Z/p k uXxX10-7 W x10-5 L x102 A X104
0.25 3.1 2.02 6.5 3.64 26
0.5 5.4 2.62 9.0 3.25 29
1 9.3 3.5 11.9 2.86 28.5
2 15 4.3 16 2.39 34
5 26.4 5.9 25.5 2.14 46

10 44 7.62 38 2.05 62

20 78 10.15 70 2.5 117

40 130 13.1 160 3.67 368

50 148 14.0 217 4.2 590

A xI0° | /

XN //'< )

2 16

oO 4

8 7
wx10”
Fia. 27b  (Au) curves for hydrogen, air, nitrogen and oxygen.
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NITROGEN

J. S. Townsend and V. A. Bailey, Phil.Mag., 42, p. 873 (1921).

Z/p k ux10-7 W x10% Lx10%® Ax10*
0.25 7.6 3.15 5.15 4.50 6.6
0.6 13.0 4.14 6.2 3.66 5.5
1 21.5 5.35 8.7 3.20 6.5
2 30.5 6.35 13.1 2.88 10.3
3 356.5 6.85 17.8 2.82 16.5
5. 41.3 7.4 27 2.717 33

10 48.5 8.0 48.5 2.69 90

20 59.5 8.85 86 2.66 234

40 89 10.8 146 2.75 448

60 126 12.9 193 2.89 550
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Fia. 27d. (Au) curves for pentanc, ammonia, water vapour and hydiogen chloride

OXYGEN*
R. H. Healey and C. B. Kirkpatrick, in Sydney, 1939.

Z/p k  wx107 Wx10® Lx10® 2Ax10% gxlm h X105

025 556 2.7 13.3 10.0 60 2.1 10.4
0.5 9.5 3.55 16.1 7.9 51 2.0 7.25
1 19 5.01 16.3 5.66  26.0 1.2 2.2
2 32 6.5 16.9 3.80 15.5 —_ —
5 43 7.54 27.3 2.86 324 4.7 5.2
10 52 8.29 49.5 2.86 88 9.7 16.7
15 57.6 8.71 67.0 2.71 145 8.2 17.2
20 62 9.05 81.5 2.57 199 3.0 7.0
30 71 9.7 99.5 2.23 260 0 0
50 95 11.2 159 2.47 494 0 0

* Investigated proviously by J. 8. Townsend and V. A. Bailey (Phil.Mag., 42,
p- 873, 1921) and by H. L. Brose ( Phil.Mag., 50, p. 536, 1925).
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(i) J. 8. Townsend and H. T. Tizard, Proc.Roy.Soc.A., 88,
p. 336 (1913).

Z/p k ux10"7 W x10-® Lx10® Ax10%
0.5 5.7 2.7 9 3.37 26
1 11 3.8 12.56 3.30 26
2 22 5.4 175 3.28 26
5 38 7.1 30 2.96 43
10 46 7.8 52 2.82 113
20 57 8.7 90 2.71 260
50 102 1L.6 173 2.78 550
100 160 14.5 270 2.72 860

(ii) V. A. Bailey, Phil. May., 50, p. 825 (1925).

Z/p k u X107 (a/p) x103 h X 106%
0.5 8.3 3.3 2.9 3.3
1 15.2 4.5 1.8 2.0
2.0 27.0 6.0 0.65 0.7
2.5 32.5 6.6 0.4 0.4
CHLORINE

V. A. Bailey and R. H. Healey, Phil.Mag., 19, p. 725 (1935).
Z/p k wx1077 Wx10°5 Lx10* Ax10* «/p hx10°

10 410 7.4 76.0 3.80 260 0.34 1.40
15 57.6 8.7 91.6 3.40 270 0.27 1.05
20 65.0 9.3 90.8 2.70 230 0.26 0.74
25 69.7 9.6 91.0 2.30 220 0.26 0 56
30 73.0 9.8 91.6 2.15 218 0.25 0.46
50 80.8 10.3 101.5 1.60 230 0.15 0.24
80 92.0 11.0 137.0 1.30 370 0.0 0.0

* The probability of attachment kb was calculated by means of the values of W
given by Townsend and Tizard.



96 RESULTS OBTAINED BY DIFFUSION METHODS

BrOMINE
J. E. Bailey, R. E. B. Makinson and J. M. Somerville, Phil. Mag.,
24, p. 177 (1937).
Z/p bk ux10"7 Wx10% Lx102 Ax10* a/p  hx102

4 40.0 7.3 — 1.65 4 2.50 0.84
6 55.5 8.6 — 2.70 30 1.60 1.44
10 69.0 9.6 52.0 3.65 75 0.55 1.20
16 754 10.0 68.0 2.60 100 0.40 0.60
20 77.8 10.1 74.4 2.45 105 0.28 0.50
30 84.8 10.6 80.0 1.90 140 0.15 —_
50 90.6 10.9 91.0 1.60 180 0.10 —
70 91.0 11.0 106.0 1.55 200 0.09 —
ToDINE

R. H. Healey, PPhil. Mag., 26, p. 940 (1938).
Z/p k wx10"" Wx10% Lx102 Ax10* a/p hx104

10 18.0 4.9 24.6 0.80 62 — 1.0
15 32.0 6.5 39.0 1.17 92 2 55 1.7
20 51.0 8.2 55.0 1.60 103 5.85 6.0
25 73.0 9.8 70.2 2.09 144 2.30 3.8
30 82.6 10.7 81.2 1.80 147 1.30 14
40 91.1 11.0 84.8 1.62 148 — —
50 973 114 92.0 1.48 159 — —

CARBON MONOXIDE
M. F. Skinker and J. V. White, Phil.Mag., 48, p. 630 (1923).

Z/p k ux10"7 W x10-® L x102 A %104
0.25 3.2 2.06 9.0 5.14 46.9
0.5 4.8 2.562 13.0 4.5 65.5
1 7.0 3.05 18.0 3.8 86
2 11.4 3.82 23.3 3.04 89.1
5 22.7 5.48 28.5 2.16 52.8

10 34 6.7 38 1.76 79

20 42 7.45 57 1.47 144

30 52 8.3 80 1.63 229

50 86 10.7 152 2.24 500
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Nrrric OXIDET
V. A. Bailey and J. M. Somerville, Phil. Mag., 17, p. 1169 (1934).

Z/p k wx10"7 W x10% L x102 A x104

0.5 6.2 2.9 20.2 6.0 130

1 7.7 3.2 25.1 5.2 160

2 9.1 3.5 34.0 4.0 240

3 10.3 3.7 43.0 3.8 340

5 12.3 4.0 58.6 3.2 530

8 16.6 4.7 64.0 2.6 440
12 33 6.6 69.7 2.7 270
16 45 7.7 81.7 2.75 280
20 49 8.0 93.3 2.7 320

tInvestigated previously by Skinker and White (Phil. Mag., 46, p. 360, 1923).
Negative 1ons are formed by attachment, but values of a/p and h were not
determined accurately.
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Fig. 28b. (Z/p,a/p) curves for pentane, mtrous oxide and ar.

CArRBON DIOXIDE

J. B. Rudd, in Sydney. The (L,u) and (4,u) curves wcre
published in the same communication as the results for nitrous
oxide below.

Z/p k ux10-7 W x10% L x10? Ax104
2.0 1.9 1.6 13 0.7 160
3.5 3.0 2.0 26 1.0 400
4.5 5.9 2.8 44 1.8 590
6.0 12 4.0 66 3.1 655
7.5 24 5.6 87 4.5 583
9.0 35 6.8 102 5.3 555

11.0 48 8.0 119 5.8 535

14.0 59 8.8 130 5.9 530

16.0 70 9.6 139 5.8 510
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M. F. Skinker, Phil. Mag., 44, p. 994 (1922).

Z/p k X107 W x10-* L x10® A x104
0.26 1.2 1.2 1.2 0.42 2.34
0.5 1.3 1.3 2.5 0.45 8.95
1 1.5 14 5.5 0.54 37.4
2 1.8 1.5 11.8 0.63 144
5 9 3.5 50 2.39 516

10 47 7.9 108 5.91 460

20 75 9.9 138 4.76 472

50 139 13.6 195 3.67 506

Nitrous Ox1DE*
V. A. Baiey and J. B. Rudd, Phil.Mag., 14, p. 1033 (1932).
Z/p k wx1077 Wx10-5 Lx10® 1x10¢ 1‘;><10=l h x 10

1 24 178 25.9 3.21 522 —— —
2 41 233 53.4 4.32 1290 0.0 0.00
3 64 291 73.1 4.93 1554 1.3 0.16
5 13.0 415 93.2 5.37 1240 3.7 0.45
10 26.4 5.91 113.4 4.58 908 7.3 0.65
16 38.7 17.156 133.7 4.16 860 9.3 0.73
24 575 872 143.8 3.64 668 8.5 0.51
32 79.0 10.22 152.5 3.39 548 — —

WATER VAPOUR

V. A. Bailey and W. E. Duncanson, Pil Mag.,10, p 145 (1930).
Z/p k wx10"7 Wx10-% Lx10> Ax104 a/p h x104

12 3.78 2.21 30 0.37 423 0.015 0.06
14 5.67 2.72 35 0.48 418 0.03 0.19
16 8.64 3.37 42 0.63 400 0.16 1.3
20 18.9 4.98 62 1.07 369 0.23 3.0
24 37.0 17.00 81 1.65 328 0.24 4.5
32 48.9 8.04 96 1.69 352 0.25 5.0

* Investigated previously by M. F. Skinker and J. V. White (Phil.Mag, 48,
p.- 630, 1923).
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AMMONIA*
V. A. Bailey and W. E. Duncanson, Phil. Mag., 10, p. 145 (1930).
Z/p k wux10"7 Wx105 Lx10*® 4x10* a/p h x 101

4 149 140 6.9 0.17 62 —_ —

6 1.62 1.43 12.4 0.21 183 —_— —

8 459 2.49 31 0.67 427 0.006 0.03
10 12.2 4.02 51 1.37 354 0.025 0.32
12 300 6.29 65 2.38 261 0.050 1.2
16 50.0 8.12 76 2.70 215 0.115 3.1
24 55.4  8.57 86 2.09 234 0.20 4.1
32 57.0 8.67 92 1.73 273 0.20 3.7
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Fig. 29a. (h,u) curves for ammomna, water vapour, hydrogen chloride and oxygen.

PENTANE
J. D. McGee and J. C. Jaeger, Phil. Mag., 6, p. 1107 (1928).

Z/p k wx1077 Wx107 Lx10® Ax10¢ 1-‘[’)‘><1o8 h x 10

0.625 1.7 1.5 12.5 2.1 170 — —
1.25 2.8 1.93 24.2 2.26 390 3.8 13.6
25 45 246 37.0 2.55 560 1.86 6.1
5 8.8 3.51 47.0 2.32 440 0.82 2.5
10 184 4.9 51.0 1.77 260 0.80 1.5
20 414 7.4 54.5 1.42 130 1.72 1.8
40 77 10.1 63.8 1.13 100 —_ —

* This gas was investigated previously by V. A. Bailey and A. J. Higgs (Phil.Mag ,
7, p. 277, 1929) and by V. A. Bailey and J. D. McGee (Phil.Mag., 8, p. 1073, 1928).
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F1a. 29b. (h,u) curves for pentane, mtrous oxide and air.

ETHYLENE

J. Bannon and H. L. Brose, Phil.Mag., 8, p. 817 (1928).

Z/p k wx10"7 W x10% L x10% Ax104
1.26 2.07 1.66 23.3 2.14 488
2.5 5.3 2.656 39.3 2.92 541
4 11.0 3.81 49.6 3.28 416
5 15.0 4.53 54.0 3.42 348
6 19.3 5.05 56.0 3.30 303

10 31.3 6.43 60.3 2.71 217

20 45.3 7.74 67.6 1.83 187

40 64.4 9.23 88.7 1.43 227

60 80.2 10.2 116 1.38 319

80 95.0 11.2 145 1.42 408
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HYDROGEN CHLORIDE*

V. A. Bailey and W. E. Duncanson, Phil.Mag.,10, p. 145 (1930).
Z/p k wux10"7 W x10-5 Lx10%2 }x104 a/p h x10%

10 3.78 2.24 26 0.41 330 0.09 0.4
15 5.40 2.64 42 0.51 600 0.22 1.7
20 7.02 3.04 46.5 0.49 560 0.56 4.1
30 12.2 4.02 52 0.49 420 0.73 4.7
40 22.4 5.46 58 0.56 280 0.74 4.4

* Investigated previously by V. A. Bailey and A. J. Higgs (Phil.Mag., T, p. 277,
1929).
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51—Mean Free Paths and Effective Cross-Sections.

In the preceding chapters, an account has been given of the
diffusion methods developed by J. S. Townsend and V. A. Bailey ;
it is intended in the present chapter to give a brief survey of a
number of other techniques, and to discuss the results obtained
by them.

We begin by deseribing the methods used to determine the
mean free paths of electrons with regard to gas molecules*. In
all of these, a stream of electrons is passed through the gas, the
observation consisting in the measurement of the proportion which
suffers neither appreciable energy-loss nor appreciable deflection ;
this proportion is clearly given by an cxpression of the form

I/I, = e, ..ot (56)

where I, and I are respectively the initial and final values of the
electron current, x is the distance traversed by the beam, and d
—for a given gas—is a quantity which is inversely proportional
to the pressure and varies with the electronic velocity. Assuming
that the gas molecules have a radius r which is large compared
with that of an electron, that the velocity of the electrons is con-
siderably greater than that of the molecules, and that every col-
lision removes the colliding electron from the stream, it is easily
shown that
d = 1/ar*N,

where N is the number of molecules in 1 cc of the gas. The quantity
7r? is known as the effective cross-section (“ Wirkungsquerschnitt )
of the molecule. It is customary, however, to give results in terms
of the quantity zr2N/p (denoted by @z) which is known as the total
effective-cross-section ; using this notation, equation (56) may
be written

I/I, = €Ok,

* See C. Ramsauer, Phys.Zeits., 29, p. 823 (1928) ; E. Bruche, Ergebnusse d. exakt.
Naturwiss., 8, p. 185 (1929) , R. Kollath, Phys.Zeits., 31, p. 985 (1930); and J.
F¥ranck and P. Jordan, Handbuch d.Phys., 1926, 28, p. 642.
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A schematic diagram of an apparatus for the determination
of Qp is shown in figure 30. Electrons from the source Z are ac-
celerated to the desired velocity in moving to the slit B,; those

F1e. 30. Schematic diagram of apparatus for dotermining @ g.

which are not deflected when traversing the gas-filled space 4
pass through an identical slit into the collecting chamber H. Let
the currents passing through B; and B, be denoted by I, and [
respectively, and let z be the distance between the slits ; the effec-
tive cross-section is then given by

Qr= (1/p) . log(Lo/I).

In practice, in order to eliminate errors such as those caused
by an incorrect alignment of the slits, the currents are also measured
in vacuo; denoting these corresponding values by ¢, and ¢, it
will be seen that the cross-section is given by

Qr = (1/zp) [log(i/ty) — log(I/Ig)]. ---vnnn. (57)

The above equation shows that there is a linear relationship con-
necting log (I/I,) and p, this relationship affording a simple ex-
perimental check on the apparatus.

The instrument shown in figure 30 is that developed by Lenard*.
This simple arrangement, however, measures only a partial cross-
section ; for, in the stream passing through B,, there still remain
electrons which have suffered energy-loss, but which have not been
deflected from the stream. One method of overcoming this difficulty

* P, Lenard, Ann.d.Phys., 2, p. 359 (1900) , 8, p. 149 (1902), 12, pp. 449 and 714
(1903).
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is that due to Mayer*, who modified Lenard’s original apparatus
by applying a retarding field between B, and the collecting chamber,
the retarding potential being equal to the accelerating potential.

In the methods developed by Ramsauer} and Brode€], the
electrons were constrained to move in a narrow, circular path by
means of a magnetic field applied perpendicular to the plane of
this path, so that those electrons which suffered energy loss without
deflection at a collision were also removed from the stream. In
Brode’s method, however, as in that of Mayer, a possible error is
introduced by the wide, initial velocity-distribution of the electrons
coming from the source§. Such an error is obviated by Ramsauer’s
method, the apparatus being shown in figure 31. Electrons which

Fi1a. 31. Ramsauer’s apparatus for determmmmg @g.

are deflected or suffer encrgy loss at a collision are collected by
the slit electrodes defining the stream. 1In this instrument, the
slit 5 is to be regarded as the source, so that both the initial and
final currents consist of homogeneous streams of electrons, the
velocity being defined by the strength of the magnetic field, and
the narrow distribution by the width of the slits. The chambers
V and H correspond to 4 and H in figure 30. A somewhat different

* H. F. Mayer, Ann.d.Phys., 84, p. 451 (1921).

t Ann.d.Phys., 64, p. 513 (1921), 66, p. 545 (1921).
9 R. B. Brode, Phys. Rev., 25, p. 636 (1925).

§ See Kollath, loc. cit.
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apparatus, also using a magnetic field to obtain a homogeneous
stream, has been developed by Rusch*.

For the low velocity range, the electron current in the instru-
ments described above becomes very small and is therefore difficult
to measure. This difficulty is avoided if the stream is not confined
to a narrow path, but is allowed to diverge from the source in a
cylindrically or spherically symmetric manner. Such instruments
have been designed by Brodet and by Rusch.

The reciprocal of Qp clearly corresponds to a mean free path
at 1 mm pressure, but is not necessarily equal to the quantity L
in Townsend’s theory, as a collision between an electron and a
molecule is defined differently in the two analyses. Townsend
defines a collision as an event in which, on the average, an electron
loses all its momentum in any specified direction ; in the determina-
tion of the effective cross-sections, however, a collision is defined
as an event in which an electron suffers an appreciable change
either in direction of motion or in velocity.

It will be seen from the above definition that the values ob-
tained for @z must depend to some extent upon what is meant by
an ‘‘ appreciable ” change, and hence upon the width of the slits.
Experiments suggest, however, that below a certain limit the
variation of this width does not greatly affect these values} ; this
conclusion is supported by the fairly close agreement between the
values determined for @5 by the various methods described above.
It would thus seem that the field of the molecule falls away very
rapidly, the molecule behaving much as though it had a definite
boundary. Nevertheless, the effective cross-section is to be re-
garded not as a real cross-section, but rather as a mathematical
quantity equal to the cross-section which the molecule would have
if, in the collision, it behaved as a solid sphere.

In spite of the difference between the definitions of a collision,
corresponding values of @z and L are of the same order, and their
variations with the mean electronic energy similar. In general,
L is less than Qp; frequently, also, the curves (Qpu) exhibit
sharper maxima than the corresponding (L~2,u) curves, this differ-
ence being due to the narrower velocity-distributions associated

* See Kollath, loc. cut.

t Proc.Roy.Soc., A, 109, p. 397 (1925).

4 M. Rusch, Phys.Zeuts., 26, p. 748 (1925).

t See O. Beeck, Zeits.f.Phys., 81, p. 251 (1930) ; 64, p. 727 (1930) ; and Kollath,
loc. cit., p. 1004.
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with the methods used to determine Q5. Typical results are shown
in figure 32, where the values for L' obtained in hydrogen by
Townsend and Bailey are compared with the values of @ de-
termined by a number of investigators.
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Fic. 32. Comparson of various values for the effective cross-section of electrons
m hydrogen.

It might be expected that, for a given gas, there would be a
fairly close agreement between the positions of corresponding
maxima and minima in the curves (Qzu) and (L™%u). Compari-
sons have already been given by Kollath and by Brose and Saayman*,
Most of the measurements of @z have been made in the higher
velocity range (w > 1 4/ volt) ; nevertheless, in the common domain
there is a very good agreement between corresponding maxima and
minima, as is shown by table 20, where the values of u are compared
at which maxima occur in the curves (@ z,%) and (L,u) for a number
of gases. In the methods used to determine Qp, the velocity »
can be calculated immediately, so that this agreement furnishes
further evidence that the diffusion methods of determining the
mean energy of agitation are reliable.

* Ann.d.Phys., 5, p. 797 (1930).
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Table 20.
Gas Position of (@) max. Position of (@) max.
A 3.1 4/volts 3.4 4/volts
H, 1.3 1.5-1.7
N, 1.5 1.5
co 1.4 1.4
N,0 12 (weak) 1.4
0, 175 15 (weak)
C,H, 1.7 1.6

5.2—Energy Losses at a Collision.

Apart from the (4,u) curves obtained for a number of gases
by diffusion methods, there is but little information available
concerning the energy lost by slow electrons in collisions with gas
molecules.

In 1913, Franck and Hertz* carried out some experiments
with the object of comparing the energies of electrons which pass
directly from the source to the collector with the cnergies of electrons
which are reflected back in the direction of the source after colliding
with gas molecules. In this work, the gas pressure was chosen so
that the mean free path was considerably greater than the distance
between the two electrodes but less than the distance of the source
from the containing walls of the instrument. The distribution of
the velocity-components parallel to the electric force was measured
by the retarding field method. As an example of the results ob-
tained, figure 33 gives the distribution of these velocity-components
for both primary and reflected electrons in helium at a pressure
of 0.083 mm, the accelerating potential being 4 volts; curve [
corresponds to primary electrons, curve II to the reflected electrons.
It will be seen that the two curves are somewhat similar in shape,
the maximum energy attained in each case being approximately
equal to the accclerating potential. From this experiment it

* J. Franck and G. Hertz, Ber.d.D.Phys.Ges., 15 p- 373 (1913). See, also, Franck
and Jordan, Handbuch d.Phys., 1926, 28, p. 651
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was therefore concluded that the proportion of its energy lost by
a slow electron at a collision with a helium atom is small. The
accuracy of the method was not sufficient, however, to decide
with certainty that the energy loss is less than several per cent.
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Fia. 33. Comparison of the energies of prinary and reflected electrons m heliam.

Curve I corresponds to the primary electrons.
Curve 1I corresponds to the reflected electrons.

0

Similar results were obtained in hydrogen by Baerwald*.
In oxygen, however, it was found that the proportion of reflected
electrons was considerably smaller, and that the energies of these
electrons were much less than those of the primary electrons (sce
figure 34). Franck and Hertz put forward the view, supported
later by Baerwald, that considerable energy losses would occur in

* H. Baerwald, Ann.d.Phys., 78, p 829 (1925)
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gases having an electron affinity, and that these energy losses would
increase with the electron affinity. Franck and Jordan subse-
quently discarded this view and suggested that the measured
energy losses were only apparent, the presence of negative ions
rendering the results difficult of interpretation.

08
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Fig. 34. Comparson of the encrgies of primary and reflected electrons in oxygen.
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The above experiments were only qualitative ; in order to
obtain more-exact results, Franck and Hertz* made use of a triode
arrangement of filament, grid and plate in which the distance
between the grid and plate was small compared with that between
the filament and the grid, the construction of the apparatus being
such that the latter distance could be varied. Electrons were
caused to pass through the gas by applying a positive potential
to the grid, and the distribution of the components of velocity in
the direction of the field determined for the electrons arriving
in the neighbourhood of the grid by applying a varying retarding-

* Verh.d.D.Phys.Ges., 15, p. 613 (1913).
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field between the grid and plate. The results obtained at a pressure
of 1.3 mm in helium for an accelerating potential of 18 volts are
shown in figure 35 ; curve I corresponds to a filament-grid distance
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F1g. 35. Volocity distributions of electrons m helium.

Curve I corresponds to a filament-grid distance of 4 mm.
Curve II to a filament-grid distance of 18 mm.
Curve III 1s calculated by means of Hertz' formula.

of 4 mm, and curve II to a distance of 18 mm, this difference being
several times the mean free path at the above pressure. Although
in the second case the electrons make many more collisions than
in the first, the two curves are very similar. The dotted curve 111
was calculated in the following manner on the assumptions that
all the electrons arrive at the grid with the same energy (17 volts)
and that the dircctions of motion are equally distributed in all
possible directions* :

Let v denote the velocity of the electrons at the grid, v, the
velocity component in the direction counter to the accelerating
field, and 6 the angle between the direction of motion and the field,

80 that cos 6§ = v,/v. The number of electrons whose direction
of motion lies between 6 and 6 + d6 is

N(6).d0 = N.sinf.d0.

* G. Hertz, Verh.d.D.Phys.Ges., 19, p. 268 (1917).
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The number of electrons whose velocity component lies between
v, and v, + dv, is

N(v,).dv, = ]X(?f.

Let P be the potential required to bring to rest an electron of
kinetic energy imwv,?; the additional number of electrons brought
to rest by increasing the retarding potential from P to P 4 dP is
then given by

N(P)dP = N- d}—,—,

24/ PV

where V is the energy of the electrons in volts. The curves I and
11 are the measured values of N(P)/N plotted against P, while
curve 111 represents 1/(2+/PV) plotted against P, this curve of
best fit being obtained for a value of V equal to 17 volts. The
close agreement between these threc curves was considered to
justify Hertz’s assumptions, and to show that the velocity with
which the electrons arrived at the grid under the particular con-
ditions was that corresponding to a potential drop of 17 volts,
from which it was concluded that slow electrons can make a large
number of collisions with helium atoms without losing a considerable
portion of their energy.

A number of experiments relating to critical potentials are
of interest in connection with the problem of estimating energy
losses at a collision. As mentioned above, it was found that, in
helium at low pressures, electrons attained velocities appreciably
the same as those in vacuo, provided the accelerating potential
was not too high. When, however, the accelerating potential in
these experiments was raised above a certain critical value such
that electrons attained sufficient energy to excite the atoms, the
behaviour was very different, as collisions then occurred in which
the electrons lost a large proportion of their energies. This effect
was clearly demonstrated when a potential of 25 volts was placed
on the grid, and the velocity-distribution measured as before* ;
in this case it was found that only a very small proportion of the
electrons had energies exceeding 6 volts, the first excitation level
of the helium atom being 19.8 volts (see figure 36). Further ex-
periments of this type showed that, as the accelerating voltage was

* See Handbuch d. Phys., 28, p. 656.
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steadily increased, the average electron-velocity periodically re-
turned to a low value, the period being equal to the lowest excitation
potential.
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Fra. 36. The enorgy distribution for electrons in hehum, illustrating the effect
of the first enitical potential.
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The experiments mentioned above were carried out at low
pressures, so that the electrons made only a few collisions in moving
from the filament to the plate. With increased pressures, however,
inelastic collisions first occurred for accelerating potentials some-
what higher than the excitation level, because the total energy
then lost by an electron in elastic collisions was no longer inappreci-
able ; at higher pressures, too, the periodicity mentioned above
became less marked.

It was also found that, if the current-voltage curve were de-
termined in a diode containing the gas, there was an abrupt, periodic
discontinuity in the slope of the curve, the periodicity coinciding
with that of the average velocity for the same pressure ; thus, at
low pressures the period corresponded to the first excitation level,
increasing with the pressure. From the increase of the period
with pressure, the mean energy lost at a collision could be estimated
when the average number of collisions made by an electron was
known. A series of current-voltage curves for this purpose was
obtained by Benade and Compton*.

* J. M. Benade and K. T. Compton, Phys.Rev., 11, p. 184 (1918)
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In order to estimate the energy loss at a collision from the
various experiments described above, it is necessary to calculate
the average number of collisions made by an electron in moving
between the electrodes. Franck and Hertz first made use of a
formula derived by Hertzt in 1917, a similar formula being derived
by Benade and Compton. In 1925, however, Hertz§ decided
that his earlier calculations were in error, as diffusion has then been
neglected, and he obtained new formulae which were then applied
by Franck and Jordan§ to the results obtained by Franck and
Hertz and by Benade and Compton.

Hertz, in his second theory, made the simplifying assumptions
that the electrons lose no energy at a collision (so that all the elec-
trons at any point have the same energy) and that the mean free
path is constant. Taking the z-axis parallel to the accelerating
field, the following cxpression was obtained for N, the number of
electrons passing per second through unit surface normal to the
z-axis :

N = nyl/3u — (ul/3)dn/dz,

where n is the electron-density, y = Ze/m, u is the velocity of
agitation and ! the mean free path. From this result, Hertz
showed that the mean number of collisions made by an electron in
moving between the filament and the positive electrode, that
is, from z = 0 to z = a, is equal to

3a%/41%.

Substituting in this formula a value of ! taken from Ramsauer’s
results, Franck and Jordan estimated A in helium to lie between
3 x 104 and 1.2 x 10-% from the results of Franck and Hertz,
and between 3 x 107* and 8 x 10-* from those given by Benade
and Compton. These estimates were supposed to prove that
collisions in helium are perfectly elastic for electrons having energies
less than the excitation potential*.

These results are of historical interest but the methods are
not precise. In both experiments and theory, the effect of velocity-

1 Verh.d.D.Phys.Ges., 19, p. 268 (1917).

9 Zests. f. Phys., 32, p. 298 (1925).

§ Handbuch d. Phys., 28, pp. 657 and 661.

* Franck and Jordan, Handbuch d. Phys., 28, p. 661 : “ Danach 1st mit der zu
%rwarbenden Genauigkeit, die der Annahmo elastischer Stosse gezogene Folgerung

estatigt.”
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distribution is completely neglected ; for example, in the experi-
ment of Franck and Hertz in which 18 volts was applied to the
grid, it is not easy to agree that their results establish that the
average clectron energy at the grid is 17 volts. Further, they
appear to neglect the effect of the initial velocities of emission of
the electrons, and it is clear that effects due to contact potential
could introduce an appreciable error. Morcover, the theory de-
veloped by Hertz, which has been used in the calculations, is not
entirely satisfactory, as has been shown by Bailey*.

Finally, it is of interest to compare these results, from which
Franck and Jordan deduced that collisions between slow electrons
and helium atoms are elastic, with the results shown in table 4
in §1.7. This table shows that values of A calculated on the as-
sumption of elastic collisions agree very well with the experimental
values up to & = 80 (3 volts), and thus provides convincing evidence
that, in this range, collisions are elastic.

5.3—The Probability of Attachment.

The attachment of electrons to form negative ions has been
investigated by Wellish, Loeb, Wahlin, Cravath, Bradbury and
Bailey. A number of the methods used are described below.

Early experiments on the mobility of negative ions showed
that this quantity was no longer inversely proportional to p for
pressures below a few centimetres. This behaviour was finally
traced to the fact that negative ions can be formed in collisions
between electrons and molecules ; at lower pressures a large number
of ions are formed near the collector electrode, so that the apparent
mobility is abnormally high, the drift velocity of the electrons
being considerably greater than that of the ions.

J. J. Thomsont proposed a theory dealing with the formation
of these ions. In this theory it is assumed that out of 7 collisions
between electrons and a given type of neutral molecule only one
will result in an attachment, » being a constant for the particular
type of gas molecule considered.

* Zeits.f.Phys., 68, p. 834 (1931). See also Townsend, Proc.Roy.Soc., A, 120,
p. 511 (1928).
t Phil.May., 80, p. 192 (1915).
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A short time later, in some experiments on the mobility of
negative ions at low pressures, E. M. Wellish{ found that the
current arriving at the collector electrode consisted partly of negative
ions and partly of free electrons. He interpreted these results
to mean that the ions were formed in the neighbourhood of the
source, where under the particular experimental conditions the
electronic energies of emission were relatively high ; and concluded
that, in the formation of an ion, the electron must have an energy
exceeding a certain critical value which he called * the potential
energy of ion formation.” Some later experiments in dry air* were
considered to support this theory. Both Loeb} and BaileyY,
however, have criticized Wellish’s interpretation of his results.

Experiments on the formation of negative ions by attachment
were carried out by Loeb} in order to discriminate between the
theories given by Thomson and Wellish. The apparatus used is
a modification of that developed by Rutherford for the determina-
tion of ionic mobilities. An alternating voltage of square
wave-form is applied between the source S and the collector
C, and a measurement made of the ratio of the current arriving at
C to the current leaving S. Let V and T' denote the amplitude and
the half-period of the wave, and W' the drift velocity of the negative
ions. It is assumed that only those jons reach ¢ which are formed
at a distance greater than « from 8, where « is given by the relation

@-2)/W' =T, ooiiiiiirannnnn, (58)

d being the distance between C and 8. The proportion of the
electron current arriving at a distance x from the source is given by

1/)I, = e = exp [— zhu/(IW)]

where u, I, W, I and I, have their usual meanings, and, according
to Thomson’s theory, » = 1/n. Substituting the appropriate
value for z, the following equation is then obtained :

I/I, = exp [— (d — WThu/AW)]. ........ (59)

Let the mobility of the ions at the particular pressure be u'; the
velocity of drift W’ is then equal to u'V/d. Loeb assumed that

+ Am.Journ.Science, 39, p. 583 (1915); 44, p. 1 (1917); Phil.Mag., 81, v. 186
(1916); 34, p. 1 (1917).

* Nature, 128, p. 547 (1931).

t L. B. Loeb, Phys.Rev., 17, p. 89 (1921).

§| Nature, 129, p. 166 (1932).
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the drift velocity of the electrons is also proportional to the field
strength, W being equal to uV/d, where u is the corresponding
“ mobility.” Assuming that ! equals 44/2 times the mean free
path of the molecules, that the electrons are in thermal equilibrium
with the gas, and taking a known value for x’ and agsuming a value
for u under the particular conditions, he then obtained the equation

I/, = exp {— 9.9 x 10%h.d2 [(7/760)2/V — 2p/(760N)]}, (60)

where N = 1/T. Loeb made a large number of observations in
air for various values of d, V, p and N in the range Z/p < 1. The
values obtained for # by substituting in the above equation ranged
from 1.1 x 10-% to 6.6 x 10-%; it was considered that these re-
sults supported Thomson’s theory that h is independent of u, the
value 4 X 107¢ being chosen as the most probable.

Further experiments of this type were carried out by H. B.
Wahlin*. Making use of Townsend’s relation

W = 0.815 2%
mu

in equation (59) and assuming that W is proportional to Z/p,
Wahlin obtained the following equation

/10 = eap { — 5 /10017 — wp/ro0N) f, (01

where 4’ is the ion mobility and u the “ electron mobility ”’ in the
gas at 760 mm. In order to evaluate p it was assumed that u/u’
is the same in all gases, and use was made of an observation by
Loeb of W in nitrogen to decide the value of this ratio. Experi-
ments were carried out at low values of Z/p in carbon monoxide,
ammonia, acetylene, ethylene, ethane, chlorine and ethyl chloride,
and the values of & in each gas computed. Wahlin also made some
experiments in air, from which he decided that an increase in the
energy of the electrons above that of thermal agitation does not
appreciably influence the number of attachments. From these
results he concluded that Wellish’s theory is untenable and that
h is independent of wu.

The conclusions arrived at by Loeb and Wahlin in support
of Thomson’s theory have been criticized by Baileyt. Moreover,

* Phys.Rev., 19, p. 175 (1922).
t Phil.Mag., 50, p. 825 (1925).
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equation (58) is not accurate, as all the electrons do not leave
the source at the instant the accelerating field is applied*; it
might, however, be expected that values of a calculated by means
of this equation would be of the same order of magnitude as those
determined by the diffusion methods. The methods used by Loeb
and Wahlin to estimate W, however, are not satisfactory, so that
the values which they give for % can not be regarded as accurate.

The apparatus used by A. M. Cravath} to determine o is
shown in figure 37. A steady electric field is maintained between

C
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Fi6. 37. Schematic diagram of Cravath’s apparatus for determining a.

the source S and the collector €, and a high-frequency field applied
between adjacent wires of the grid @. On arriving at the plane of
@, most of the electrons are removed from the stream, while most
of the negative ions pass through to the collector C. Measurements
are made of the currents arriving at C both with the alternating
field applied and in the absence of this field ; denoting these cur-
rents by I and I, respectively, it is clear that the ratio I/, is very
nearly equal to 1 — e ed.  The gases investigated were air, oxygen
and mixtures of oxygen with water-vapour. In order to estimate
h, Cravath, in effect, makes use of an equation of the form of (26)
in §2.3,

aly?

7}

the values used for W are those given by Townsend and Tizard for

h = constant X

* Loeb later modified this equation 1n order to make some allowance for this
effect (Journ. Franck. Inst., 197, p. 45, 1924).
t Phys.Rev., 88, p. 605 (1929).
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air and by Brose for oxygen. The results obtained by Cravath for
values of Z/p ranging from 0.1 to 1.6 led him to the conclusion that
h varies with 4. In this work some difficulty was encountered in
obtaining consistent results.

The method used by N. E. Bradbury* to determine « is based
on that used previously by Cravath ; greater accuracy is attained
by using two movable grids, G, and @,, only one of which is in the
stream at any given time. Let G, and (}; be at the respective
distances d and d + z from the plane of the source S. For Gy,
let the current arriving at the collector C' be I, in the absence of
the alternating field, and ¢, when the alternating field is applied ;
let the corresponding currents for G, be I, and ¢,. It is then easily
shown that

1 — et =4,/
and
1 — eeld+a = 4 /],

whence the following equation for a is obtained :
e = (I, — t)/(Iy — ).

It will be seen that the error arising from an incomplete separation
of the electrons and ions is diminished in this method. In order
to determine %, the following equation is used :

ho=176 x 10718 aW2/Z; ............ (62)

this equation differs from (26) in §2.3 only in that the factor C
has been taken equal to 0.75 instead of 0.815. The drift velocity
is calculated by mecans of the following equation which relates
the photoelectric currents between parallel plates to the drift
velocity W of the electrons and their average initial velocity of
emission ug:

i/I, = 6x W/(ug + v6aW), .......... (63)

where ¢ is the current arriving at the collector and I, the total
emission from the cathode.

The method used by Bradbury to determine a is satisfactory,
but his method of estimating W, and hence A, is open to criticism.

* Phys.Rev., 40, pp. 608, 524 and 980 (1932); 44, p. 883 (1933); Journ. Chem.
Phys., 2, p. 827 (1934) ; Bradbury and H. E. Tatel, Journ.Chem.Phys., 2, p. 835
(1934).
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Equation (63) was suggested by an equation given by Thomson*
relating to the motion of ions:

i/fI, = +6x Wi/(w, + +6xWy),

where W, is the drift velocity and u, the velocity of agitation of
the ions. Thomson’s equation was obtained on the assumption that
the ion density in the space between the electrodes was constant,
and hence cannot be regarded as exact. Bradbury assumes that
this relation also holds for electrons, provided the “ most probable
velocity of emission ” %, is substituted for the velocity of agitation.
It is easily shown that cquation (63) can be seriously in error.
Moreover, writing this relation in the form

Ifi — 1 = u/(v/6aW),

it is clear that the values obtained for W depend directly on the
value assigned to %,. Bradbury calculated u, from a value given
for the work-function of the emitting surface ; and as this quantity
depends critically on the condition of the surface, being appreciably
affected by the presence of a number of gases, it will be realized
that there is a further source of uncertainty in his estimates of
the drift velocity. The probability of attachment is proportional
to W2, so that the corresponding uncertainty in Bradbury’s values
of b must be still larger.

The results are given in the form of (Z/p,h) curves. A number
of values of % obtained by Bradbury are compared in table 21
with corresponding values determined by diffusion methods, and
it will be seen that the agreement is only fair.

Table 21.

Gas Z/p h (Bradbury) h (diffusion)
Air 2 3 x 10-¢ 0.7 x 10-8
NH, 20 4 x 108 3.5 x 10~
H,0 16 2 x 10 ¢ 1.3 x 10
N;0 20 1 x 10-3 0.7 x 10~

3

* ¢ Conduction of Electricity through Gases,” 1928, 1, p. 466.
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The values of a obtained by the two methods should agree
fairly closely ; unfortunately, Bradbury does not give his values of
a. As h is proportional to «/p, however, it might be expected
that the values of a/p determined by diffusion experiments and
the values of % given by Bradbury would become appreciable at
the same value of Z/p ; this expectation is borne out by the results
shown in table 22.

Table 22.
Gas h (Bradbury) becomes | a/p (diffusion) becomes
appreciable at appreciable at
Z/p = Z/p =
Air 2 2
NH, 8 8
N.0 10 10

It is of interest to compare the (Z/p,h) curve for oxygen ob-
tained by Bradbury with the corresponding curve determined by
Healey and Kirkpatrick using diffusion methods. These two curves,
shown in figure 38, are of the same general form, the maximum
and minimum values occurring at comparable values of Z/p; and
although Bradbury’s estimates of & are about twice the others, the
agreement must be considered very satisfactory. In addition,

20
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Fie. 38. (Z/p,h) curves obtained for oxygen.
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the (Z/p,h) curve given by Bradbury for a mixture of chlorine
and argon is of roughly the same form as the (,h) curve obtained
by Bailey and Healey for chlorine, the maximum values of % being
of the same order.

The problem of the formation of negative ions has been con-
sidered theoretically. In order that a negative ion should be
stable, the electron affinity, that is, the difference in energy be-
tween the normal states of the neutral atom or molecule and the
corresponding ion, must be positive. In general, the calculation
of the electron affinity has not been possible because this quantity
represents only a relatively small difference between two cnergies
which cannot be calculated very accurately*.

In a number of simpler cases, however, it has been possible
to estimate the electron affinity. Thus, E. A. Hylleraast has
calculated this quantity for H, obtaining the value 0.70 volt, and
Ta You-Wuq has shown that the ion He" is unstable. Moreover,
it has been shown that H, is not very stable§, and that O, and,
probably, Cl,, Bry and I, are stable}.

Electron affinities for a number of atoms have been determined
experimentally by P. P. Sutton and J. E. Mayer** and by Glockler
and Calvintt. These experiments show that the atoms O, F,
8, Cl, Br and I have high, positive electron affinities, the value
for N being approximately zero, while He, Ne and A have large,
negative values.

Using a mass spectrograph, O. Tuxen || found that in discharges
in dry air, oxygen, hydrogen, helium, neon and argon the following
negative ions were present: O, O;, NO3, NO; OH- and H-.
Although the sensitivity of the apparatus was very high, no trace
could be detected of negative ions due to nitrogen or to the inert
gases.

W. W. Lozier§§ using an apparatus which J. T. Tate and he
designed somewhat earlier]Y, carried out experiments with homo-

* An excellent account of this problemn and the related experimental work has
been given by H. 8. W. Massey (‘* Negative lons,” 1938)

t Zeits. f. Phys., 80, p. 624 (1930).

o Phil.Mag., 22, p. 837 (1936).

§ Eyring, Hirschfelder and Taylor, Journ Chem.Phys., 4, p. 479 (1936).

Massey, loc. cit., pp. 27-30.

** Journ.Chem.Phys., 8, p. 20 (1935).

1t Journ.Chem.Phys., 8, p. 771 (1935).

|| Zets.f.Phys., 108, p. 463 (1936).

§§ Phys.Rev., 48, p. 268 (1934).

99 Phys.Rer., 89, p. 254 (1932)
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geneous beams of electrons in oxygen and carbon monoxide. The
number of ions formed was determined as a function of the electronic
energy. In each case the O~ ion was found to be present at high
energies. In oxygen, peaks occurred in the curve at energies of
about 7, 16 and 35 volts; the first two peaks were considered
to be due to electron capture and the third to dissociation.
Earlier experiments were carried out in iodine by T. R. Hogness
and H. W. Harkness who used a mass spectograph*. It was found
that the ion I~ was produced by electrons with energies as low as
3 volts, the lowest used in these experiments. The results ob-
tained suggest that the process involved in the formation of this
ion is
I, +e—~1I + I-.
The ions I; and I3 were also detected, possible modes of formation
being
I- +1I,-1; +1
and
Iy, + Iy~ I3 + 1.
Massey interprets the results obtained by Bailey and by Brad-
bury for the attachment of electrons in a number of gases as follows :
HCI. The process here may be
HCl 4+~ e~ H + CI-.

Cl,. This gas behaves similarly to HCI, the probable process
being
Cly + e~ Cl 4+ Cl-.

It is likely that the same mode of formation holds for Br, and I,,
the results of Hogness and Harkness for I, lending support to this
theory.

NH;. Bradbury has shown that the passage of slow electrons
through ammonia is accompanied by the formation of a permanent
gas, the attachment reaction being

NH, + e - NH- + H,

NyO. Similar to ammonia.

* Phys.Rev., 82, p. 784 (1928).
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H,0. 1In this case there is a very good agreement between the
results obtained by the two methods. Attachments begin at mean
energies of about 0.1 volt, the number rising steadily as the energy
increases. At the highest mean energy occurring in the experi-
ments, about 2 volts, the value of / is about 5 x 10-%. Bradbury’s
method has also been used for very low energies ; in this range it is
found that the probability of attachment increases when high
pressures are used. The process of attachment at high energies
is probably

H,O0 +e¢—~H + OH-.

The increase at low energies accompanying an increase in pressure
is probably due to polymerization of water vapour approaching
condensation.

H,S. Similar to water vapour, except that there is no attach-
ment for low energy electrons.

O,. The results obtained by Bradbury (and by Healey and
Kirkpatrick) show that there is a maximum and a minimum in
the (h,u) curve. In agreement with Bradbury and Bloch* it is
considered that the lower peak corresponds to the reaction

O, + e~ O;.

The second process, however, occurring at energies greater than
1.5 volts, is difficult to interpret. It is not likely that this reaction is

0, +e—~ 0" + O,
as the energy of dissociation appears to be about 5 volts.
S0,. Similar to O,.

In conclusion, it may be pointed out that the results obtained
by the experiments of Bailey and Bradbury are in good agreement
with theoretical expectations and with the results obtained by
other methods. In these experiments, no attachments have been
observed in the inert gases, nor in nitrogen, carbon monoxide and
carbon dioxide; while the probability of attachment is high for
those gases which have a high electron affinity. Moreover as is
shown in Table 19 in §4.5, the maxima in the (h,u) curves for the
gases Cl,, Bry, I, N,O and NH; occur at energies close to the dis-
sociation energies of the corresponding molecules, as is to be ex-
pected if Massey’s interpretations are correct.

* Phys.Rev., 44, p. 883 (1933) ; Journ.Chem.Phys., 2, p. 827 (1934).
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THE EFFECT OF ELECTRIC WAVES ON IONISED GASES

6.1—IJonization by Collision.

In a number of the processes discussed in the present chapter
we are concerned with the formation of positive ions at collisions
between electrons and gas molecules. This phenomenon, known
as ionization by collision, first becomes noticeable at energies
slightly higher than those considered in the previous chapters, the
appearance of positive ions in fact constituting an upper limit to
the precise application of the diffusion methods.

When a stream of electrons passes through a gas, positive
ions and additional electrons are produced by collisions, provided
that the energies of some of the electrons exceed a critical value
determined by the ionization potential of the gas. If the electrons
flow between two electrodes, the current increases rapidly as the
voltage is increased, until finally a spark passes. Townsend has
shown that positive ions are produced first by collisions between
electrons and gas molecules and then, as the sparking potential is
approached, by collisions between positive ions and molecules.

Consider first the stage in which essentially all the ionization
is produced by collisions between electrons and molecules. If
n, electrons are cmitted from a plate and » arrive at a distance 2z
from the plate, the number of electrons generated in a further
distance dz is given by

dn = B.ndez,

where f is the average number of ions formed by an electron in
moving 1 cm in the direction counter to the field. The quantity B,
known as the ionization coefficient, may be taken as constant over
the path when the pressure is sufficiently large for the electrons to
attain a steady state after moving a small distance from the source.
The number # is then given by

no=mef . (64)

Experiments show that the ratio §/p depends only on the value
of Z/p, a relationship which can be deduced from theoretical con-
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siderations similar to those given in §1.4. In all cases, 8/p in-
creases with Z/p in the range Z/p < 103, being given approximately
by an expression of the form*

Ae~Br 7,

At high values of Z/p the number of ions produced by col-
lisions between ions and molecules becomes appreciable. Let
y denote the average number of electrons produced by a positive
ion in moving 1 cm in the direction of the field. It can then be
readily shown that if , electrons leave a plate the number arriving
at a plane a distance d away is given by

(8 — v). exp [(B — »)]
B — v.exp [(B — p)d]’

When y = 0, this relation reduces to

n =,

n = n,.ehl.

It will be seen from the above equation that n becomes infinite
when

ﬁ - y' exp (ﬁ - '}’)d= 0y
that is, when
log f — log y
d = =77
B —v

This relation allows the sparking distance to be calculated for given
values of Z and p, and it has been found by Townsend and others
that the calculated values agree closely with those determined
experimentally.

6.2—The Motion of Electrons in a Gas under the Influence of Com-
bined Electric and Magnetic Fields.

Before investigating the effect of electric waves on ionized
gases, and in particular on the ionosphere, it is necessary to derive
equations describing the motion of electrons in gases under the
combined action of electric and magnetic fields. Such equations
have been given by V. A. Bailey and L. G. H. Huxley.

* Townsend, ‘“ Electricity in Gases,” p. 294.
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We begin by deriving a formula due to Bailey*. The electric
field considered is of a very general character, and is taken to be
the resultant of any number of components having different ampli-
tudes, directions, frequencies and damping; the magnetic field
is taken as constant. The principal symbols are tabulated below :

¢ = —e/m = 53 x 107 (e.su.);

T =e%/m = 254 X 10%;
Hh = constant magnetic field vector, where h is a unit vector ;
F = Hog/e, F = Fh;

E,n = amplitude of a component of the electric field E,
where n is a unit vector ;

E = %'}%: nT,, where T, is a function of the time ¢;
Z, = E,/v2;
w, = angular frequency of 7', ;
@, = phase angle of 7, ;

v, = damping coefficient of T, ;

W = mean velocity of a group of electrons ;

v = collision frequency of an electron ;

w = mean work done on an electron per collision, at the
time ¢ ;

w = average value of w taken over the longest period ;
0 =D + », where D = d/d¢;
1 1
§ = -—rs "= e
S o + iF
Cmn = LN, Smn = Mxn.

Using Townsend’s definition of a collision between an electron
and a molecule, the mean loss of momentum per second by an
electron is ymW. The equation of mean motion of an electron is
therefore

W = — oE + FxW.  ............ (65)

On multiplying this equation vectorially and scalarly by F
we obtain respectively

3(FxW) = — oFsE — F*W + (F.W)F

* Phil.May., 28, p. 774 (1937).
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and
6(F.W) = — oF.E,
from which it follows that
0%FxW) = — 0oFxE — 0F*W — o (F.E)F.
Operating on (65) with 62, and using this last result, we obtain
0W = — 026E —0do (FxE) — 0F*W — o(F.E)F,
that is,
— 0(02 + F?)W/o = 02E 4 0FhsE + F*h(h.E). ...(66)
The particular integral of (66) is U, where
—U/o = PE + @hxE + Rh(h.E), ......... (67)
in which equation
2P=6223F~2;s+s', )
20 = b?“zf_ﬁ = — 8 =8, ... (68)
2F201 2
2R=62+F~2=v+D—2P.

The complementary function is V, where
— V/o = e*@a, + a, cos Ft + a; sin Fi),

a,, a, and a; being constant vectors such that V satisfies (65) when
E = 0. This leads to the result

a1 = ah, ag = bhl, ag = bhg,

where h; and h, are unit vectors perpendicular to h and to each
other, and @ and b are arbitrary constants. Hence

—V/o =e?(ah + bh, cos Ft + bhysin Fz). ..... (69)

At the time ¢ the mean work done per second on an electron
is ¢E.W, and in one second » collisions occur. Therefore

wy/t = — EW/¢ = —EU/o —EV/o. ....... (70)
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From (67) it follows that
— EU/o = E.(PE) — h.(ExQE) + (h.E).R(h.E). ..(71)

Also,
E.(PE) = ,,5, E.E,(mn) T7,PT,,
h.(ExQE) = "E E ,Eh.(mxn) T,.QT,,
(h.E)R(h.E) = ";Z," E,E,h.m)h.n) 7,.RT,.
Hence '
— EU/o = mZ; E,E.T.0pnThy oo .. (72)
where ’

Omn = (mn)P — h.(mxn)Q + (h.m)(h.n)R.
It is simply shown that
m.n = (h.m)(h.n) + (hxm).(hxn),

so that
Omn =Upn P — Vpn @ + W 071, ..., (73)

where
Um = (hxm) . (hxn),
Van = h(mxn), > ... ....... (74)

W e = (h.m) (h.n).
From equation (69) it also follows that
— EV/o = e %‘E,,T,, [a(h.n)
+ b(h,.n) cos Ft + b (hen) sin Ft}.  ........ (75)
Thus
wv/v = right-hand side of (72) 4 right-hand side of (75),

and so
w = (7/7) MZ;E,,,E,,T,,,.O,,,,.T,, d Wy e (77)

where
w, = (t/¥) x right-hand side of (75).
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In general we may set
L = eV cos (wyt + D) = fR(e%t + 1Dy, ve..(78)
where ‘R(y) denotes the real part of y; a, = — ¥, + twy, and
Vyy @ny D, are real.

As f(D) and ‘R are commutative operations on any function
of t, it will be seen from the equations (68) and (73) that

20m Ty = R(zsmnea”t + id}”):
where
2Smn = (Umn + 'ian) Sn + (Umn - ivmn) S;t + 2Wmna;|1y
1 , 1 1

S, = —, 8, = —, 0! = ————,
T A A s

..(19)
,u,.=v—v,,,,a,,=w,,-—F,o;=w,,+F,

that is,
2S'nm = Amn + ians

where
Amn = I SnP (,“'nUmn + o'ann) + | S;lz (l‘nUﬂm - o'r';an)’

+2] 22 paW s
, . >(80)
B"m = l'Sﬂl2 (nuanﬂ - UnUmn) - I S"|2 (.‘“»an -+ O“U,,m)

—2| 5,’,1|3 0, W pun-
We then have
T 0maTw = he~Vmnl cO8 (0t + P) [Amn €08 (w0at + D)
— By sin (0t + @4)]
= }e"’f;mt[Am,,{cos(w’,,,,,t + D) + 08 (Wmnt + DPon)}

— B,,{sin (wr;mt + ¢1;m) — 8in (Wpet + Dmn)}l,
where
WOmp = Wy — Wy, w,;m = Wp + @p

Pun = P — Dy Ppp = P + Py vvvens (81)

Ymn = Ym + Va
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Hence from (77) it follows that

é mz’: EmEne-v';”'t [A mnlCOS (el + Dpy) + cO8 (wv;mt+ ‘Df;m)}

+ Ba{sin (0pnt + @Ppp) — sin (wr'mlt + 45,;,,,)}]
2 (82)

w =

Equation (82) is not exact, as the distribution of velocities
has been neglected ; further, the quantity W in equation (65)
corresponds to the momentum transfer, so that the identification
of ¢E.W with the mean work done per second on an electron is
not quite accurate (see §3.1). If these corrections are taken into
account a numerical factor is introduced not differing greatly from
unity ; and in the ionospheric calculations to be considered the
resulting modification is unimportant.

When E is a simple sinoidal field inclined at an angle 6 toF,
it follows from (82) that the average value of w taken over the
cycle is
—  tZ? sin? 0 sin? 0 2 cos? 0
® = —-[—————,——— e o = ] (82a)

2 Ly 4 (F — w)? 2 + (F + o)? 2 4+ w?

This simple case was considered earlier by V. A. Bailey and D. F.
Martyn*, who obtained the formula

@._u__‘r_Z_‘z 1 + 1 ]
) [1124—(1’,,——(»)2 v2 -+ (F, + w)? 1’

where F,, is the component of F perpendicular to E. Bailey later
pointed out that an error has been made here by overlooking the
effect of the component of F parallel to E. This case was investi-
gated more fully by Huxleyt, who took the velocity-distribution
into account. His general formula for w contains a term which
is proportional to cos2?0 and independent of F, corresponding to
the third term in Bailey’s formula. For the special case when E
is perpendicular to F, | (F = w)|> 1, and a Maxwellian dis-
tribution holds, his formula reduces to

_ 172 1 1
W =122 & [(F o +F T w)a].

* Phil.Mag., 18, p. 369 (1934).
t Phil.Mag., 28, p. 442 (1937).
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Equation (82) is adopted in the following sections of this
chapter, and it is shown later in §6.4 that a special case of this
equation can be derived in a very different manner.

6.3—The Effect of Thunderstorms on the Ionosphere.

A good deal of experimental evidence suggests that sporadic
increases in the ionization density of the E-layer of the ionosphere
are associated with the occurrence of thunderstorms in the lower
atmosphere*. As an illustration, we have the observations carried
out in India by Bhar and Syamt at regular intervals over a long
period ; their observations may be analysed as shown in the follow-
ing table, only those thunderstorms occurring within 200 km of
the station being taken into account.

Tonization Tonization Total
normal abnormal
No thunderstorm 79 Days 22 Days 101 Days
Thunderstorm 1 20 21
Total 80 42 122

C. T. R. Wilson has proposed two theories to account for
this correspondencey. In the first it was suggested that the elec-
trostatic field associated with a thundercloud, considered to be
that of a vertical dipole, is sufficiently intense in the jonosphere
to cause appreciable ionization. The second proposed that electrons
present in the atmosphere between the earth and the thundercloud

* Appleton and Naismith, Proc. Roy.Soc., A, 137, p. 36 (1932) ; Ranz, * Nature,”
130, p. 368 (1932) ; Appleton, Nawsmith and Builder, *“ Nature,” 132, p. 340 (1933) ;
Appleton and Nawemith, Proc.Phys.Soc., 45, p. 389 (1933) ; Ratcliffe and White,
Proc.Phys.Soc., 45, p. 399 (1933) ; Ratcliffe, Sci. News Letter, 15th Sept. (1934) ;
Colwell, “ Nature,” 133, p. 948 (1934); Ratcliffe and White, Proc.Phys.Soc., 46,
p. 107 (1934).

t Phil.Mag., 28, p. 513 (1937).

| Proc.Camb.Phil.Soc., 22, p. 535 (1925); Proc.Phys.Soc., 81, p. 32D (1925);
Proc.Roy.Soc., A., 141, p. 697 (1933).
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are accelerated to very high velocities (as high as 5 x 10° e. volts)
and that some of these electrons reach the ionosphere, where they
give rise to a marked increase in the ionization density.

A third explanation was suggested by Bailey and Martyn*
who proposed that the radiation field of a thunderstorm would
increase the energy of free electrons in the jonosphere sufficiently
to cause ionization by collision. Detailed calculations of the cffect
of the radiation field of a thunderstorm have been carried out by
Healeyt, and these calculations show that the observed effect
can be accounted for in this manner. In the present section it is
intended to give an outline of these calculations and a summary
of the results obtained.

In order to calculate the increase in ionization density, it is
necessary to determine the eclectron velocity u at each instant.
From the principle of conservation of energy, it can be shown
that the quantities w and u are related by the formula

124 wu/y =w/m, ....... .. ...... (83)

where 4 denotes the mean proportion of its energy lost by an electron
at a collision with a gas molecule, and » dengtes the collision fre-
quency. The quantities 4 and » are functions of  which have been
determined for air by Townsend and Tizardf , some of their results
are given in Table 23. Equation (83) may be solved by a graphical
method such as that developed by Bailey and Somerville||, but in
this case sufficiently accurate results are obtained by the method
given previously in 19369 ; this method depends upon the fact
that, when « is sufficiently large to cause appreciable ionization,
the term wu/v is small compared with the other two terms, so that

w/m = Ywd (84)

The expressions on both sides are functions of u, the point
of intersection of the curves (w/m,u) and (4Au®u) determining
the value of u at the particular instant.

Having obtained u as a function of ¢, the increase in ionization
is derived by means of the equation

dN = 4.N.dt,

* Phil.Mag., 18, p. 369 (1934).

t Phil.Mag., 21, p. 187 (1936), Amalg.W’less.A’sva.Tech.Rev., 3, p. 215 (1938).
} Proc.Roy.Soc., A, 88, p. 336 (1913).

|| Bailey, PPhal.May., 28, p. 774 (1937).

9 Healey, loc. cut.
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where 6 = g8 W = p(8/p)W. It is more convenient to write this
equation in the form

N = Nyexp ([6dt). ................ (85)
The quantities W and f/p are also functions of % which may

be obtained from the results given by Townsend and Tizard and
by Sanders* ; some of these values are given in Table 23.

Table 23.
Z/p w X 107 |L x 1024 x 102| W x 10-¢ B/p
(cm/sec.) | (cm) (cm/sec.)

0 1.1 3.3 0 e —

2 5.4 3.28 0.26 1.8 <3 x 10-5

6.4 7.3 2.92 0.63 3.6 <3 x 10-°
10 7.8 2.82 1.13 5.2 <3 x 108
30 9.5 2.73 3.4 12.4 9 x 104
50 11.6 2.78 5.5 17.3 5.5 x 10-2
100 14.5 2.72 8.6 27.0 8 x 101

(1) The effect of a damped wave on the ionosphere.

It has been shown that many atmospherics approximate to
damped waves of very long wave-lengthf. Following Moullint,
the assumption is made that the radiation field of a thunderstorm
may be represented approximately by the expression

E = \/-‘-Z_Ze"“coswt,

where w = 2k, the encrgy being taken to be radiated at a single
frequency.
For a damped wave, the coefficients 4, and B,; defined in
§6.2 are given by the expressions
(v — k) sin%0 (v — k) sin 20 2(v — k)sin*6
T =kt (w0 —F)2 " (v —k)? + (0 + F)? O (v—k)?+ 0?

* F. H. Sanders, Phys.Rev., 41, p. 667 (1932).

1t E. V. Appleton, R. A. Watson Watt and J. F. Herd, Proc.Roy.Soc.. A, 111,
p. 615 (1926).

t E. B. Moulhn, J.I.E.E., 64, p. 579 (1924).
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(w — F)sin?0 (w + F)sin%0 2 weos?0

B= T (o—Fr vk (0 + PR =kt o

where 0 is the angle between E and F.

The calculations are simplified if the mean value of w over a
small period of time is used in equation (84). From (82) it is readily
shown that, as w, may be neglected, the average value of w between
the times p,/w and y,/w is given by

1_ o U”Z”_w okt 4_4; _icos 2wt + 6)
m (yuys) = 3, (ps — w1) 2k 2 (w? + k2)}
__ Bsin (20t + §) }] /o,
T2 (w® 4 kR)F S Adye/o

where £ = tan"}(w/k). Usually it is sufficiently accurate to average
over a quarter-period, but in certain cases more-accurate results
have been obtamed by splitting the first quarter-period into the
two intervals (0,7/4), (=/4,7/2).

The effect on the ionization density of variations in v, (the
collision frequency in the absence of the radiation field), 6 and Z
will now be considered ; the probable values of these quantities
will be discussed later. In the calculations in sections (i) and (ii)
we take w = 500z in accordance with Turner*, and Appleton,
Watson Watt and Herd. As a somewhat higher value has been
suggested in a report of the Radio Research Board of Australiat
we consider briefly in section (iii) the effect of taking w = 5000z.
The quantity F occurring in the coefficients 4 and B is approxi-
mately 107 e.m.u.

Case 1—v,} varied; 0 = 0, Z, = 1V/m and 5V/m.

Using the method outlined above, the following values of
u and 8, corresponding to the calculated values of W, were obtained
for v, = 3 x 10t and Z = 1V/m.

* L. B. Turner, ‘* Wireless,”” 1931, p. 509.
+ Journal of the Council of Scientsfic and Industrial Research, 10, No. 4, p. 133
(1987).
vy = 3 % 104 corresponds to p = 9 X 10~ 8, as v, = pu,/L,, the subseript o
denoting the values of the various quantities i the a.bsence of the radiation field.
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Table 24
6 =0,Z = 1V/m, v, = 3 x 104
Intervalf Corresponding value of u yX 1074 0
(cm/sec)

0 — m/4 16.8 x 107 54 = 6400
n/4 — m/2 11.0 35 24
n/2 — = 10.3 33 5

7 — 3x/2 9.0 28 —

3n/2 — 2a 7.1 23 —
1t w = 5007, so that the mterval (0, 7T/4) corresponds to 0 5 millisec.

From the values of ¢ given in column 4, it follows that

fé.dt - 2o. 4t - 3.2 + 0.012 4 0.005

- 3.

9

L.

Then, from equation (85) it will be seen that the ionization density
is increased by the factor N/N, - €32 = 25
Similar calculations have been made for », = 10% and 3 x 10%
with Z = 1V/m, and for v, == 1.5 x 10°% 5 x 10%and 1.5 X 108,
with Z = 5V/m. The results are summarized in Table 25.

Table 25
0 =0
Z = 1V/m. Z = 5V/m.
Yo p N/N, ) p N/N,
3 x 104 9 10-5 |~25 1.5 x 105 (4.5 x 10-4|>10%
108 3 10 1.04 5 x 105(1.5 x 103 1.25
3 x 105 9 10-4 1.00 || 1.5 x 108 4.5 x 10~8 1.00
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Case 2—Z varied; # = 0; vy =38 x 104and 3 x 105
The values of N/N, corresponding to various values of Z
are shown in Table 26.

Table 26
0 =0
o = 3 x 10¢ vy = 3 X 10°
VA N/N, Z N/N,
2 > 103 — —
1 ~25 10 > 103
0.75 3.5 7.5 >103
0.5 1.25 5 10

Casc 3—0 varied ; v, == 3 X 10*; Z =1V/m.

The effect of varying 0 is illustrated by Table 27, from which
it will be seen that the maximum effect occurs at 6 = 0°; at
0 = 90°, the increase in ionization is negligible.

Table 27
Z = 1V/m, v, = 3 x 104

0 N/N,
0° ~25
30° 9
60° 1.3
90° 1.0

(ii) The effect on the ionosphere of a damped wave superposed

on a constant electric field.
The results given in the previous section are greatly modified

if there exists a constant electric field in the ionosphere. Let the
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two fields be
E, = v2 Z,
and
E, = /2 Z,e *coswt.
Then,

2
w/m = % [2Z%24, + Z%72% {4, (cos2wt + 1) — B,sin2wt}
+ 2Z,Z e {(A19 + Ap) cOswt — By, sinwt}].

The maximum effect occurs when the three vectors E,, E,
and F are parallel ; when F is perpendicular to the electric fields,
the effect is negligible. The first case will be considered in the
following discussion.

The effect of varying Z,, Z, and »y,* will be considered.

Case 1—Z, varied ; (a) Z, = 0.1 V/m, v, = 2.7 x 105,
(b) Zy = 0.5 V/m, vy = 1.35 x 108.

(a) This value of », corresponds to a pressure of 8.7 x 10~5mm :
for, at this pressure, and with B — 4/2 x 10-3 V/em, Ey/p —=16.3;
whence it follows from the results given by Townsend and Tizard
that uy, = 8.6 x 107 em/sec, L, = 2.8 x 10 2 cm and v, —= puy/L,
= 2.7 x 1085,

Using the method described above, and averaging w over
quarter-periods of the damped wave E,, the results given in Table 28
were obtained.

Table 28
v = 2.7 x 105, Z, = 0.1 V/m.
Z, (V/m) N/N,
1.0 ~100
0.7 4
0.5 2

(b) The calculated results are given in Table 29.

* v, denotes the value of the collision frequency in tho absence of the radiation
field Z,, 1.e., when the steady field Z, alone 1s present.
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Table 29

vo = 135 x 108, Z, = 0.5 V/m.

Zy (V/m) N/N,
5.0 > 107
3.75 ~108
2.5 ~30

Case 2—v, varied; (a) Z; = 0.5 V/m, Z, = 0.05 V/m.
(b) Z, = 5.0V/m, Z, = 0.5 V/m.
The manner in which the effect depends upon », (and hence

upon the pressure) for given values of Z, and Z, is illustrated by
the results given in Table 30.

Table 30
(a)Z, =0.6V/m, Z; =0.05 V/m||(b) Z, = 50V/m,Zy-==0.5V/m
vy N/N, vy N/N,
108 ~100 108 > 103
2.0 x 108 2 2.0 x 10¢ ~102
2.3 x 105 1.3 2.3 x 10° 13
3.6 x 105 1.00 3.5 x 10°¢ 1.00

Case 3—Z, varied; (a) Z, = 0.6 V/m, », = 1.5 x 105.
(b) Z, = 6.0 V/m, v, = 1.5 x 108

The variation of the ionization density with Z,, for a fixed
value of v,, is shown in Table 31.
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Table 31
(a)Z, =0.6V/m, v, =15 x105((b)Z, =6V/m, v, = 1.5 x 108
Zy (V/m) N/N, Z, (V/m) N/N,
0.012 1.5 0.12 ~50
0.05 ~ 20 0.5 >103
0.10 ~100 1.0 >103

(iii) The effect of a radiation field different from that considered
in sections (ii) and (iii).

The numerical results given in the tables above are not greatly
affected if somewhat different expressions are taken for the radia-
tion field of the thunderstorm ; this is the case if the field is repre-
sented by a pulse lasting one millisecond or by an expression of
the form

E == /2 Ze*,

assuming the amphitudes to be of the same magnitude as before.
The reason is that, for the values of », and Z considered, the in-
crease in jonization depends upon the amount by which Z exceeds
a critical value, and the period for which it exceeds this valuc.
It follows from this fact that the ionization produced by a damped
wave decreases as the frequency of the wave is increased. Tables
32 and 33 show the effects produced by waves of frequencics 500 5
and 5000z in two cases typical of those considered in sections (i)
and (ii).

Table 32
Zy = 0, 9p =3 x 105 6 — 0.
w = 500x o = 5000x
Z, (V/m) N/N, N/N,
10 > 103 ~25
7.5 >103 3.5
5 10 1.25
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Table 33
Z, = 6 V/m, v = 1.5 x 105 6 = 0.
w — 5007 w = 5000x
Zy (V/m) N/N, N/N,
0.12 ~50 1.5
0.5 >108 ~ 20
1.0 >103 ~100

An cstimate of the approximate amplitude of the radiation
field can be made from the data given by Appleton, Watson Watt
and Herd. They consider that the elcctric moment of an average
lightning flash is about 2 X 1017 e.s.u, and deduce that the field
strength at a distance of 3000 km. from the source is approximately
0.06 V/m. From this value of the electric moment, it can be shown
that the maximum field strength at the ionosphere is not less than
1.5 V/m; alternatively, using the value 0.06 V/m for the field
strength at a distance of 3000 km, and applying Watson’s formula,
the value 1V /m is obtained for the field intensity at the ionosphere.
Further, in the report of the Australian Radio Rescarch Boaxd,
the mean peak power radiated by a thunderstorm was estimated
to be 1.5 x 10° watts; this valuc corresponds to a maximum
field strength of about 2.3 V/m at the E-layer. The agreement
between these cstimates is seen to be very satisfactory ; we may
therefore regard 2 V/m as the maximum value of Z produced by
an average thunderstorm. The value given by Bailey and Martyn,
namely 0.6 V/m, appears to be somewhat low ; and as the increase
in ionization density increases more rapidly than Z2, an error of this
magnitude would lead to a considerable modification of the con-
clusions.

Observations made by Munro and Huxley* show that about
7 per cent. of thunderstorms have an intensity 2.5 times the average,
and something like 1 per cent. an intensity 5 times the average.
This shows that field strengths of 5 V/m at the ionosphere are not

* G. H. Munro and L. G. H. Huxloey, Report of the Austrahan Radio Research
Board, No. 5, p. 9 (1932).
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uncommon, and that, occasionally, values as high as 10 V/m may
occur.

From the tables, it is clear that the maximum effect occurs
when 0 is small. 1f the thunderstorm be regarded as a vertical
dipole, the maximum value of Z in the ionosphere will be that
due to radiation inclined at 45° to the horizontal. Thus, the effect
on the upper atmosphere of a thunderstorm of given intensity will
be greatest i those regions where the magnetic dip lies between
30° and 60°.

It is apparent from the calculations made above that the
radiation field from a lightning flash must produce a notable in-
crease in the ionization density of the E-region in the ionosphere,
provided that radiation of suitable intensity penetrates to a region
in which the collision frequency is sufficiently small. Thus, an
appreciable effect occurs for all values of », less than 106 if the
radiation field Z has a value of at least 5 V/m, as shown in Table 25.
For those occasional flashes in which Z may approach 10 V/m,
there must be marked increases in the ionization density, even in
a region in which », is as high as 2 x 10%. Now it has already
been shown that radiation fields of 5 V/m may frequently be pro-
duced, so that it only remains to investigate the possibility of
penetration to regions in which », has a value less than 109.

It may first be noted that Green and Builder* have inferred,
from long-wave polarisation measurements made by Hollingwortht,
that continuous-wave signals having frequencies of about 20 ke
penetrate at night to regions in which the collision frequency has
a value much less than 7 x 106. A closer approximation to the
appropriate value of », may, however, be obtained by considering
the available measurements of reflection heights of long-wave
signals in conjunction with the following table relating », to height.
Assuming that the collision frequency at 90 km is 10%q and using
a scale height factor of 9 km§ it follows that the variation of »,
with height is :—

Height (km): 175 80 85 90 95 100  105.
ve X 107¢: 53 3.0 1.7 1.0 0.57 0.33 0.19.

* A. L. Green and G. Builder, Proc.Roy.Soc., A., 145, p. 145 (1934).

1 J. Hollingworth, Proc.Roy.Soc., A., 119, p. 444 (1928).

9 Sce Martyn, Proc.Phys.Soc., 47, p. 323 (1935).

§ See J. E. Best and J. A. Ratchffe, Proc.Phys.Soc., 50, p. 233 (1938).
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Unfortunately, the number of observations on reflection
heights at long wavelengths is small; and, due to the relatively
greater technical difficulties of the experimental procedure at the
lower frequencies, the results are liable to uncertainties. For
example, in some early experiments with long waves*, it was found
that the height of reflection rose only from 74 km during the day
to 76 km at night. The later experiments made by Hollingworth
in 1928 do not confirm the first results ; more recent experiments
performed by Best, Ratcliffe and Wilkest indicate a much greater
range of heights. Although the last-mentioned observations are
liable to some uncertainty, due to the difficulty of ascertaining
the order of the interference fringes, it is possible to infer that the
reflection heights are either 74 km during the day and 92 km at
night or, alternatively, 85 and 102 km respectively. Even in these
observations, however, measurements were made only on a few
occasions during a total period of time not exceeding a few months.

Finally, it is of interest to notice that observations on multiple
reflections of atmospherics between the earth and the ionosphere
have been reported by Laby, Nicholls, Nickson and WebsterY,
the estimated reflection heights lying between 78 and 82 km.

The available evidence therefore suggests that the height
of reflection at long wave lengths during the day is not likely to
be much less than 75 km nor much greater than 85 km, the corres-
ponding values of v, being 5.3 x 10% and 1.7 x 108 It follows
that in the absence of any additional electric field, only the re-
latively rare lightning flashes having radiation fields of about
10 V/m will produce marked changes in the ionization density
in the reflecting region. At night, however, when the height of
reflection may exceed 90 km and possibly 100 km, the corresponding
values of », indicate that a notable increase in the ionization will
be caused by any lightning flash which produces a radiation field
greater than about 2 V/m. If, however, there always exists in
the ionosphere a small, constant electric field}, and if it is supposed
that this field is of the order 0.5 V/m, it follows from the tables in
section (ii) that the radiation field from a thunderstorm will often

* Holingworth, J.I.E.E., 64, p. 579 (1926).

t Proc.Roy.Soc., A., 1568, p. 614 (1936).

§ “ Nature,” 139 p. 837 (1937) ; see also Laby, McNeill, Nicholls and Nickson,
Proc.Roy.Soc., 174 p. 145 (1940

1 See W. Kolhorster, *“ Nature,” 182, p- 407 (1933) ; and Huxley, *“ Nature,” 184,
p. 571 (1934).
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cause a marked increase in the ionization density, even during the
day.

It is now possible to make some observations of a general
nature concerning the effect of a thunderstorm on the propagation
of radio waves in the ionosphere. In the first place, as the at-
tenuation of a wave passing through an ionized medium depends
upon both » and N, it follows that a temporary increase in » pro-
duces a short-period modulation of the wave. The corresponding
increase in N is effective over much longer periods, as the rate at
which N returns to its original value depends upon the coefficients
of recombination and attachment. It may therefore be expccted
that, for those waves which are reflected at a region above the
portions of the layer in which the thunderstorm produces an increase
in ionization, the observed effect will be a reduction in the amplitude
of the signal reccived. In other cases, however, in which the
frequency is such that the wave is reflected from that region in
which N has becn notably increased by the radiation ficld, the
observed effect will be an increase in the intensity of the signal
received. Further, an increase in ionization may cause waves
of certain frequencies to be reflected from a lower height than usual.

6.4—Production of Artificial Aurorae.

It has already been shown in §6.3 that the radiation field of
an intense lightning discharge can cause an appreciable increase
in the ionization density of the lower strata of the ionosphere.
Equation (82a) suggests further that if the angular frequency w
of an electric wave is approximately equal to F, w can be very large
even for relatively low values of Z ; so that ionization by collision
may be produced by a radio wave having an angular frequency
approximately equal to the local gyro-frequency. Bailey has
calculated the minimum power required for a gyro-wave to produce
a visible glow in the upper atmosphere* ; an outline of his method
is given in the present section.

The calculations in §§6.2 and 6.3 involve values of the electric
field actually within the ionosphere. Here, on the other hand,
we consider the effect of an electric wave on the ionosphere, taking

* Phil.May., 28, p. 929 (1937) ; 28, p. 425 (1938).
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into account the decrease in the field strength due to absorption
along its path through the layer.

(i) The mean work done on an electron in the ionosphere by an
elliptically polarized wave of frequency close to the gyro-frequency.

E,H = electric and magnetic vectors of the wave, in e.s.u.
and e.m.u. respectively ;
N = electron density ;
p2 = 4aN7 (= 3.19 X 10°N);

. 2 .
Wy == po/ w
u = refractive index ;
»x = coefficient of absorption ;

¢g — u — iy, where y = xc/w,

& — angle between direction of propagation of the
wave and the earth’s magnetic field ;

A = vector potential of the wave.

The z-axis is chosen to lie along the direction of propagation
of the wave, so that we may write

A = QAe’iw(t — qa:),

it being understood that in this relation we are concerned only
with the real part. The other axes are chosen so that F lies in
the zz plane.

Let U denote the quantity of radiant energy passing per second
across unit surface placed normal to the z-axis, and let P denote
Poynting’s vector. Then,

U =1i.P,

where i 1s a umt vector parallel to the z-axis and P — (¢/4x) ExH ;
s0 that, taking mean values, 1t can be shown that U can be expressed
in either of the two equivalent forms :

= ?pu 2 _
U= g;;le/fll e HT, e e .(86)
and
— ¢ "
U=gn aip [ BIAF]R],

where R (the polarization number) equals H,/H, ; the moduliof c 4.
H and R are taken as these quantities may be complex.
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In passing through a cylindrical volume of length dz and unit
cross-section, the wave expends energy on the N.dx electrons
contained therein at the rate U(x) — U(z + dz), that is, at the rate
— (0U/dx)dx. Hence the mean energy expended on one electron
per collision is given by

- 1 o0
w — Nv . %-

As the mean value is taken over the time alone, it follows from
equation (86) that

oU —
T _ 5
dx

so that we have

W o= 20U /(Nv). e (87)

Bailey has given an alternative proof of this equation.

We now consider the effect of a plane wave whose angular
frequency w equals (1 + &)F, where ¢ is small compared with unity.
As there is no appreciable resonance effect for the ordinary com-
ponent, we need consider only the extraordinary component when

the wave enters the ionosphere. We may therefore set U equal

to U,a,, where U, is the mean energy-flux density at the boundary
of the ionosphere due to the extraordinary component alone, and

s
log u, = — 2| =ds,

/]

s being the distance traversed by this component in the layer.
It can be shownt that

ﬁl/ﬁp = !p:“c/(.uf + Xez)s

— R
v = [
e —-Ro

and the subscripts p, o and e refer respectively to the original plane

where
: 1+ |R,|®
"1 + R

*For a heterogeneous medium this formula still holds true.
t Bailey (1937).
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wave and its elliptically polarized ordinary and extraordinary
components.

For the extraordinary wave, therefore, equation (87) becomes
W, = 1Z*W¥a,I,
where
L 2Beke
voolpe + xo)

If we limit ourselves to the case in which wj < »*, the expres-
sion for w, reduces to*

_ $sin26 >
= 142 - - s e 88
W, tZ g (1}2 n (CD — ](1)2 - Vgp'é‘ ( )

where 6 is the angle between the electric vector E of the original
wave and the vector F, and
,  tan®@®+2cot?0  pi (1 4 cosi)

T tan? @4 2 292

When the electron density N is small, we have a, - 1
and |p'e | < 1, so that the above expression for @, is then in
close agreement with that which would be obtained for this special
case by substitution in equation (82a) in §6.2. As (82a) was de-
rived without reference to the fundamental equations of Maxwell
and Lorentz or to Poynting’s theorem, on which the above formula
for w, is ultimately based, we may take this agreement to constitute
a valuable check on the calculations.

In the more general casc it is necessary to calculate the value
of a,. For example*, assuming the earth’s magnetic field to be
vertical and that N < 800, and denoting the angle of incidence
on the layer by ¢,, we have

@ = iy and 8 = y sec i,

where y is the height of the point above the lower boundary of
the layer. The quantity a, is then given by

log a, = - 0.0532 (cos i, + sec iy) I,

* Bailey (1938).
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y Nv
r= J”‘i——p— W

v = v,

where

Agsuming that

where vy = 1.1 x 10% and » = 10-%, and assuming Martyn’s
distribution of clectronic concentration,

N = f(v) = »710,

the above integral becomes

ol — J\v f).dv

v v 4 g2F2 :

We are thus able to compute a,, and hence ,.

In this way the values of %, resulting from a wave with an
angle of incidence ¢, equal to 45° have been computed for different
values of w in the neighbourhood of 8 x 10¢ (the value of F corres-
ponding to London). From these, the values of the quantity Nv@,
at each of four different levels in the E-region have been determined,

7
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and are given in terms of the wave-lengths by means of the curves
in figure 39.

(ii) Power required to produce a discharge.

As the intensity of a gyro-wave is increased, the primary effect
is to increase the velocities of agitation, so that eventually collisions
occur which cause the molecules to emit light, or fresh electrons,
or both.

It is therefore of interest to determine the minimum power
P,, which may need to be radiated from an appropriate system
of aerials in order to maintain a steady electrical discharge in the
E-layer at night.

We first consider an aerial system consisting of a horizontal
half-wave Hertzian oscillator placed at a height 4/4 above a highly
reflecting ground, where A denotes the wave-length, and for sim-
plicity again take the terrestrial magnetic field to be vertical.

If the radiated power be P kilowatts, the r.m.s. electric in-
tensity Z at the lower part of the E-layer vertically above the
oscillator is given by the formula*

Z? = 58 x 10° P

when Z is expressed in volts per centimetre.

As the vertically radiated wave is plane, it may be analysed
mto two circularly polarized components of equal intensities, one
of which imparts only relatively negligible energy to the electrons ;
thus the effect on the electrons may be attributed entirely to the
extraordinary circular wave, which has a rotating constant vector
of magnitude equal to %(VE‘Z), that is, to Z/+/2.

The waste of power in the radiation of an ordinary component
can be avoided by adding to the Hertzian oscillator an orthogonal
one, and radiating the power }P from each. In this way a vertical,
circularly polarized gyro-beam with rotating constant vector of
magnitude E (equal to Z) may be produced by means of an aerial
system radiating the power P kilowatts, where

E? =58 X 10°P, .ovvvvrnnnn. (89)

E being expressed in volts per centimetre.

* See A. L. Green, Amalg. W’less. A’sia. Tech. Rev., 8, p. 130 (1938). The lower
part of the E layer 18 taken to be 90 km high.
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1t can be shown* that at a given pressure p a rotating constant
force E yields the same value of u as an equal steady force X or a
stationary alternating force of equal r.m.s. value Z.

The experiments of H. A. Wilsont and D. M. Myers{ show that
electric discharges can occur in tubes containing air when X /p or
Z/p in the uniform column is as low as 16 approximately. We may
therefore conclude that two of the necessary conditions for producing
a glow discharge, namely the generation of fresh electrons and light.
are satisfied when

E/p > 16,
that is, when
P 44 x 10109p2 ... . .. .. ....(90)

Bailey has computed the values of w, for a wave having an
angular frequency exactly equal to the gyro-frequency. The
results are tabulated below.

Table 34
t =45 Z =5mV/m, P % 10kW, ¢ =0

y(km) |0 15 27 40 45 50 55 6.0

as 1 0.96 0.84 0.47 0.27 0.103 0.020 0.001
w, x 1018 | 22 28 3.2 2.3 1.5 0.6 013 0.01
N 1 4.5 149 546 90 150 244 400

v X 1078 |11 9.5 8.4 7.4 7.0 6.6 6.3 6.0

As shown in this table, the maximum effects caused by a low-
powered gyro-wave occur at that level in the E-layer which corres-
ponds toy = 2.7km, » = 84 X 105, a, = 0.84,and N = 15. It
is easy to deduce that at that level, with an assumed temperature
of about 15°C., the gas pressurc p is approximately 2 x 10-2 mm
of mercury.

We then conclude from (90) that both visible light and fresh
clectrons are generated at collisions when the power radiated from

* Bailey (1938).

t Proc.Camb.Phil.Soc., 11, pp. 249 and 391 (1902).

€ Unpublished experiments with high-frequency discharges made m Sydney
on the lines developed by Townsend and his associates.
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our simple polarizing aerial system is not less than P,, where
P, =2 x 10° kW.

The supply of electrons needed for initiating and maintaining
this glow discharge is provided by those natural processes which are
normally responsible for maintaining throughout the night the
considerable concentrations of electrons known to exist in the
E-layer. Alternatively, the generation of electrons by collisions
under the influence of the above gyro-wave will also serve to main-
tain the discharge (see Bailey, 1938).

The minimum power required can be reduced considerably
by using two orthogonal arrays of Hertzian oscillators. If each
array consists of n adjacent, parallel rows, each containing » parallel,
half-wave oscillators spaced at a distance A/2 apart, the minimum
power required is

P, =2 x 105/n2 kW.

Thus, with a system of 4050 half-wave aerials, and the angular
frequency of the oscillation equal to the local gyro-frequency,
it would appear possible to generate an observable cclestial glow
at night with a power as low as 100 kW,

6.5—The Interaction of Radio Waves in the Ionosphere.

The cross-modulation between transmitting stations, known
as the * Luxemburg effect,” was first observed some years ago in
Holland and England between the transmitters at Beromiinster
(653 ke) and Luxemburg (252 ke)*, and later between other European
stations. During the reception from Beromunster and a number of
other medium-wave stations, the modulation of the long-wave
transmitter at Luxemburg could also be heard, this interference
being especially distinet during the pauses in the programme. It
was clear that poor selectivity of the receivers concerned and
the intrusion of harmonies generated by the station at Luxemburg
could not be responsible for this effect. The fact that the inter-
ference was observed only during the night, that is, when there are
strong sky-waves, indicated that the interaction occurred in the
ionosphere.

* See Tellegen, ‘ Nature,” 181, p. 840 (1933).
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Bailey and Martyn* explained this phenomenon by taking
into account the effect of the radiation field of a transmitter on
the energy of the free electrons in the ionosphere. Any change
in the velocity of agitation will cause a corresponding change
in v, and hence a change in the absorption coefficient. If the
transmitted wave is modulated at a certain frequency, the absorbing
power of that part of the ionosphere in the vicinity of the station
will vary at the same frequency, so that this modulation will be
impressed in part on any other carrier-wave which may traverse
this region.

Their calculations led to a number of important conclusions :

(a) Interaction is most marked when the first transmitter
is of high power and fairly long wave-length, and when the second
wave is reflected from a region of the layer in the neighbourhood
of the first station, the optimum effect occurring when w? cos%;
= w3 cos?, where ¢ is the angle of incidence on the ionosphere
and the subscripts 1 and 2 refer to the first and sccond waves re-
spectively.

(b) The impressed modulation is proportional to the power
of the first transmitter.

(¢) The impressed modulation is inversely proportional to
V(f2 + 7802%), where f is the modulation frequency of the first
wave; so that there is an inherent distortion of the impressed
modulation in the range of higher audible frequencies.

These predictions were found to be in good agreement with
later experimental resultst.

Bailey’s revised calculations of the effect of electric waves
. on the ionosphere led to two additional conclusions} :

(a) Low-power stations whose angular frequency is close
to the local gyro-frequency can cause observable interaction with
a second station. Thus, a transmitter radiating at the rate of only
one or two kilowatts and whose angular frequency is within about
5 per cent. of the gyro-frequency might be expected to produce
appreciable interaction with long and medium waves.

(b) Two waves whose frequencies differ by an audible frequency
may cause an audible modulation of a third wave whose frequency
differs considerably from those of the other two.

* Phil.Mag., 18, p. 369 (1934).

t Bailey and Martyn, ‘ Nature,” 185, p. 585 (1935); and J. Grosskopf, Hoch-
frequenztechn.u.Elektroak., 51, p. 18 (1938).

t Phil.Mag., 28, p. 929 (1937).
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The first of these predictions has been completely verified*.
Observations carried out by W. L. Hakefostt lend some support to
the second, although experimental confirmation is difficult to obtain.

We now give a brief outline of Bailey’s later calculations
relating to interaction phenomena.

(i) The modulation impressed by a long-wave station on the wave
from a second station.

In general, » < F ; and for a long-wave station w <€ F. Also,
it may be assumed as a first approximation that the electric field
in the part of the E-layer under consideration is the same as the
field produced by the emitted plane wave at points just below
the layer. We may therefore adopt equation (82a) in §6.2 as the
formula for w corresponding to such a wave.

For most parts of the E-layer which are notably subjected
to the emission from a typical aerial system, the values of sin?6
and cos20 are of the same order ; we may therefore, without serious
error, assign to each quantity a value equal to the mean value .

In this case, then, we obtain from equation (82a) the following
approximate formula

To determine the temporal variation Av of the collision fre-
quency v we proceed as follows.

The relationship between » and w is given by equation (83)
in §6.3, which may be written in the form

aDv + 5 =W, ..oooiiiiii. (83)

where @ = mi? and 7 denotes the mean energy lost by an electron
at a collision. Denoting the corresponding values of these quan-
tities in the steady state by the subscript zero, it follows from this
equation that
No = Wo.

If the temporal variation A% of w about the equilibrium value
w, be small, it follows from (83) that

d

. =alA4W, ... 92
thv+RAv a™ Aw (92)

* Bailey, ‘ Nature,” 139, p. 838 (1937).
1 ‘“ Wireless Engineer,” 13, p. 298 (1936).
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where R = a™! d#o/dv,, the subscript 0 denoting the equilibrium
values.
If the wave is modulated at an audio frequency n/2n we have

= Zo (1 + M sin nt), where M < 1;
so that

w = 2Mw, sinnt — }M*w, cos nt + JM%w,.

It then follows from the differential equation (92) that the per-
manent part of » is given approximately by the formula

2Mw, .
v = m‘z—)“ sin (nt-— Q),
where
tan®d = n/R.

Thus » is modulated at the frequency n/2x and with a co-
efficient of modulation M’ given by
M = 2Mw,b/aRvs, . ... ... .... (93)
where
P 1
C VA /Ry
Consider now a second wave traversing the region under dis-

cussion. If E, denotes the intensity on striking the ionosphere
and E, the intensity of the emergent wave, 1t can be shown* that

E, = E,.exp (— Cp),

where C, is a quantity depending on the frequency of the wave,
the length of path, and the density and gradient of ionization
in the layer. Remembering that » is modulated by the first wave
to a degree expressed by equation (93), it will be seen that

E,=E,.exp[—Cyvy {1 + M'sin (nt — ®)}].

From this result it follows that the amplitude of the emergent
wave is modulated at the angular frequency = ; and as Cyv, is of
the order unity, the degree of modulation imposed on the second
wave is given approximately by

M" = Cgpo M. oot (95)

* See Bailey and Martyn, Phil.Mag., 18, p. 369 (1934).
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Assuming for simplicity that the collisions involve a constant
coefficient of restitution and a constant mean free path, it can be
shown* that

where ¢ = 2.6 x 1073,
Equations (93) and (95) then lead to the result

M'/M = Copg.0.00/G oo (97)

where 1, denotes the equilibrium value of 4 (the mean proportion
of its energy lost by an electron at a collision) corresponding to
the force Z,.

We have also from (94) and (96):

1
b= VUi ey
The above expression for M” is supported by the experimental
results obtained by van der Pol and van der Mark at Eindhoven
when investigating the modulation imposed on a signal from Bero-

munster by the station at Luxemburg}. Their results are fitted by
the curve whose equation is

0.086 o
Vil + (n/780)3
= 0.0864,

taking v, = 3 x 10° in formula (98) for 6.
The theoretical relation obtained from equation (97) is

M" = 0.119 é.

M =

The agreement between the two coefficients 0.086 and 0.119 must
be regarded as very satisfactory when the difficulty of evaluating
a number of the quantities occurring in the calculations is taken
into account; further, the value 3 x 10° for », required to fit
the experimental curve is in good agreement with the value sug-
gested by a number of other experiments.

The modulation M” impressed on the second wave increases
as the wave-length of the first wave is increased from about 500 to

* Bailey and Martyn, loc. cit.
t See U.R.S.1. Report dated 10th Sept., 1934 ; and Tijdschrift Ned. Radwo Genoot-
schap, 7T, pp. 12-17 (March, 1935).
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2000 metres. At still higher wave-lengths it decreases, because
very long waves are reflected in regions of the ionosphere much
below those which reflect broadcast waves.

Further, the modulation M" is almost proportional to the
power radiated by the first transmitter. For long-wave stations
the radiated power must be of the order 100 kW to cause observable
interaction. For example, the rated power of Luxemburg (1300m)
is 150 kW, and the modulation impressed on Beromunster is only
0.086.

It is to be expected, however, from the calculations introduced
in §6.4 that when the first wave is of approximately the same angular
frequency as the local gyro-frequency the interaction will be con-
siderably greater. We now proceed to calculate the power required
for a gyro-wave to cause an appreciable effect on a second wave.

(ii) The modulation impressed by a gyro-wave.

Asin §6.4 we need only consider the effect of the extraordinary
component of the gyro-wave. The formulae derived above for
M', M" and d hold, provided we substitute w, for w, where w,
is given by equation (88). Thus,

M/M = 2w,/aRy,
and
M'/M = Cypyd.20/G.

For the purpose of calculation the following forms* of these two
equations are more convenient :

M/M = 8w,/(GT + W,), «-vvvrneenns (99)

and
M /M = Cpodaw,/(QT + W), .oouv.n. (100)

where 7 is the mean energy of agitation of an electron in the absence
of electric fields (= 5.8 x 10-14 ergs).

The calculated values of w, given in table 34 show that this
quantity becomes relatively negligible for values of y exceeding
5.5 km and values of N exceeding 200 electrons per cc. It is also
clear from this table that w, is approximately constant, being
roughly equal to 2 x 10718 ergs (for Z = 5 mV/m), at all points
within a layer of the ionosphere about 4.5 km thick.

* Bailey (1937).
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In this region therefore, » is modulated at the frequency n/2 =,
and with a coefficient of modulation M’ given by equation (99) :

M = 6.6 x 10734,

M being taken equal to 0.5.
Near the top of this layer, v, = 7 x 10°; so that at the audio
frequency 256 cycles per second, 6 = 0.75 and

M' = 0.5 per cent.

The most favourable conditions are those under which ap-
preciably all of the absorption of the second wave W" takes place in
this region. Corresponding to the particular value of the angle of
incidence 7,, the shortest wave-length A” which W” can then have is
that which causes the top of its trajectory to lie in the plane y
= 4.5 km, so that the highest value of the angular frequency «”
is given by the formulae*

= sin 2 2 =1 — ——MN—~
© o M= m ("% + v)
where N = 90 and v, = 7 x 105

We thus obtain the results set out in the first two rows in
table 35. The corresponding attenuation coefficients given in the
third row are calculated by means of the following formula given
by Martynt :

C,v, = 0.73 cos ¢, [0.57/(w" cos 7,)]V/5.

The modulation M" impressed on W” is shown in the fourth row,
and has been calculated by means of equation (100). In the last
row are given the corresponding distances D from their source at
which the waves W” are received, the formula used being

D = 200 tan 7, km.

We may now summarize our conclusions as follows :

For distances D greater than 350 km, signals having wave-
lengths exceeding 2300 metres can exhibit observable modulations
caused by gyro-interaction} if their sky waves are reflected in
regions of the ionosphere in the neighbourhood of the gyro-station.

* D. F. Martyn, Proc.Phys.Soc., 47, p. 323 (1935).
t+ D. F. Martyn, loc cit., p. 334.
t That is, radio interaction caused by a gyro-wave.
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Similar observable modulations can occur with wave-lengths as
short as 1300 m for distances exceeding 550 km, and as short as
600 m for distances exceeding 1100 km.

Table 35

®” = maximum suitable angular frequency ;

A" = minimum suitable wave-length.

i, 45° 60° 70° 80°
®" X 1078 2.9 8.1 14.1 30.2
A" (metres) 6500 2330 1340 625
exp (= C,v,) 0.0181  0.085f  0.197 0.444
M" (per cent.) 2.0 1.2 0.8 0.4
D (kilometres) 200 346 550 1130

Thus, under favourable conditions, that is with freedom from
atmospherics and on a suitable, unmodulated carrier-wave, the
modulations impressed by a radio station with a power as low as
1 kW may be observed, provided that the frequency of this station
is close to the value —He/2m, where H is the total terrestrial mag-
netic field intensity at points of the E-layer roughly in the neigh-
bourhood of the station, e being expressed in e.m.u.

It is of interest, also, to consider the problem of determining
the least radiated power which under appropriate and practicable
circumstances can influence the E-layer in an observable manner.

The first step in increasing the effectiveness of the vertical
Hertzian aerial mentioned above is to place it horizontally, for
this increases the maximum value of the electric intensity Z at
the bottom of the E-layer by the factor 2*. When the ground
is a conductor it may partly neutralize this gain, but if the hori-
zontal aerial is fixed at a height A/4 above the ground, where
A is the gyro wave-length, the effect of the ground conduction is,

t These results are only approximate, because Martyn’s formula for the attenua-
tion coefficient 18 not accurate for long waves.

* This 18 due to a change, rolative to the oscillator, of the radial distance of the
affected part of the E-region by a factor 4/2, and a similar change of the zenithal
angle from 45° to 90°.
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if anything, advantageous. In this way the minimum power
needed to cause observable interaction can be reduced to about
0.4 kW or less.

With a perfectly conducting ground, or with a suitable re-
flecting system of conductors placed on the ground below the
horizontal aerial, the maximum value of Z is further increased
by the factor 2, and so with relatively simple means the least power
needed is about 100 watts.

This power can be reduced to 50 watts by adding a second
horizontal Hertzian oscillator with its axis at right angles to that
of the first, and maintaining equal currents in the two oscillators
with phases differing by one-quarter of a cycle, so that a circularly
polarized wave is radiated upwards from the acrial system.
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