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SUMMARY

This thesis reports an investigation to determine the drift
velocity of electrons in hydrogen and nitrogen, KResults have been
obtained at 293°K and T7.6 K over the range 0.001¢ E/p< 20 volt
on ! m Hg", using the method of Bradbury and Nielsen. The overall
accuracy is 1% at 293°K and 2% at 77.6°K.

To obtein results of this accuracy it has been necessary to
analyse the errors which occur due to the effeot of diffusion of
electrons within the drift chember, This analysis includes an
account of the influence of back diffusion, the effect of the
boundary condition imposed by the receiving electrode and the
variation of the mean agltational speed of the eleotrons within an
electron pulse, It is shown that effects due to diffusion can
lead to spuriously high measurements of the drift velocity,
introducing a relative error of the order of 3/h(W/D). (h being
the distance between the shutters and W/D the ratio of the drift
speed to the diffusion coefficient). Reasoneble agreement has
been obtained between the theoretical predictions of the pressure
dependence oi’ the observed value of the drift velocity with the
results obtained experimentally, Variations of over 10% have been
observed at some values of E/p. The theoreticel analysis of the
effect of diffusion has also been applied to the methods of Pack
and Phelps, and Hormbeck,

A systemmatic investigation has been made of all likely sources

of experimental error in drift velocity detemminations using the



method of Bradbury and Nielsen. %his investigation includes an
examination of the possible influence of gaseous impurities, which
has been determined by measuring the change in the drift velocity
when known amounts of impurity are added to the gas sample. Furiher
experiments have been conducted to determine the influence of non-
uniformity of the d.c. eleotric field, field interpenetration due

to the a.c. voltages on the shutters, temperature gradients, space
charge repulsion and phase differences in the voltages applied to

the shutters,

A demonstration of the accuracy of the shutter method has
been made by measuring the velocity of potassium ions in vacuum in
a field free space, and comparing the results with the veloeity
predicted theoretically from the voltage used to accelerate the
ions initially.

The final values of the drift velocity that are presented are
corrected for the influence of diffusion and also for the variation
of the behaviour of nitrogen from that of & perfect gas at 77.6°K.
Measurements are also given for mixtures of nitrogen and hydrogen
and comparisons are made with predictions of the theory of mixtures
developed by Bailey, Several applications of drift veloclity data

are reexsmined using the present results for low eleectron energles.
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Collision Cross Section of a Gas Nolecule (cm-)
Speed of a Gas kolecule (cm sec ')

Speed of an Electron (cm sec™ )

Coefficient of Diffusion

Electric Field Strength (volt em ')

10

Electronic Charge (4.80% x 10° = esu)

Defined by ik, = F k,

Frequency with which Shutters Open.

Twice the Frequency of the a.c. signal corresponding to the
mth current maximum of the current/frequency curve.

The Drift Distance.

Current

Particle Current

Townsends Energy Factor

Defined in equation (5)

Mean Free Path (cm)

Mass of a gas Molecule (H = 1.67 x 1024 an)

-28

¥ass of an Electron (9.107 x 107°° gm)

Molecular density of Gas

Avogadros Number (6.025 x 10%° gn mol™ )
Electron Density

Gas Pressure

Energy of Electrons

Average Energy of Gas Molecules
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“N o

Universal Gas Constant (8.317 x 107 erg/uwol/°k)
Relative Error

Temperature (Degrees Kelvin)

Drift Velocity (cm sec™ )

Neasured Value of the Drift Velocity (cm sec ')
Fractional bnergy Loss of an Electron in a Collision

Collision Frequency of Electrons with Gas Molecules.



SECTION I s INTRODUCTION

Chapter 1 : The Motion of Electrons in Ganen

1.1 General historical review.

It is over fifty years since the classical experiments
were performed which established the existence of the eleotron.
Among the most important of these experiments were the first
studies of the conduction of electricity through gases, For
example an important experiment of Townsend showed that Eoo
(Ee is Avagadros mumber, e the charge) for particles which
carried current through dry geses, appeared to be numerically
equal to the value of Noo obtained in Faradays experiments,
where, in this case, & is the charge of the ions which carry
the slectric current in the process of electrolysis, Townsend
was also able to obtain one of the first estimates of the value
of e using an experiment which applied Stokes law to a falling
cloud of newly condensed water droplets in air. The water
droplets were assumed ito have condensed around single charged
particles, The determinations made by J.J. Thomeon of e/a
for the electrons of cathode rays involved more general studies
of the passage of electrons through gases at various pressures.
It is from initial experiments such as these that the later
work on the properties of electrons in gases has developed.

Inmmerable expesriments on the motion of eleetrons and

ions in gases have now been carried out, It has resulted, for
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exauple, in the discovery that the process of a eollision of
an electron with a gas molecule can be most compliecated, In
addition to elastic collisions the processes of ionization and
attachment cau ocour, There is evidence that the molecules of
slight traces of impurities, particularly of gaseous orgenie
compounds, can result in the formation of ‘clusters' by
aggregating around electrons or ions. Although the collisions
of electrons of low energy with monatomic gas molecules are
usually perfectly elastic, collisions with diatomic gas
molecules can result in inelastic collisione in which the
energy of the electron excites the molecule into rotational or
vibrational states., Furthermore gas molecules can be exeited
such that if they should later collide with a metal electrode
through their normal motion through the gas by diffusion, an
eleotroen can be emitted, Such gas molecules are sald to be
excited into metastable states.

For electrons of very low energies, it is generally
impossible to observe the motion of a single elsetron to
determine kmowledge of the processes that ocour when electrons
travel through the gas. Instead one can only make measursments
of macroscopic quantities relating to large groups of electirons.
The microscopic properties have to be inferred from the
macroscopic phenomena,

Two of the most important mscroscopie properties of any

group of elecirons which travel through a gas under the influence
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of an electric field are the drift velocity (W) and the
coefficient of diffusion (D). Prom these two macroscopic
quantities it is possible to obtain much information of the
microscopie quantities which deseribe the collisions of an
electron with gas molecules. Such mieroscopic quantities

are, the effective collision oross section of the gas molecules
(A); the mean free path of electrons between collisions (L),
which is related to A by { = 1/HA, N being the moleoular density
of the gas); the average fraction of the energy that an electron
loses in a eollision (/) and the average velocity of the
individual electrons (¢). The quantities A, [, and / are
themselves functions of ¢ and their evaluation from experimental
values of W and D, which refer to groups of electrons having a
wide energy disiribution, is not simple.

It has been usual to make various assumptions, for example,
a8 to the nature of the velocity distribution of the electrons,
to enable the microscoplc quantities to be estimated, Even
though these estimates are not accurate, valuable information
as to the nature of the collision processes can then be derived.
For example, it is found that the values of /) that are estimated

from W and D measurements made in diatomic gases differ widely

from % (1 - B ) which would apply if coliisions were perfectly

k'.l‘

elastic. (lrT is the ratio of the energy of the electrons to the

energy of the gas molecules, n/L{ is the ratio of the mamss of the
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electron to the gas molecule). Thus we know that inelastie
collisions, such as ocour in rotational excitation, are likely
%0 be present., Furthemmore a comparison of even the
approximate derived values of A with the values of A that have
been predicted theoretically, can provide evidence as to the
validity of the assumptions of the theoretical evaluation of A,
and thus elucidate the processes that cecur,

Whenever microscopic quantities, such as A, are deduced
from the macroscopic experimenial quantities, such as W, it is
desirable that the raw data be obtained to ae high an securacy
as possible, There are many investigations of the drift
veloeity reported in the literature and & great variety of
methods have been used, Nevertheless when compariscns are
made of the resulte of different investigations, it is found
that differences ocour, which, for example, in hydrogen and
nitrogen are well over 5%. Not only is it desirable to obtain
data of greater precision than this, but the faet that the
results of earlier investigations usually differ by more than
the claimed experimental error makes it possible that factors
are influencing the experimental resulis of which no account has
been taken., Purthermore it is frequently not poesible to
compare accurately the results of different investigations
because of the different temperatures at which the results
have been taken and also because the graphical presentation

of the results either obscures the degree of accuracy of the
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Se
initial data or makes its recovery impossible,

The Present Investigation.

This thesis reports an investigation in which the method
of Bradbury and Fielsen wag used to measure the drift velocity
of electrons in hydrogen and nitrogen, A systematic
investigation was made of all likely sources of erroxr. In
the first place, the influence of diffuaiom, often neglected
in time of flight methode, has been taken into sccount in
agsessing the results, Secondly, since gas purity is often
cited as a possible explanation of the disorepancies between
the results of various workers, the megunitude of the errors
introduced by known amcunts of likely impurities has been
determined. In addition an examinmation of the posaible
influence of non uniformity of the eleotric field, field
interpenetration due to voltages on the shutters, tempesrature
gradients, aspace charge repulsion sand phase differences in
the voltages applied to the shutters have been made, A
demonstration of the accuracy of the method has been made.
by measuring the drift velocity of positive lons in vacuum
in a field free space and comparing the yesults with the
velocity predlcted theoretically from the voltage used to
accelerate the ions initially,

Vhen this project was commenced, no measuremenis were
available for the drift velocity in hydrogen and nitrogen for

values of E/p less than 0,05 or for gas temperatures other
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than room temperature. (E/p 1s the ratio of eleetric field
strength to gas pressure, where the units of E/p are always
given in volt cm™ ' mm Hg'1). To obtain measurements
corresponding to very low electron energies it was desirable
to obtain measurements at very low values of E/p at low gas
temperatures. However, the messurements reported in this
thesis that were made for a gas temperature of 77.6°K for
values of E/p as low as 0,001 were preceded by the less socurate
measurements of Pack and Phelps (1961),

As this thesis is partioularly concerned with drift velocity
measurements, the concept of the drift veloecity, and the relation-
ship of W to the microscopic parameters, will now be discussed in

greater detail.

The Drift Velooity. (W).

If a group of elecirons in a gas is under the influence of
a uniform electric field E, each eleetron will gein momentum
because of the force acting on it of E @ (e is the electronie
charge). However when the electrons collide with the gas
molecules they lose momentum, A state of equilibrium is
attained in which the average rate of increase in womentum of
the group of electrons due to E equals the average rate of loss
of momentum due to collisions with the gas molecules, and the
group of electrons then travels with a uniform velocity of drift,

called the drift velocity. This velocity of drift is the
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vector average of the individual random velocities of each
electron. In general W is only a few per cent of c.

The drift velocity is expeoted on thecretical grounds
to be a function of E/¥ and with few exceptions this has been
verified by experimental resulte, A simple theoretiecal
Justification that W depends on E/H can be given by regarding
all electron paths between collisions as straight lines, Then,
if we consider any electron path of length g, the gain in energy
of the electron from the electric field while it traverses this

path will be given by
2
%n(va-u)ninZg.g

where a is the acceleration of the electron due to E, g is the
vector representing the electron path, and u and v are the
initiel and final velocities of the electron, If both E and N
are doubled, & will be doubled but g will be halved so that the
product a . g remains constant, Thus the gain in energy of
any electron beiween collisions remains constant for a given
ratio of E/N. Ae W is the vector average of the individusl
velocities of the electrons, W should thus also be a simple
function of E/N. It can be shown that the gain or loss of
energy for the more general case of curved electron paths
between collisions is also & function of a . 5 and thus of B/¥.

16

At 295°K, ¥ = 3,350 o 10  py where p 1s the gas pressure

in mm Hg. Thus the paremeter E/l can be expressed as a
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constent times E/p, and results taken at a constant gas
temperature can be given as a function of E/p.

The dependence of W on E/li enablees an experimental check
%0 be made on the consistency of an experimental result for
any value of E/N by comparing results at different gas pressures
(at constant temperature). It is because careful measurements
of the drift velocity gave slightly varying resulis at different
pressures for a given value of E/l that the investigation of
Chapter 8 was underxtaken,

The motion of a group of electrons travelling through a
gas under the influence of a uniform electric field is determined
not only by the electric field, but also by the energy of the gas
molecules, For very low values of E/N the average energy of the
electrons is determined largely by the energy of the gas molecules
and becomes equal to that of the gas molecules in the limiting
cage where E/E tends to zero, As a consequence, the values of
¥ at low E/E are dependent on the temperature of the gas, but at
high E/¥ where the motion of the electrons is governed largely
by E and is independent of the energy of the gas molecules, the
values of W are independent of temperature. It ie of interest
to determine W at different gas temperatures; the results that
have been obtained at 77.6°K and 293°K are compared graphically
in Pig, 23 for hydrogen and Fig. 24 for nitrogen.

The relation of the drift velocity with vearious mieroscopic

quantities mentioned previously, can be derived theoretically by
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making verious simplifying assumptions. The derivetions of
Allis (1956) and Chapman and Cowling (1952) use the Boltzmanm
transport equation. Huxley and Crompton (1962), by making a
reasonsble assumption as to the form of the velocity distribution,
bhave derived the same result much more simply, and a simplified
version of this proof is given in Appendix I, The resulting

expresslion for W is

ve B2 2L (067 (1)
The chief assumptions on which the derivation is baged are

as follows:

(a) The proportion of the mean free path along which there is
interaction of an electron with a gas molecule during a
e¢ollision, is small,

(b) All collisions are elastic. For diatomic molecules, this
assumption is not true because some collisions cause
rotational and vibrational exeitation. However the
frequency of these collisions is small, Furthermore if
the scattering of the elestrons from the gas molecules is
isotropic, the loss of momentum for electrans of veloeity
¢ when averaged over all directions of acattering is
me (m << M), which 1s the same as the loss of momentum
for inelastic collisions, Equation (1) is thus considered

to still apply for diatomic molecules with an error of much
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less than 1%,

(e¢) Approximations are involved in the derivation of the
formula. In the derivations using the Boltzmann equation
only the first two terms of the series solution are
retained and in the derivation of Huxley approximations
are also made (see Appendix I). Nevertheless these
approximations are eastimated to have negligible error and

equation (1) has been used extensively in the literaturs.

Two other macroscopic quantities of great importance are
the coefficient of diffusion and Townsends energy factor and

these will now be discussed briefly,

The Coefficient of Diffusion. (D).

The coefficient of diffusion for eleocirons in a gas is
defined in the usual way, i.e, the nett rate of transport due
to diffusion of elecircns across unit area is given by «D grad n,
where n is the electron density.

D can also be expressed in texms of microscopiec quantities,
the resulting expression being (Appendix I)

n.%TS (2)

Townsends Energy Factor. (kT)
Townsends energy factor is the ratio of the average
kinetic energy of an eleciron to the average kinetic energy

of a gas moleculo)
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i.e. Ky = im 02/ M c? (3)

A most important relationship between the ratio W/D
end k,, can be derived from equations (1) and (2), using in

addition the relation

m?‘;/za 3RT/2 N, (4)

(T i3 the temperature of the gas in degrees X, R is the
universel gas constant and N is Avogadros nuaber).

Equation (1) is divided by equation (2) to obtain

EedR : e Eel

W o @ 4,2 2 0
D " ¥t °© dc(e°)°/£°'nmk1 (5)
where ky = k, e 2 %—e-(eez) oz/Z; =F k, (6)

The expression above, which was derived by Huxley and
Crompton (1962) is a more accurate form of the expresaion
derived originally by Townsend (Healey and Reed 1941). The
expression of Townsend is obtained from (5) and (6) by putting
B=1, The difference between the two resulis arises from
the earlier analysis of Townsend being based on the assumption
that —i—i can be regarded as analagous to a force. The analogy
is not perfect as a pressure gradient can never result in an

increase in the energy of the electrons.
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Chapter 2 : Methods of Measuring the Drift Veloeity

The first reasonably accurate measurements of the drift veloecity

were made a® early as 1898 by J, Zeleny. Since this time many

investigations of the drift velocity have been made, using a great

variety of methods, and & comprehensive history would be very long.

It is proposed to deseribe in detail only the four methods which are

used in investigations outlined in the current literature. These

are the methods of Townsend, Bradbury and Nielsen, Hornbeck and

Bortner,

2.1 The Method of Townsend,

In the method of measuring the drift velocity used by
Townsend and Tizard (1913), a magnetic field is applied
perpendicular to the applied electric field. The sirength
of the magnetic fleld is adjusted until the centre of the
electron stream is deflected a known angle 8 , this deflection
being measured by means of divided electirodes. The relation

between & and W was derived to be
tan 8 = VW = BeWEe (1)

where V is the transverse velocity produced by the magnetio
field B. Townsend used this method in what was the first

systemmatic investigation of the properties of electrons in
gases. However, Huxley (1937) has shown that equation (7)

is inaccurate because account must be taken of the veloeity
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distribution of the electrons,

In the most recent form of the method (Huxley and Zaszou
1949) the electrons emerge from a very smsll hole and travel
under the influence of a uniform electrie field until they are
collected by a divided electrode as shown in Fig. 1. A known
magnetic field B is applied in a direction parallel to the
direction of the slit in the collecting electrode, whose

segments are connected together so that the ratio R, of the

1
currents on the two halves of the collecting electrode can be

measured., It has been shown by Huxley and Zaazou that R, is

1
a function not only of B, W and k1 but also of F where ¥ is a
dimensionless factor which depends both on the velocity
distribution of the electrons and also on the variation of A
with e. k.' can be measured in the same apparatus by rearranging
the comnections to the segments of the collecting electrode to
meagure the ratio Ea of the current falling on the central disec
to the current falling on the outer anmilus when there is no
applied magnetic field, A further expression of Huxley (1940)
relates 32 with k1.

Hall (1955a, 1955b) has used this method to determine W in
hydrogen and deuterium by assuming that A is independent of e
and that elther a Maxwelllan or Druyvesteyn electron veloolty
distribution exists,

The chief current interest in this method is not so much

to use it to determine W, as to provide information regarding
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the veloeity distribution of the electrens. If the value of

W is known independently from direct time of flight neasurements,
comparison with magnetic defleotion data enables F' to be
evaluated. As ?'is a known funoction of velocity averages, it
should be possible to determine the extent of the departure of
the velooity distribution from that of Maxwell for various

values of k‘!’

2.2, 1 Method of Bradbury and Nielsen,

In 1936 Bradbury and Nielsen developed a direct time of
flight method of measuring drift veloclties which is extremely
sinple in principle, and which enables measurements to be made
over a very wide range of E/p. Purthermore the systemmatic
analysis of all sources of error that is made later in this
thesis suggests that the method is the moat accurate for drift
velocity determinations. The only differences in the method
of the present investigation with that of Bradbury and FNielsen
is that in the present method a hot filament was used as the
source of electrons and the resulis were taken using the later
technique of Nielsen in which the frequency instead of the
applied d.c. electric field is varied.

The experimental apparatus is illustrated in Fig. 2.
Electrons emitted from a filament F drift through the gas to
the collecting electrode B under the influence of a uniform

electric field which is maintained between the electirodes A
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and B, Two shutters, 81 and 32, each consisting of a plane

grid of parallel wires, of which altermate wires are connected

together, are placed in the path of the electrons, the distance

h between the two shutteras being accurately lmown. An e.o.

signal, whose frequency can be varied while maintaining a

constant voltage, is applied to the two halves of 31. The

voltages applied to each half of the shutter are exmetly 180

degrees out of phase. Similar voltages exactly in phase with

thoge applied to 81 are applied to Sa. All a.c. signals have

superimposed on them the appropriate d.c. voltage required to

maintain the uniform field between A and B. The freguency of

the a.c. signal is then varied and the current collected at B

is recorded, VWhen a graph is drawn of current against frequency

a series of maxims will be obtained as shown in Pigs. 20 and 21,
The asction of 81 is to divide the stream of electrons inte

a series of pulses, as electrons will be admitied only when the

a.c. signal on the shutter wires approaches zero, If r/z is

the frequency of the a.c. signal, £ will be the Irequency with

which the shutters open. 82 will have & similar influence in

the electron current and the first maximum of the eurrcnt/fraquency

curve will correspond to the frequeney 11 for whieh pulses of

electrons produced by S.. arrive at 82 when the shutters are

again about to open, Other current maxima will occur at

integral mmltiples of f1. The drift velocity is then determined
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from

W=ht, or w-hrm/n (8)

where fn is twice the frequency of the a.c. signal corresponding
to the mth current maximum of the cumnt/frequency curve .
Since the original experiments of Bradbury and Nielsen,
there have been several developments which have an important
bearing on this thesis. In 1957 R.4. Duncan published a paper
analysing the influence of diffusion on the pulses of electrons
formed in the apparatus of Bradbury and Nielsen. The case of
& polnt source of electrons with a small collecting electrode
was analysed and it was shown that the simple interpretation of
the current/frequeney curves was complicated in the following
respeciss
(a) The ultimate resolution of the method depends on the
sharpness of the current peaks of the current/frequency
curves. The degree of sharpness of the eurrent peaks,
which is generally increased by increasing the shutter
voliage, is ultimately limited by the diffusion of the
electrons, Duncan predicted that the effect of diffusion
on the width of the pulses was o serious that, for example,
at E/p =1 p=1in hydrogen' only the first of the current
peaks would be observed in the curront/trequency curve.
(b) Furthermore, and more seriously, it was predicted that the

values of fn would be displaced due to diffuasion so that
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spuriously high values of the drift velocity would be

recordeds Thus the accuracy of the method was seriocusly

limited under conditions of high electron diffusion. The

work of Duncan has been considerably extended in Section III.

In 1957 Crompton, Hall and Macklin carried out an experimental
invegtigation using the method of Bradbury and Nielsen in whiech
the measurements of W were first reported to be pressure dependent
at a given value of E/p. Results were faken in hydrogen at room
temperatures for drift distances h of 3, 5.9 and 10 cm between
the two shutters of the apparatus, The measured values of W
(1) for fixed h decreased to a limiting value as p was increased,

and,

(2) at a given pressure decreased to & limiting value as h was
increased,

These results were in qualitetive agreement with the
variations predicted from the theoretical work of Duncan, but
the variation was very much larger than would be expected from
theory.

In this thesis the variation of the results with gas pressure
has been investigated experimentally in detail for hydrogen and
nitrogen, and alsc in helium. This investigation includes a
repetition of the measurements of Crompton, Hall and Macklinm,
using their original apparatus., A4 full discussion is given in
Chapter 9. Reasonable agreement exlsts between the new

experimental data and the extended theory developed in Seetion III,
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in which account is taken of the boundary conditions of the

electrons at the shutters,

2,2.2 Modification of the Method of Bradbury and Niclsen made by

Pack snd Fhelps.

Since the commencement of the work presented in this thesis
an extensive experimental investigation has been reported by Pack
and Phelps (1961) using a method based on the method of Bradbury
and Nielsen, Drift velocities have been measured in many gases
at temperatures extending to the temperature of liguid nitrogen.
The results of the present invesiigation are in agreement with
the results of Pack and FPhelps, althougb thelr results were only
obtained to an accuracy of the order of 6%, The analysis of
errors due to diffueion in Section III has also been applied to
the method of Pack and Phelps, and their meihod is now described.

The method differs from that of Bradbury and Nielsen in the
following respects. Instead of the electron pulses being formed
by a shutter, the pulses are produced by photo~-electric emission
from a cathode by means of a pulsed source of ulira-violet light.
The electron pulses then travel to a shutter, but this shutter is
not operatad by the application of a.c. sine wave volteges as in
the Bredbury and Nielsen method, Instead a constant d.c. blas
is maintained between the two halves of the grid to close the
shutter, and this bias is removed for a short time to open the

ghutter. The time interval between the flash of ultra-violet
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light and the opening of the shutter is varied and the current
from the electron pulses trensmitted by the receiving shutter
recorded. From the time at which maximum current occurs, the
transit time of an electron pulse from the cathode to the shutter
is determined. A second shutter is included in the apparatus
further from the cathode than the first shutter, and the transit
time of an electron pulse to the second shutter can similarly be
determined. The difference in these two transit tims glven
the time taken for an electron pulse to travel the distance
between the two shutiers, independent of any end effectis
occurring at the cathode. On lmowing the distance between the
two shutters, the drift velocity ie then calculated,

The liethod of Hormbeck - and other oscillographic methods.

The development of oscilloscopes having very high sweep
frequencies and of amplifiers with fast{ rise times has enabled
a whole group of new methods to be used in measuring the drift
velocity., The moat extensive investigation using these
techniques is the recent work of Bowe (1960) who used the method
of Hornbeck (1951). This method, which is closely related to
the earlier method of Herreng (1943), has also been used in a
modified form by Biondi and Chanin (1954) to measure the
mobility of positive lons. The method of Hormbeck will now be
described,

A flash of ultra-viclet light produces an initial pulse of
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electrons at the cathode, which then travels under the influence
of a uniform electric field to the anode., The cathode and
anode are usually two large parallel cirecular plates., The
resulting current pulse is then amplified and viewed
osclillographically so that a photograph of the pulse can be
obtained, Omitting influences due to diffusion the current I

travelling in a Townsend gap is given by

I = N eV ()

where K, is the total number of eclectrons in the gap (assuming
that there are no positive ions due to ionization), e is the
electronic charge, W the drift velocity and h the electrode
separation. (See Appendix II). Thus, as the electrons are
produced in the chamber, the current rises to a constant level
which is maintained while the electrons are traversing the gap.
Then, as elecirons are absorbed at the anode, the current will
decrease, becoming zerc when the pulse is ecompletely absorbed,
The form of a typical current trace is given in Fig. 3.

The transit time of the pulse is assumed to be t2 - 1;1
where t, and t, are the times at which the current is half of
its meximum value. This procedure in determining say tz is
based on the assumption that when half of the electrons have been
absorbed, the centre of the pulse is then at the collecting

eleetrode. This assumption is not quite accurate, as will be

shown in Chapter 10,
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In many cases the oscillographic traée that is obtained
is not as simple as is shown in Fig. 3. For exemple, Fig., 4
is a copy of a trace obtained by Hornbeck for positive ions in
Argon. Although the initial ripple is of no significence,
being due to the amplifying equipment, the existence of the
two 'steps' in the trace indicates the presence of two different
ions having different mobilities. Iater these ions were
identified as A; end A",  The form of the trace given in Pig.
5y which has been taken from the resulis of Biondl and Chanin,
is evidence of the existence of back diffusion. The initial
spike is caused by the number of ioms (N, of equation (92)Min
the chamber being diminished soon after the formation of the
pulse, because ions are reabsorbed by the emitting electrode
due to the influence of back diffusion.

A number of other investigations employing oscillographic
methods have been used., The investigations of Colli and
Facchini (1952), Klema and Allen (1950) and Nagy, Negy and Dési
(1960) difier in principle from that of Hornbeck only in that
the resistance of the collecting electrode to earth is made very
high, Consequently the oscillogrephbic trace, which represents
the voltage of the collecting electrode, is a messure not of the
instantaneous current, but of the integral of the current, The
trace in Fig. 6 is similar to that published by Nagy, Nagy and
Dési, the transit time in this case is ¥, - %,

Kirschner and Toffollo (1952) have used & nuch less direct
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method, which was first developed by Hudson. The whole of the
space in a Townsend gap is suddenly expoesed to X-rays to form
wniform ionisation., The form of the resuliant rise in current
has been analysed theoretically, and the transit time is
estimated from the oscillographic trace representing the current.
The accuracy of all oscillographic methods is dependent on
the accuracy of high speed sweep times and is limited by the
accuracy with which time intervals can be read from the
oseillographic trace, The possibility of errors being
introduced due to distortion of the form of the pulse from the

electronic amplifier equipment musi a2lso be carefully considered,

The kiethod of Bortner et al,

Bortner, Hurst and Stone (1956) have conducted direct time
of flight measurements of drift velocitles using Geiger Counters.
A stream of & particles is used to initiate electron pulses by
ionisation, the time of the formation of each pulse being
recorded as each A particle activates a Counter. The time of
arrival of the electron pulse, after it has travelled a kmown
drift distance, is recorded by & second counier., By incor-
porating the use of a delay line before the first 'cnuntor, the
resultant pulses are brought to coincidence by varying the delay
on the delay line, a procedure which it is claimed results in
high accuracy,.

The method of Comunetti and Huber (1960) differs chiefly
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in the method of recording the time of arrival of the eleetron
pulse, At the end of the drift distance, the elecirons pass
through a gavze into & region of high electric fleld which
accelerates the electrons to the extent necessary to cauae
ionisation. The light produced from this ionization is used
to excite a photomultiplier to record the arrivel of the

electron pulse,
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SECTION II : THE PRESERT INVESTIGATION

EXPERIMENTAL
Chepter 3 s Description of Apperatus

3,1 The Electrode System.

The electrode system is shown in Fig. 7. The electrodes,
which were made of brass are labelled Oy 1, 2 ... 15 All
petal surfaces were coated with gold prior to assenbly to
reduce errors due to contact potentisl differences. Electrode
13 is in the form of a cylindrical oup %o prevent ¢lectrons
from diffusing sideways and travelling down the chamber without
passing through the first shuiter. The electrodes were
poeitiocned by accurately ground glass spacers to maintain the
required electric field, which was uniform between electrodes
O and 14, The guard rings 1 to 12 were 0.5 cm apart and the
distance betwsen the two shutters was 5,985 —,005 cm. 4 high
electric field, usually of 180 volt m-1, was applied beiween
electrodes 14 and 15 to obtain maximum current from the filament,
one side of which was connected externally to electrode 15.
Provision was made a0 that this high voltage (called the "pull
off" voltage) could be varied, thus enabling an additional
means of regulating the magnitude of the current through the
chamber to the normal method of controlling the filement

temperature, The electric field between electrodes 13 and 14,

|
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which was the same as the uniform field between O and 13,
ensured that the electrons reach the first shutter at the
equilibrivm energy end drift velocity appropriate to the
particular value of the uniform electric field applied between
the shutters. It was necessary to inoclude a grid across the
central aperture of electrode 14 to prevent the high "pull off"
field from penetrating to the region of the shutters and thus
influencing the results.

The collecting electrode (E in Fig. 8), was held in
position by two glass rods, which were olamped to the back of
the base electrode O.

The electrode assembly was seoured by thres brass tie rods
vhich passed through each guard ring and were screwed into
electrode 13, These tie rods were insulated from the other
electrodes by glass sheaths, The brass nuis at the ends of
these tie rods were rounded to minimize the possibility of
electyic breakdomm, It will be noted that the highest eleoctric
field in the apparatus was between these nuts and the base

electrode, 80 that this precaution is most importent.

The Experimental Tube,

It was required that it be possible to immerse the apparatus
in liquid nitrogen to enable measurements to be made at very low
gas temperatures, Thus the lead from the collecting electrode

was brought from the experimental tube via the curved tube
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shown in Fig. 7. This tube was coated with an earthed layer
of 'Aquadag' to provide electrical shielding. The wire to
the electrometer was kept central in this tube by a smaller
glass tube, to ensure that th_e capacity to earth of the
electrometer lead was as low as possible,

The tungsten seals by which the leads to the electrodes
were brought from the experimental tube were placed at the
top of the glass envelope so that it was not necessary to
immerse them in liquid nitrogen, The leads from these seals
to the appropriate electrodes were enclosed in siliea tubes
to minimize the possibility of discharge between the wires,

The whole apperatus was placed in a 2% inch thick foam
polystyrene container constructed from 'Cooleg's. The
container was lined with a water tight copper cen which could
be f£illed with ligquid nitrogen, The insulation properties
of the 'Coolag' were quite adequate to prevent the liquid
nitrogen from rapidly boiling away.

The filament was inserted into the apparatus by means of
a8 glass filament holder which could be removed by means of the

cone join at the top of the experimental tube,

The Electron Source.,
The source of electrons was cbtained by thermionic
emigsion from a filament., Both platinum and tungsten

filaments were used, but tungsten was found to be preferable
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vwhen doing measurements in helium as higher filament temperatures
were possible, Initially experiments in nitrogen were carried
out using an oxide coated filament with a coating preparation
supplied by Philipe Fleetrieal Industries. The advantage of
this filament was that sufficient electron emission could be
obtained at very low filament temperatures thus reducing errors
due to the introduction of temperature gradients, However
subsequent ccated filements used in hydrogen were found to emit
large proportions of negative lons, possibly due to the presence
of water vapor emitted from the coating preparation. All fingl
results quoted in this thesis were obtained with an uncoated
filament because it was desired to reduce the possibility of

gas contamination and the presence of negative ions to a minimum,

The Shutters,

The construction of the shutters presented a technical
problem of some difficulty, It was desirable to have the
spacing between the grid wires as smell as possible so that
the voltage necessary to produce a given cross field between
adjacent wires would be a minimum, Furthermore, a given
voltage on the shutter wires produces leas distortion to the
uniform d.c. field as the wire spacing is reduced. The spacing
that was achieved in the final shutters was 0.5 m.

Two stringent requirements have to be satisfled in the

construction of the shutters:
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(2) A1l materiale must have a very low vapor pressure as the
experimental resulis are affected by impurities and gas
pressure,

(v) The shutter must withstand ccoling to the temperature of

liquid nitrogen,

The First Shutters,

Initinlly the shutters were made of two pleces of mica,
between which was en adhesive of cold setting 'Araldite' to
support the shutter wires. The outgassing rute of the 'Araldite'
had been measured and it was considered unlikely that the results
in diatomic gases would be affected. It wae necessary to make
3 mm holes in both upper and lower pieces of mica to prevent
shearing between the mica and the 'Araldite' when the temperature
of the shutter was reduced to 77,6°K.

The surfaces of the shutters were coated with gold by
vaouum evaporation to provide a conducting layer to whieh the
correct d.¢. potential could be applied to maintain the uniform
electric field,

When, however, these shutters were used to measure drift
velocities it was found that the measured value of the drift
velocity, for any given gas sample, slowly increased with time
and a background current appeared in the current frequency
curves, This increase in the value of the drift velocity was

shown to be due to gas contamination from the 'Araldite!',
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because later results using shutters free of 'Araldite' did
not show this increase with time,

The increase in the value of the drift velooity with time
is given in Table 1 for nitrogen at E/p = 0.2 at p = 20 mm,
The time given, is the age of the gas sample after preparation

from scdium azide,

Table 1
Time
(houze) o] 2 3 Eguilibrium
Drift Veloeity :
(105 cm/see) 3090 392 3697 4,06

Results taken without the use of liquid air traps indicate
that the equilibrium value results from the condition where
the rate of evolution of the vapor in the experimental tube
equals the rate at which vapor is condensed in the liguid air
traps,

As the outgasesing rate of the apparatus in vacuum without
the use of ligquid air traps was only 0.1 4% in 20 minutes,
these increases in the drift velocity were, at the time, most
unexpected, It was known that the drift velocity results
using the inert gases are highly susceptible to impurities,
but it was thought unlikely that results in the diatomic gases
would be affected by impurities of 1 part in 104. However,
investigations that are reported later in this thosis show that

the drift velocity is significantly inereased by traces of water
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vapor at this order of concentration, which is consistent with
the belief that the increase of the results is due to the
emission of a condensible vapor, possibly water, from the
'Araldite’, It was thus necessary to construct shutters

that were free of ‘'Araldite!,

Sede The Final Shutters.
The new shutters were made by threading fine nichrome
wire of 0,003 inches diameter through boles pierced in mica.
The techriques involved were only slight modifications of the
method used by Crompton and Elford (1959) to make smaller
shutters required for use with positive ions, For measurements
with electrons it was desirable io have the bottom shutter of as
wide a diameter as possible to avoid any unknown effects due to
lateral diffusion., The dimensions of the apertures in the
shutters that were made were 1.5 inches for the bottom shutter
and 0,7 inches for the top shutter, The outside diemeter was
2.5 inches in each case and the wire spacing 0,5 mm. The mica
was held between two curved pieces of aluminium during the
threading of the wire, the curvature enabling the wires to bde
brought to greater tension when the mica was later clamped
between two flat face plates of brass. The shuttier wires were
insulated from the face plates by additional thin plieces of mica.
The diameter of the aperture of the additionsl]l pieces of

mica and the mica former was made greater than the diameter of



the aperture of the face plates so that no area of mica was
exposed to the electron stream. Such areas of mica could
accumulate electric charges and introduce errors into the
results, The spurious results discussed in €.4.,2 indicate
that it is most impoctant that there be no possibility of
electric charges developing near the shutters or on the shutter
wires. DParticular care was taken in the final shutters that
were used to highly poclish the surfaces of the face plates and
to attempt to remove all tracee of dirt that were visible when
the wires were viewed with a binocular microscope. The shuttiers,
including the shutter wires, were coated with gold by vacuum

evaporation after finasl cleaning by means of electron bombardment.,
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Chapter 4 : Subsi uipment

4,1 Electrometry,.

The electron currents used in the drift chamber were from

3 %0 10”2 amp and were messured by means of a Vibron

electrometer in conjuction with a 1010 ohm resistance,

3,10

For the electromtezt to deteet rapid changes of current it
was necessary that the time constent of the circuit, which is
proportional to & C, be sufficiently low (R and C are equal to
the resistsnce and capacity of the collecting electrode E to
earth). C was made as low as poseible by such precautions as:
(1) undercutting E to reduce the eresa in close proximity to

the outer earthed ring, .

(2) ensuring that the lead from E is central in the curved

glass tube (Pig. 7), and
(3) the use of low capacity cable for the lead to the electrometer.
The lower limit of C is the iInput capacity of the electrometer,
which is 20 pF.

The glass of the tungsten seal by which the lead from E is
brought from the experimental tube was coated with a 2% solution
of Silicone Fluid (MS200) in carbon tetrachloride and baked at
300°C for an hour. This procedure prevented electrometer
instabilities caused by the formation of thin films of water on
the surface of the glass at the seal, which otherwise would have

%o be removed by the use of an infra red lamp,
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4.3

The lead from E to the electrometer was completely
enclosed in an earthed shield to prevent interference from

induced electrie currents,:

The d.s. Voltage Supply.

The voltages applied to the electrodes to maintain the
uniform d.c, field were derived, by means of & voltage divider,
from a Fluke type 301E power supply. This power supply
provided voliages which could be set with an error of less
than O.1%. The voltege divider was comstructed from a chain
of 68K HS resistors, The voliage division was checked at
various intervals during the period in which measurements were
made and in all cases the voliage applied to each electrode
was correct to well within 0,2%

The power supplies for the "pull off" voliage and the
filament current were provided by 180 volt and 6 volt batteries.
The detail of the wiring is shown in Fig. 9.

The a.c, Voltage Supply.
The a.c. volteges that are applied to the shutters should
ideally have the following characteristics:
a. The phase difference between the two voltages applied to
a shutter should be 180°.
b, ‘There should be no phage difference between the corresponding
voltages that are applied to each shutter,

¢c. The EMS voltages of the two signals applied to a shutter
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should be equal.

d, The magnitude of the RMS voltages of the signals at the
shutters should remain constant as the frequency is varied,

e, The a.c, voltages for each shutter should be superimposed
on the d.c. voltage necessary to maintain the required
uniform d.c., field in the drift space.

f. The BMS value of the a.c. voltage must be sufficiently
high so that when the voltage is at its peak value the
shutter wires collect 80% or more of the eleetrons reaching
the shutter,

The equipment to provide voltages satisfying the above

requirements consisted of three components:

(1) An oscillator to provide the initial a.e. signal,

(2) An a.c. amplifier to provide two signals which differ in
phase by 180°, and

(3) A resistance capacitance network to enable these signals
to be superimposed on the appropriate d.c. voltages of
each shutter,

The three components are now discussed.

4.3.1 The Oscillators.
An Adirmec Kodel 201 Signal Generator, together with a
Yhilips low frequency oscillator were used to provide acc.
voltages over the required frequency rargae of 1 kc/s to 1 Mc/s.

Both cscillators satisfied the requirements that the output
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voliage was constant to 4 d.b, with change of frequency over
each range covering a frequency range of 3 : 1. The scale
length was sufficient to enable frequencies to be read with an
accuracy of<1%. The calibration of the oscillators was
determined with a precision counter to an asccuracy of better
than 3% at various intervals during the period over which

measurenents were taken,
4.3.2 The a.c. Amplifier,

4,3.2,1 Use of Transformer,

Initially an attempt was made to use a transformer as the
amplifier., A special transformer was wound, using a "ferroxcube"
core of the E type. The secondary winding had its centre
connected to earth potential so that the output voltages were
out of phase by 1800. However the frequency response of the
transformer was unsatisfactory in that the smplification was not
constant over the required frequency range.

Ag the electron current transmitted by the shutters is a
function of the applied FMS voltage, it is necessary to maintain
this voltage at a constant value during the determination of
values of rm. Thus, if the frequenoy response of the amplifier
is not constant, adjustments of the output of the omeillator are
required during the taking of measurementis, to keep the voltage
at the shutters constant, Because the emission of electrons

from the filament can also vary, it is impossible to take
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accurate experimental readings if such adjustments are
necessary.
An examination of principles of transformer design
indicated that it would be imposaible to construct a single
transformer having a constant response over the required range
of frequency, and that a series of transformers would be reguired.
The difficulty was overcome by designing an electronic

anplifier with the required characteristics,

4,3.,2.2 Electronic Amplifier,

The design of this amplifier was achieved under the
guldance of Mr. G, Rose of the University of Adelaide.

The circuit diagram is given in Fig. 1C. The initial
amplifier is a 6V6 valve, tetrode connected, followed by a
6CD6 valve used as a phase splitter. Two further 6CD6 valves
are used as cathode followers in the output stages,

It is difficult to satisfy the requirement that the
amplification be constant with change of frequency because of
the capacitive nature of the load., ‘The capacity of each shutter
is only of the order of 50 pP, but this resulis in an effective
load of the order of 200 pF on each of the two outputs of the
amplifier. At mc/ s the effective load is then as low as 1 K,
s0 that an amplifier of low ocutpul impedance is required,

A further difficulty arises because the low value of the
load at 1 l&e/s resuits in the slope of the a.c. load line

becoming very great. Consequently, for most valves, the
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maximum output voltage that is obtainable for mederate plate
voltages of the order of 25¢ volis is much lower than 20 voltis
RVMS, However with the 6CD6 valves, which carry high current,
this output is possible,

The 30 pP trimming condenser shown in Fig, 10 was used to
compensate for the effeet of stray leakage capacitances, which
introduce slight variations from the ideal condition of the
difference in phase of 180° between the two output signals,
The optimum position of adjustment was ascertained by connecting
the two signals direct to the plates of an oscllloscope and
observing the resulting lissajous figure.

The 250 volt 250 ma power supply used to drive the
amnplifier was construoted using the cireuit of Fig. 1.

The frequency response of the olectroni-c amplifier is
compared in Fig. 12 with the response of the transformer used

formerly.

4,3.3 The Resistance Capacitance Network,
This network, which enables the signals to be supplied
40 the shutters at the appropriate d.c. voltage, is illustrated
in Fig. 13.
To reduce capacitive loading on the amplifier, the length
of low capacity cablg that is required to carry the a.c,
voltages is reduced to a minimum by mounting the resistance

capacitance network immediately above the experimental tube,
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4.5

58

To satisfy the requirements, previously mentioned, of
the phase of the =zignals at A.‘ Aa A3 and A4 (Fig. 13) it is
3 = 04 and R.' s,Rz = R3 834' The
value of 01 is chosen to be 0.05p F, which is high enough for

esgential that 01 = 02 =

the condensers to have a reactance that is still only a few
per cent of 120 K at the lowest frequencies that are required.

Consequently the low frequency response is not adversely affected.,

Measurement of the a.c. Sigunal,

It is necessary to ensure that the method of measurement
of the a.c. signal on the shutters does not introduce errors
because of the loading effect of the measuring instrument.

Thus a probe was built for use with the vacuum tube voli meter,
with which measurements were made, and the resultant loading on
the shutters was only of the order of seversl pF. The value of
the 4.7 ¥ resistor, shown in the circuit of the probe which
given in Fig. 14, is selected to obtain the correct scale
reading on the VIVM. The probe was mounted together with

the resistance capacitance network on top of the experimental

tube so that it was as close to the shutters as possible,

The Yacuum System,

A schematic diagram of the vacuum system is given in Fig.
15. The positions of liquid air traps and taps are indicated.
The traps immediately before the experimental tube and immwediately

after the gas production unite were filled with indented copper
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3%

foil to increase the efficisncy of the cold trap by increasing
the probability of the gas molecules making a large mumber of
collisions with a cold surface as the gas passes through the
trap.

All joints and taps of the vaouum system were greased with
Aplezon N grease,

The pumping out procedure was first to use a backing
pump and then a getter ion pump. The apparatus could be
evacuated so that the pressure as recorded by the getier ion
pump was less than 10—5 mm Hg, When the experimental tube
was isolated from the pumping system, the outgassing rate, as
determined by the Pirani gauge and without the liquid ailr traps
normally used, was found to be 0,14 in 3 hours.

No attempt was made to bake out the apparatus at high
temperature because of the likelihood of the shutters being
damaged, However, the apparatus was baked out at low
temperature (100°C) for 14 hours; but on admitting fresh gas,

the drift velocity measurements were the same as the values

obtained prior to beking the apparatus,

Prepsure Measurement,

Gas pressures were recorded on two precision type capsule
gauges (Crompton and Elford 1957) which together covered the
required pressure range of 2 mm to 500 mm Hg. The low

pressure gauge, which recorded preasures to 20 mm Hg, was
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calibrated with a dead weight pressure stendard and the high
pressure gauge with a standard mercury manometer as deseribed
in the original paper, The overall error in the measurement
of pressure was of the order of 0,5% at the lowest seale

readings and less for higher scale readings.
4,7 Gas Produstion,

4,741 Hydrogen,
Hydrogen was admitted to the apparatus by means of a
palladium osmosis tube heated electrically to 200% by means
of a heater coil made of nichrome wire, The general procedure,
together with the precautions necessary to prevent the palladium
changing its phase during the heating process, is given by

Crompton and Elford (1962),

4.7.2 ¥itrogen,

Nitrogen was prepared by heating sodium azide ueing
techniques that were develcped by Dr. R.¥W. Crompton.

To reduce the possibility of introducing impurities to
the gas due to outgassing of the glass tubes containing the
agide, or the azide iteelf, the tubes were initially strongly
flamed, Furthermore, while the tubes containing the agzlde
were being evacuated, they were heated to a temperature just
below the temperature for the breakdown of the azide,

To prevent possible damage due to the rapid evolution of

gas during the preparation of nitrogen, care was taken to heat
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only a small amount of the azide at a time, the heating being
carefully controlled electrically, This was achieved by
spreading the azide thinly (never more than 0,2 inches deep)
along the length of four ¥ inch diameter glass tubes, whieh
were 24 inches long. The heating coil of nichrome wire could
be slipped over tha tubes, and not more than % an inch of the

length of a tube was heated at one time,

4,73 Helium,
The helium that was used, was stated %o be apectroscopically

pure, and was obtained from the British Oxygen Company.

4,8 Temperature Measurement,

As the drift velocity depends on both N and T it 4is
necessary to determine accurately the temperature of the gas
when peasurements are being made., Temperatures were recorded
by means of two copper constantan thermocouples, One thermo-
couple was connected to the guard ring just below the first
shutter and enahbled an assessment to0 be made of temperature
variations caused by the heating action of the filament, The
temperature rise as recorded by this thermocouple could be
greatly reduced by immersing the apparatus in a water bath,
which acted as & heat sink, The second thermocouple was
placed in this dbath,

When messurements of the drift velociiy were made at

77.6°K, the bath surrocunding the apparatus consisted of liguid
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nitrogen baving a purity close to 100%. At these temperatures,
the thermocouple that was attached to the elecirods system could
not be used as errors were introduced due to the presence of
temperature gradients over the tungsten seals by whioch the
themocoupic leads are brought out from the experimental tube,
However an experiment conducted prior to the assembly of the
apparatus, showed that the temperature inside of the experimental
tube below the level of the liquid nitrogen bath was the same

as the temperature of the bath, to within 0,5°K,

This experiment was carried out by introducing the
themocouple through the cone at the top of the tube in which
the filement support is normally placed. The lower half of
the tube was immersed in liquid air and the temperature of the
alr inside of the tube waz measured at various depths from the
top of the tube., The results are shown graphically in Fig.16.

It is seen that the largest temperature gradlient ocours
in the region between the top of the dewar, which contains the
liquid air, and the surface of the liquid air., The temperature
at the top of the tube is slightly below room temperature, so
that a temperature gradient exists across the tungsten seals,
Below the surface of the liquid alr, the temperature is
constant and is equal to the temperature of the surrounding bath,

The thermocouples were calibrated at 8 temperatures in the
temperature range 77°K to 373°K following the procedure of

scott (1941). The deviation is found of the e m f£5 measured
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at the calibration temperatures from the e m fs given for the
corresponding temperatures of a reference calibration that is
glven by Scott. A plot of these deviations against the
measured value of the e m £ gives a 'deviation curve'. VWhen
the calibrated thermocouple is used to measure a temperature,
this deviation curve enables the temperature to be determined
using the reference calibration,

The reference oalibration, given by Scott, has been
extended in Appendix III to cover the required temperature

range, using the cubic equation:

E, = =38,474 T = 0.046046 7° + ,00003948 T°,

The coefficients of this expression were derived from values
given in the reference calibration.
The calibration points, from which the deviation curve
was obtained, are given in Table 2, EL is the measured
value of the ¢ m £, E' i8 the e m £ obtained from the reference

ecalidbration and D E the deviation,



44,

Table 2

Point Temperature E; (rv) B | {pv) AE

%k B - E,
Boiling Water 375 -417C -4268 98
Hot Water 321.7 =-1920 -1978 58
Hot Water 30561 -1235 -1281 46
Freezing lMercury 2%4.1 1380 1426 =46
Cold Alcohol Rath 203.2 240% 2470 =65

002 Sublimation

Point 194.5 2650 2717 67
Boiling Oxygen 9Ca1 5180 5255 -T5
Boiling Nitrogen T1.2 5395 5472 =77

The refersnce junction of the thermocouple was in each case
embedded in a thermos flask of ice made from distilled water.
The deviation curve is given in Fig.17. The following are
the main precautiouns that were taken in the determination of
the e m f8 at the calibration temperatures.

(1) Boiling Water. Glass beads were included in the beaker
of distilled water to prevent super heating. Account was
taken of the effect of deviations of the atmospherie
pressure from 750 mu Hg.

(2) Hot Water. To obtain consistent results, the mouth of
the vacuum flask containing the water was packed with

cottor wool and the water was agitated by bubbles of nitrogen.
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(3) Freezing Meroury. The graph of the variation of em £
with time of a thermocouple initially embedded in frozen
mercuxry is given in Fig., 18. It 1s seen that the em
corresponding to the melting point of mercury can be
determined accurately,

(4) Cold Alcohol Bath, Precautions similar to those of (2)
were taken to reduce temperature gradients in the cold
bath of alcohol.

(5) 00, Sublimation Point, It was necessary to ensure that
the dry ice was in an atmosphere of 002 by enclosing the
dry ice in a vacuum flask whose mouth was packed with
cotton wool. The air initially present in the flask,
which can suppress the sublimation temperature by 4°K,
18 expelled from the flask by the constant flow of C:CZ'2
from the dry ice,

(6) Boiling Oxygen and Nitrogen., These calibration points
are critical for the accuracy of drift velocity results
for gas temperatures of the order of 77°K. The
calibration points were obtained from the boiling noint
of samples of liquid oxygen and nitrogen which were stated
to have a purity of greater then 99%. Values of the em f
obtained with three different samples of oxygen gave
identical resulis.

To determine the dependence of the boiling point on

the concentration of oxygen in a mixture of oxygen and
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nitrogen the experimental curve of Fig. 19 was obtained.
Because the curve is approximately linear, 1% impurity

in the liquids would result in an error in the em £ from
that of the pure liquid of lees than 0@5°K. Nevertheless
it is largely because of the uncertainty in determinations
0f the temperature that the drift veloclity results taken

at 77.6°K have a possible error of the oxder of 2%.
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Chapter 5 : Expe tal Results

5¢1 Resulis in Pure Gases -~ Hydrogen and Nitrogen.

The drift velocity was measured by determining the
frequency of the maximum of the first or second current peak
of the current/rrequancy curve, Pigs. 20 and 21 give two
extreme examples of current/frequency curves and it is seen
that the resolving power possible from any peak varies
considerably under different conditions, The effect of
diffusion on the resolving power is discussed in Chapters
8 and 9,

In all instances where current/trequenny curves were
prepared, as for example in Fig. 20 which exhibits 20 maxima,
the values of rm/m corresponding to each maximum were found
to agree within 1%, This agreement is strong evidence that
no errors are present due to:

(1) displacement of the current meximum due to a variation in
the value of the a.¢. voltage on the shutters with change
of frequency, (discussed in 4,3,2.1).

(2) incorrect frequency calibration, and

(3) rphase differences between a.c. voltages applied to the

first and second shutter (discussed in 6.3.1).

At each determinationof fn the temperature and pressure
of the gas was recorded to enable the value of E/N to be

calculated accurately, These values of E/H generally differed
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plightly from the standard values of E/N required, due to
slight variations in the gas pressure and gas temperature
caused, for example, by the variation of the levels in the
ligquid aix traps and the heating effect of the filament, A
correction was then made to the measured values of W, using
the tables of Appendix IV, to obtain the equivalent measurement
at the requirved value of E/N. The tables give the percentage
change in W for a 1% change in E/N and were caloculated by
determining the gradient of the curve of W against E/N. As
the experimental values of E/N were generally within 1% of

the values required, it.was unnecessary to know the gradiente
accurately.

At each of the standard values of N, iwo experimental
gsets of measurements were made using different gas samples,
Agreement between the measurements was always to within 1%
at high values of E, At low values of E experimental errors
became larger because of the greater influence of spuxious
contact potential differences and also because the greater
degree of diffusion of the electrons resulis in a loss of
resolving power. Where differences of more than 1% existed
between the measurements a third gas sample was used to take
a further set of results, and the average ¢f all three values

was then determined,
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fable 3,  Hydrogen 293K
Values of W x 10 Jcm sec™ s E/p = 3,30,10 °5/¥, ¥ = 1016
P Beat
E/p 2 5 10 20 50 100 Estimate
18 6342 62.8
15 51,7 5143
12 42,3 4149
10 37.2 36,8
9 3445 34,2
8 32,1 3149
7 29,7 29,6 29,5
6 271 26,9 26,7
5 24,3 2441 24,0
4 21,5 21,2 211 21,0
3 18,3 18,0 18.0 17.9
2.5 16,6 16.3  16.2 16,1
2 14.7  14e4  14ed 143 4.3
1.8 13,9 13,6 13,6 13,5 13.5
1.5 12,7 124 12,4 12,3 12.3
142 11.4 11,1 1.0 11,0 11.0
1.0 10,4 10,2 10.1  10.1 10.1
.9 9,72 9.63 9.59 9,56
.8 9.23  9.15 9411 9,08 9,08
o7 8,75 8.64 8,62 8,58 8457
o6 Bo19 8,12 8,09 8.05 8,04
5 7059 Te55  Te50  Ted6 To45
o4 6091 6486 6,85 6,80 6481 6.81
.3 6,02 5,98 5,97 5097 5497
.25 5,50 5,46 5e45 5,45 5045
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Table 3. Hydrogen 293°K (contimued)
Values of W x 10-5cm aee°1. E/p = 3.3g.1016y§. = 2.29.10162.

\p Best
E/p 10 20 S0 100 200 400 500 Estimate

o2 4,89 4,85 4,84 484 4,85 4,85
18 45T 4,56 4,56 4,56 4,56
.15 4,09 4,08 4,08 4,09 4,09
12 3657 3455 3.55 3456 3456
o1 3,16 3414 3,15 3415 3415 315
«09 2,92 2,94 2,94 2.94 2.94
<08 2,68 2,70 2,70 2,70 2.70 2.70
207 2,44 2,45 2445 2.45 2,45 2.45
.06 2,18 2,18 2,19 2,18 2,18 2,18
«05 1.89 1,90 1,90 1.90 1,89 1.89
« 04 1,58 1,58 1,59 1,58 1.59 159
« 03 125 1,26 1,25 1.26 1426
« 025 1,06 1,07 1,07 1,07 1.07
» 02 876 878 879 L879 +878
<018 .T99 800 L,798 o797
«015 o675 675 L6T7 +676
.012 <547 .549  .550 «549
«01 481 L462  L464 o463
» 009 419 420 419
. 008 374 J3T5 374
<007 «330 330 «329
- 006 284 L,284 283
«005 0236  ,236 «235

«004 «189 +188
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Table 4. Nitrogen 293 K.

Velues of W x 10 2cm se” . E/p = 3.30.1016g/m N = 3.30.10163.

\p Best
E/p 2 3 4 5 10 20 50 100 Estimate

20 T1.2 70,9
18 65.4 65,1
15 5T¢2 5741 56.8
12 48,4 48,3 48.3 48,2
10 42,4 42,2 42,1 42,1 42,0
9 39.2 39.0 391 39.0
8 3641 358 35,9 35,7
7 3245 324 32,3
6 29.0 28,9 28,8
5 25,6 2563 25.0
4 21.9 21,5 21,2 21,1
3 18,0 17.4 17,2 17.1
2.5 15,9 15«3 15,0 14.9
2 13.7 12,9 12,8 12.8 12,7
18 12,9 12,1 11,8 11.8 117
1.5 11.4 10,6 10.4 10,3 10.2
1.2 10,2 .04 8,87 8,79 84T5
1.0 9.26 8,04 7.84 T.T7 TeT2
»9 Ts52 T35 Te25 Te19
o8 6.97 6,82 6.T2 6,68 6.66
7 6.49 6,31 6,22 6,20 6,18
o6 5297 5.80 5,72 5,70 5.68
o5 5049 5,31 523 5.21 5¢19
o4 5603 4,85 4,78 4.TT 477 4,76
o3 4439 4032 4.28 4,29 4,28

25 4.13 4,05 4,03 4.03 4,02
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en 293°K (eontinued)

Values of W x 10 om sec™'. E/p = 3.30,10"%5/N, ¥ = 3.30.10"p.
P Best
E/p 10 20 5 100 200 400 500 Estimate,
2 3,84 BTT 3.6 3.T5 3,76 3.76
.18 3.66 3.63 3,63 3,63 3.63
.15 3.46 3,43 3,43 3,43 3.43
.12 3.26  3.23 3,23 3,22 3,22
o1 3,12 3,09 3,10 3,09 3.09 3409
.09 3,03 3,04 3,04 3,03 3,03
.08 2,97 2,97 2.97 2,96 2,96 2,96
.07 2,91 2,91 2,90 2,89 2,90 2,90
.06 2,83 2,83 2,83 2,82 2,81 2,81
.05 2,72 2,72 2,72 2,71 2,71 2.
.04 2,56 2,56 2,55 2,55 2,55 2,55
.03 2,29 2,29 2,28 2,28 2,28
.025 2,07 2,08 2,08 2,08 2,08
.02 1.82 1,82 1,82 1,82  1.82
.018 .71 1L,70 171 1.7
.015 1049 1,49 1,49 1,49
.012 1625 1.26 1.25 1.25
.01 107 1,07 1,07 1,07
»009 ITT 975 +974
4008 879 .878 87T
007 T8 L TT6 o174
»006 674 673 672
+005 567 4565 564
.004 456 2455
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Table 5. drogzen T7.6°K.

Velues of W x 10 2cm sec™'s E/p = 3.30.10"°m/N, ¥ = 3.30.1

P | Best
E/p 10 20 50 80 200 500 1000 2000 Estimate

5

3 18.3 18,1
2.5 16,5 16.3
2 14,7 14.5 14.4
1.8 13,9 13.7 13.6
1.5 12,7 12.6 12.5
1.2 11.4 11,2 1.1
1.0 10.5 10.4 10.3
9 999 9,90 9.85
8 9455 9.46 G.42 9.40
o7 9,06 8,98 8,95 8,93
6 8,55 8.49 8.44 8,42
o5 8,03 T7.94 7.89 7.39 7.87
od  Ta39 Te31 Te29 T30 7.29
e3 6459 6,55 6451 6,49 6.48
e25 6.10 6,03 6,01 6,02 6,01
o2 5,51 5445 5441 5,41 5.37 5436
«18 5017 5613 5413 5.12 5011
.15 4,68 4,64 4,63 4,63 4.63
.12 4,12 4,09 4,10 4,08 4,08
ol 3.T1 3.68 3,68 3,66 3466
.09 3044 Fed4d4 o4 3ed1
+C8 3420 3,19 3,16 Z.15 e 15
«C7 2.94 2,93 2.91 2.90 2,90
«C6 2.65 2,65 2,63 2,62 2.62
«C5 2:34 234 2,33 2.32 2,32
«04 2,02 2,01 2,00 1.99 1,97 1497

«03 1.63 1.62 1,63 1.62 1.62
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fable 5, drogen T7.6°K. (continued)

Values of W x 10 2om sec s E/p = 3.30.1016§/ﬁ. N 3_3.52.10162,

\\P Best
B/p 10 20 50 80 200 500 1000 2000 Estimate

»025 Te44 1043 1,43 1.43 143

.02 1.23 1,24 1.24 1,23 1.23

.018 .14 1.14 1.4 1.14 1e14

.015 1401 1,01 1,01 1,01 1,01

012 <868 o868 +8T1 ,869 «869
«01 «T64 ,T64 ,T68 ,T67 « 767
-009 o709 712 715 « 715
.008 651 .656 .655 +655
«007 590 1598 .594 «594
006 <525 4533 530 +530
«005 »45T 459 .458 «458
2004 382 ,381 .383 «383
«003 0300 .297 «297
»0025 »255 254 «254
-002 0208 4207 0207
»0018 .188 «188
0015 «158 +158
.0012 «129 «129

»001 - 108 « 108
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Table 6. Nitrogen 11,_6°K.
Yalues of W x 1050 sec™'. B/p = 3.30, 10153@. N = :49.10169,

P Best
E/p 20 40 50 80 200 500 1000 2000 Estimate

2 12,9 12.8
1.8 11,9 11,8
1.5  10.4 10,3
1.2 8,93 8.81
1 7.89 7,82 ' TeT7
o9 T.38 Te31 7426
8 6,82 6.80 6,77 6eT3
T 6,33 6,27 6,24
6 5,80 5076 5,73
5 5435 5029 5028 5e24
4 4,89 4,84 4,82 4,80
o3 4ed2 4,38 4,36 4,33
025 4,20 414 4,11 4.09
2 3.91 3,88 3,87 3.85 3,85
.18 3,80 3,76 3.75 3.74 3,74
15 3,63 3,59 3.58 3.58 3,58
12 3,49 3,44 3,44 3,43 3043
1 343 3,40 3,40 3,39 3439
.09 3,40 3,40 3,39 3439
.08 3041 3,42 3,41 342 3,42
.07 3445 3,46 3.46 3.47 3446
.06 3452 3,53 3,53 3,53 3453
.05 3,60 3,61 3,60 3.60 3460
.04 3,66 3,66 3.66 3,67 3467 3467
.03 3,67 3,68 3,67 3,68 3,68
.025 3,63 3,62 3,63 3463 3,63
.02 3049 3449 3,49 3,48  3.48

+018 341 3e41 3,41 3,38
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Pable 6.  Nitrogen 77.6 K. (contimued)

Pcm sec™. B/p = 3.30.10"%5/5, ¥ = 3,30.10'%,

\p Best
E/p 20 40 50 80 200 500 1000 2000 Estimate

Yalues of W x 10

<015 3022 3423 3.21 3019
012 2094 2,94 2,95 2.89
«01 2,69 2,68 2,67 2,64
«009 2,53 2,52 2.48
«008 2.35 2,34 2,29
«007 2,16 2,14 2.10
«006 1492 1,92 1.88
+005 1,68 1,66 1,62
«004 Ted1 1,38 1,36
«003 1.08 1,05
«0025 918 ,894
«002 T44 JT24
«0018 : +656
«0015 «548
#0012 o443

«C01 372
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The results at 293°K are presented in Tables 3 and 4 as
a function of the ratio E/p for various values of p. As has
been mentioned in 1.3 it is E/H and not E/p which is the basic

parameter, Since N = 3,30 x 1016 P m’s

at 293°K the parameter
E/p 1s equivalent to 3,30 x 1016 E/¥ at this temperature,

The results at 77.6°K, which are presented in Tables 5 and
6 are also expressed as a function of 3.30 x 1016 E/li 80 that
the results for any value of E/H can easily be compared at the
two temperatures, At 77,6°K the values 3.30 x 10" B/ can
be regarded as being equal to E/p where p in this case has the
particular meaning of being the pressure of the gas at 293°X
that hes the same concentration N as the gas at 77.6°K. In
Tables 5 and 6 p is used in this way,

When the values of E/N are deduced from gas pressures
measured at 77.6°K, account must be taken of the deviation of
the behaviour of nitrogen from that of a perfect gas, The
second virial coefficient B, has been measured in this temperature
region by Keesom and Van Iemmeren (1932) and also by Van
Itterbeek, Lambert and Forrez (1956) using the indirect method
involving the measurement of the velocity of sound. Both
investigations give B = -11.3. 10"3 at 77.5°K where B is defined
such that pV = RT (1 + B/V) where p is the pressure of the gas

in atmospheres, T is the temperature in degrees K and R is a
constant such thet when T = 2?3°K, p=V=1. At the highest

ges pressures used, the correction to E/N amounts to 2.5%.
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For hydrogen at 77.6°K, the corresponding correction is much
less then 1%.

From an inspection of the tables, it can be seen that the
results for a given value of E/N are in general not entirely
independent of N. It will be shown in 8.6 that the influence
of electron diffusion leads to an increase in the measured
value of the drift velocity from the true velocity, the

measured value wx being given approximately by

o= [1+3mm] v (9)

where ¥ is the true velocity, h is the drift distance and D
is the coefficient of diffusion of the electrons. Equation
(9) is not an exact relation because the increase in the measured
value of the drift veloeity from the true velocity is dependent
on the frection of the time that the ehutiers are effectively
‘open' and the results are thus to some extent dependent on
the amplitude of the a.c. signal. Neverthelesa, as will be
shown in 9,1 the variation of the measured values of W with N
can usually be explained as being due to the influence of
diffusion end is closely represented by equation (9).

The veriations of W with ¥ at values of E/p less than
0,02 4in nitrogen at 77.6°K cannot be explained by the influence
of diffusion. For exsmple at E/p = 0,005 the measured value
of the drift veloeity st p = 2000 is 3,1% lower than the result

at p = 500. Equation (9) predicts a variation of W of less
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then 0.2% over this range of p, (W/D is obtained from results
of Warren and Parker (1962)). As no variations with p at low
values of E/p have been observed for the corresponding resultis
in hydrogen, it is unlikely that the variation of the results
in nitrogen is caused by an experimental error. The observed
dependence of the results on N is 1llustrated in greater detail
in Fig. 22 in which additional experimental points are given to
those of Table 6, It is seen that the dependence of the
results on N is such that the variations of W are cloasely
proportional to §. No explanation has been found for this
variation.

It is of interest to note that, if no correction had been
made taking account of the high value of the second virial
coefficient, the variation of the results at E/p = 0,005 would
have been 4,8/ instead of 3,1%.

The correct velue of the drift velocity free of any
falasification due to the influence of diffusion, is the
asymptotic velue that would be meassured when very high gae
pressures are used, The figures used in the tables under the
column 'Best Estimate'! are an estimate of these asymptotic
values of the drift velooity, this estimate being based on the
trend of the measured values given in the tables. Supplementary
measurements were made in nitrogen for p = 3 and 4 at 293°X and
p = 40 at 77.6°K 40 enable the asymptotic value to be assessed

more acourately. Because of the observed real dependence of
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WonN for E/p 0,02 in nitrogen at T7T.6°K 1t is impossible
to give a 'Best Estimate' of W at these values of E/p.

The pronounced effect of temperature on the values of the
drift veloeity in hydrogen emd nitrogen at low E/N is
illustrated in Figs. 23 and 24, From the graphs it is meen,
as was mentioned in 1.3, that at high values of Eﬂl ¥ becomes

more and more independent of the temperature of the gas,

Experiments with Gas Mixtures,

Although experiments are reported in this section for
mixtures of hydrogen and nitrogen in which the percentage of
nitrogen is varied from O to 100, the experiments were
primarily designed to determine the influence of traoes of
gaseous impurities on the drift velocity values obtained in
pure gases, A mass spectrographic analysis carried out
using gas samples taken from the gas after an experimental
set of resulis had been completed confirmed that the only
impurities likely to be present were hydrogen in nitrogen,

nitrogen in hydrogen and water vapor.
¥Mixtures of Hydrogem and Nitrogen,

«1 Experimental Procedure.

In all experiments with mixtures of hydrogen and nitrogen,
hydrogen was admitted first, by means of the palladium thimble,
and nitrogen was added later by heating sodium azide. The

relative pressures were measured with the capsule gauges.
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It is difficult to produce accurately a gas mixture with a
given ratio of two gases because it is necessary that the
levels of liquid air in the traps be equal when making the
two pressure measurements that define the ratio. However,
the drift velocity was found to be not strongly dependent on
this ratio and the errors possible in the final results
presented are still considered to be of the order of 2%,

In experiments with mixtures of hydrogen and nitrogen it
was found that the experiumental results slowly varied with
time until the gus mixture became uniform. A period of up
to 60 hours was allowed for the gases to mix together. If
a further period of 12 hours produced no change in the results,
the time allowed for the gases to mix together was considered
to be adegquate.

During the taking of measurements the reduction of the
pressure of a gas mixture by pumping was avoided, because of
the possibility of chenging the proportions of the gases in the

mixture due to the action of the pump.

5.2.1s2 Impurities of Hydrogen in Nitrogen.

7o determine the influence of hydrogen impurities on the
drift velocity messurements in nitrogen, small quantities of
hydrogen were added to nitrogen snd the resulting change in the
drift veloeity noted, It was found that at least 0.5% of

hydrogen had to be added to change the drift velocity by 1%,
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and the change in W was approximately proportiomal to the
percentage of hydrogen added, Table 7 gives the percentage
changes in W at E/p = 0.5 that were observed when various

percentages were added,

Table 7

Percentage Hydrogen £ 1 2.5 5 10
Percentage Increase in W 1 2 6 10 16

Table 8 gives the percentagze increase in the drift velocity
that was observed at various values of E/p for a mixture of
2,5% hydrogen in nitrogen at 293°K,

Table 8
E/p 20 5 2 1 0.5 +2 .1 .05 .03 .018 005
Eg:ﬁf:fm 13 6 4 5 2 0 =3

Theoretical 0014 6 5 5 2 -1 2 -2

The table also gives the changes that would be expected .
in the drift velocity calculated using the theory of mixtures
es developed by Bailey and Healey (1935). It is seen that
good agreement is obtained between the theoretical predictions
and the experimentally observed increases in the drift veloeity.
It is agssumed that over the whole range of E/p for which the

present results are taken, impurities of 0.5% or more of
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hydrogen are required to change the drift velocity results in
nitrogen by 1%. The mass spsctrographic analyais revealed
that the percentage impurity of hydrogen was less than 0,01%.
It is evident that the resultant percentage change in the
values of the drift velccity is below O, 1%.

5.2¢1.3 Impurities of Nitrogen in Hydrogen,

Similar experiments were conducted to determine the
influence of small quantities of nitrogen on the drift
velocity of electrons in hydrogen. In general it was found
that a given percentage of nitrogen in hydrogen had much less
effect in changing drift velocity values than the same percentage
of hydrogen in nitrogen. Table 9 gives the percentiage ochange
in the drift velocity for a 10% mixture of nitrogen in hydrogen
at 29391(. A comparison with the values as predicted by the

theory of mixtures again gives good agreement,

Table &
E/p 10 2 5 o1 08 05 .01 005
Eﬁ:r"f;‘:ﬁm -1 3 4 5 6
Theoretleal 1 a1 0 3 4 4 6 7

It is again evident from the resulte given in Table 9
that the drift velocity resulte could not be affected by the

presence of impurities of nitrogen because a mass spectrographic
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analysis showed that the percentage of nitrogen present in

samples of hydrogen was less than 0.01%.

5¢201.4 More General Results,
Additional results have been taken for percentages of
hydrogen in nitrogen to cover the whole range 0 to 100%.

These resulte are given in Table 10, The gas temperature

wag 293°K.
Table 10

%5202%102040608090100
E/p
o5 5019 5451 6,00 6,50 Te05 Te32 Tad2 T.45 7445
o1 3,09 3,25 3,50 3,64 3.66 3,56 3.36 3429 3415
.08 2,96 3,10 3028 3,35 3429 3.13 2,92 2,82 2,70
.05 2,71 277 2.78 2.T4 252 2,30 2.10 2,00 1.89
«01 1,07 1,04 96T o866 ,706 ,622 .535 .499 .463

The results of Table 10 are presented graphically in Mg,
25, In Pig. 26 the results for 40% hydrogen in nitrogen are
compared with the ealculated values obtained using the theory
of mixtures. It is seen that the agreement is good. In all
theoretical calculations involving the theory of mixtures, use
is made of the values of k, obtained by Crompton and Sutton

(1952) and Crompton and Jory (1962).
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5622 Impurities of Water Vapor in Nitrogen.

Experiments have also been carried out to ascertain the
influence of water vapor on the values of the drift veloeity
of electrons in mitrogen. The results indicate that for a
given percentage of water vapor impurity the perceniage increase
in W is over a hundred times greater than for the same
pesrcentage of hydrogen impurity.

Water vapor was introduced into the evacuated apparatus
by connecting to the apparatus a cold trap containing a emall
guantity of ice, The amount of water vapor that is thus
introduced is assumed to be the vapor pressure of ice
corresponding to the temperature of the ice in the cold txap.
This temperature was controlled by means of a cold bath of
alcohol and measured by means of a thermocouple embedded in
the ice, Although 1t 1s possible that the estimate of the
concentraticn of water vapor may be in exrror by as much as
207, the results quoted in Table 11 sbow the marked effect of

traces of water vapor on the value of the drift velocity.

Table 11
Amount of Percentage of Increase in Measured
Vater Vapor Added. Water Vapor Value of W,
40 0,02% 6%

5 0,002% 0.7%
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The results of Table 11 are for nitrogen at 293°Ii, p = 25C
and E/p = C.16.

The addition of water vapor also caused a change in the
form of the oun-ent/frequency curves, The curves for the two
experimental conditions of Table 11 are illustrated in Figs.
27 end 28,

It is seen that the normal series of current peaks is
superimposed on a background current which increases with
frequency, the background current consisting of negative lons
formed by attachment, At high frequencies more ions are
transmitted by the shutter because the field between the
ghutter wires changes too rapidly for the ioms toc be collected.

The existence of a steadily increasing background current
will slightly displace the positions of the maxima of the
current/frequency curves., Ey subtracting the background
current from the total current it may be shown that the presence
of this current accounts for only 0,1% of the 6% increase in W
due to the presence of water vapor impurity.

The existence of a background current of negative iens 1is
& valuable criterion for ascertaining whether water vapor is
present in the gas, As is seen from Fig. 28, the amount of
water vapor required to increase the value of the drift velocity
by only 0.Th is still easily detectable by the presence of &
beckground current. In all measurements that were taken in

pure gas no background current could be detected and this is
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regarded as being the best indication that the present resulis
are not in error by more than 0,56 due to the presence of water
vapor. PFurthermore the memsured value of the drift velocity
for eny one gas sample remained constent for 12 hours so that
it is unlikely that errors were iniroduced by the outgassing

of the experimental tube.
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Chapier 6 : Analysis of Errors

In the previous chapter the poseibility of the intreduction of

errors due to the presence of impurities in the gas has been discussed.

The present chapter is concerned with the remsining experizental

errors that are possible due to temperature gradients across the

drift chamber, distortion of the eleciric field, phase errors of

the a.c. voltages, contact potential differences and surface charges,

and space charge repulsion, The magnitude of the errors that are

present due to diffusion is also discuesed on the basis of the

theoretical work of Chapter 8,

or a

6.1

A discussion of the effect of & broken lead to an electrode

gshutter is eleo included in this section,

Temperature Gradients,

The drift velceity 1s a funetion of both E/N and temperature.
Consequently if the temperature of the gas deviates slightly
from say 29301{., deviations of the measured value of the drift
velocity irom the value at 293°K are introduced due both to
the change of the gas density with temperature, for any given
value of E/p, and alse due to the absolute dependence of the
drift velocity on the temperature.

In teking measuremente at 293°K the temperature as
measured by the thermocouple within the drift tube slowly
increased due to the heating action of the filament, To

minimise the temperature gradient across the drift space the
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filament was turned off at all times other then during the
actual determination of fm. Under most conditions the
temperature as measured by this thermocouple romse by
approximately 1.5°K, the maximum rise recorded being 2.5°K,
Changes in the temperature of the thermocouple in the bath
surrounding the experimental tube were negligible. The best
estimate of the temperature of the ges was taken to be the
average of the two thermocouple readings, and this was the
temperature on which corrections were based for variations
in gas density from that corresponding to & temperature of
293°K.

A temperature change of BOK for gas at constant pressure
is vequired to alter E/N by 1% at 293°K and the change in ¥
for a 1% change in E/N is generally less than 1% (as is seen
from the tables of Appendix IV)., Consequently, with the
corrections that have been applied, it is considered that
the error in the determination of E/¥ should be considerably
lessz than 1%.

The variation of W with the {temperature at constant E/N
is greatest at the lowest values of E/N. As no correction
was made for this effect, particular care was taken to ensure
that the readings of W at the very lowest values of E/N weres
made when the gas temperature was within 1 degree of 293°K.

The measurements of W at 77.6°K are more susceptible

to errors in the determination of the temperature as it
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requires an error in the temperature determination of only
0.8%K to produce an error of 1% in the estimated value of
E/&! s Purthermore the tempemtuie as recorded by the thermo-
couple cannot be determined with as great an accuracy as at
293°K, errors of O, 5°K being possible, Consequently the
overall error in the drift velocity measurements at 77.6°K
is expected to be of the order of 2%. It is seen that at
E/p = 2 the values of the drift velocity at 77.6 K in both
hydrogen and nitrogen are 1% higher than the value at 293°K
at the same value of E/p. It is not kmown whether this
difference is a result of insccuracies in the thermocouple
calibration, an effect due to the heating action of the
filament or & genuine difference in the two sets of
neasurements due to the difference in the temperature, 4
likely explenation is that heat conduction from the leads

to the electrodes, even though these leads wers made of fine
nichrome wire, is sufficient to raise the temperature of the
gas above the temperature of the bath surrounding the
experimental tube, It is also possible that the difference
arises from too low an estimate of the effect of diffusion

on the resulis at TT.6 K.
Distortion of the Electric Field.

Non Uniformity in the ipplied d.c. Pleld.

The voltages that were applied to the electrodes to
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produce a uniform electric field were supplied by means of

5 carefully constructed potential divider. When these

voltages were measured at intervals during the period over

which measurements were taken they were always found to be
within C.24 of their correct value. Thus errors arising
from field distortion from the application of incorrect
potentials to the guard electrodes may bYe discounted, The
possibility of more serious disturbances to the uniformity
of the field can arise frum:

(a) Slight buckling of the brass guard rings which resulted
in there being deviations from 0,5 om in the distance
between correasponding points of the edges of adjacent
guard rings of up to C.010 on.

(b) The influence of the tie rods. Ilieasurements with an
electrolytic tank indicated that this distortion was

negligible within the drift space.

To test the effect on the results of any non uniformity
of the electric field, the electric field was deliberately
grossly distorted by changing the potentials of guard rings
4, 5 and 6 from their correct values to the potential of
guard ring 3. At E/p = 0.2 for p = 150 using hydrogen at
293%K, the measured value of the drift velocity decreased by
2% from the value obtained when the guard electrodes were

connected normally,.
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The remarkably small influence of pronounced field
distortion was verified by finding the field distributiom
within the drift tube by mesns of an electrolytic tank and
performing a rough calculation to find the time of flight
of an electron pulse drifting through the region of non-
uniform field between the shutters, The field distribution
is given in Pig. 29, The total time of flight waes calculated
by adding the transit times for a pulse to travel between each
of the intercepte of the equipotential lines with the axis of
the tube, assuming that the electric field between each
equipotential line iz uniform, This calculation, which
agreed with the experimental value of the drift velocity
to 1%, showed that the effect of field distortion produces
only a second order error in the measured value of the drift
veloclity, provided the correot potential difference is applied
between the shuttiers,

Since the field distortion regquired to reduce the values
of the drift velocity by 1% is s5 much greater than the
distortion likely to be present experimentally, errors due to

d.c, field distortion were considered to be negligible,

6.2.2 Distortion produced by the a.c., Voltages,
Exrors are also possible from the a.c. voltages that are
applied to the shutter wires, The field distortion produced

by the a.c. voltages diminishes very rapidly with distance
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fran the glane of the shutters because of the cancelling
effect of the voltages on alternmate shutier wires, In
addition, whexn the frequency of the a.c. signal corresponds
to the maximum of the first current peak (f,), the field
diaterti?;n is a maximum when the electron pulse is midway
betwesen the two shutters and thus furthest from the regions
of field distortion, Furthemmore, one of the advantages
of the method of Bradbury and Nielsen is that any effects
of field distortion that do occur are largely self cancelling
due to the use of alternating voltages. The effect of field
distortion on any electron pulse is compensated by the effeet
on the next pulse because the a.ec. voltages have then changed
their phase by 1800. Consequently there are only second
order effects on the measured value of the drift velocity.
Thus, for sxample, errors due to inequalities of the amplitudes
of the two a.c. voltages applied to a shutter, do not markedly
affect drift velocity measurements, However the resolving
power appropriate to the current peaks will be reduced because
of the differing drift veloclities of alternate electron pulses,
Experimental confirmation of the lack of influence of the
2.Ce. Voltages on the drift veloclity values was obtained at E/p
= 0,005 by varying the RMS voltage from Q.2 to 4 volts. The
drift velocity at each IS value remained constant to 1%, even
though the d.c. field E was only 2.5 volt cm—1. However,

when the experimental conditions are such that W/D is small,
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the drift velocity has been observed tc be a function of the
a.¢. voltage. This wvariation, can however, be shown to arise
from the diffusion of the eleetron pulses, as will be shown in

Section III,
6.3 Phase Errors of the a.c. Voltages.

6.3.1 A eritical requirement for accurate determinations of the
drift velocity is that the phase of the a.e. signals applied
to the first shutter be equal to the phase of the signals
applied to the second shutter,

An estimate was made of the phagse differences that occur
between the output voltage of the amplifier and the voltage on
the shuttera, The effect of a shuttier, which is known to have
a capacity of approximately 50 pF, was assumed to be equivalent
to two 100 pF capacities in series, with the common point at a
fixed d.c. potential, The effective load on one of the oute
pute of the amplifier produced by a shutter and the corresponding
components of the resistance capacitance network of Fig. 13 l1s
1llustrated in the circuit of Fig. 30. This load consists of
the sum of the impedance of 01,(21))and the impedance of R and

¢, ’(Zz))whero

_ R (1 - ) CWR)

Z

1 2 2 2.2

1+02 W™ R

The phase difference between the voltage at A1 and the
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voltage at the amplifier is given by & in the vector diagrams
of Flg. 31. 1% is seen that

{z,) (1+ ‘caz w? g?ys

tan O = :
< T C,w R

—> 'é':"ﬁ at low frequencies (2° et 1 ke/a)
1

%
— 3

at high frequencies (2° at 1 de/s).

Similar phase shifts will occur at the seecond shutter and thus
the difference in phase of the voltages at the two shutters
should be much less then 1°. Thus errors in the drift velocity
should be below 0.5%.

To verify that such phase differences were not present) a
direct experimental check was made by observing the Lissajous
figures that were formed when signals from the two shutiers
were connected direct to the plates of an oscilloscope., HNo
phase differences were detected,

If phase differences were present, the diffgranees would
be expected to vary with frequency and thus to have given rise
to disagreement in the values of t‘/n of the current frequency
curves, As has been mentioned previcusly (5.1), no such

disagreement wes observed,

6.3.2 It is also possible that the phase difference between the
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two a.c. signals applied to the two halves of a shutter differs
slightly from 1800. The variation of the voltage on the two
halves of a shutter for the case of such a phase error is
illustrated in Pig. 32. It 1s secen that at the times t1’ tz’
t3 etc. when the shutter is open, the resulting d.o. potential
of the shutter is displaced from its correct value to maintain
the uniform d.c. field, by a voltage equal to AV, This
displacement is alternately positive and negative for
consecutive occasions that the shuiter is open. As a
consequence the resultant effects on successive electron
pulses are compensating and the measured value of the drift
velocity is unchanged., A slight broadening will oceour,
however, in the peaks of the eurrent/frequency curves, A
direct experimental comparison of the phases of the voltages

applied to the shutter failed to detect any error,

Contact Potential Differences and Surface Charges.

N¥o resulis have been taken using values of E less than
2 volt cm!| because of the possibility of stray contact
potential differences and the development of surface charges
on the grid wires introducing errors. The practice of
always basing the 'Best Estimate' of the drift velocity for
a given value of E/p on the measurement made at the highest
possible gas pressure means that the velue of E for these

measurements is always greater than 5 volt cm-1 for all values
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of E/p except E/p € 0,01. Thus if any effects due to contact
potential differences or surface charges are in existence, the
results most likely to be in error are the values for E/p( 0,01,
However no evidence of such errors was found in the final results

that were taken,

6e4.1 Contact Potential Differences.
Experiments performed by Dr. R.W. Crompton using the
Kelvin method of determining contact potential differences have
shown that contact potentlial differences of 200 mV can exist
between gold surfaces 1f the gold is deposited by different
methods, Although all metal surfaces were gilded it was
consldered possible that contaet potential differences could

introduce appreciable errors at values of E< 2 volt cm°1.

6ed.2 Surface Charges.

On one occasion, when measurements were being made with
the present apparatus when E = 2 volt cmﬂ, the measured value
of the drift velocity slowly increased by 6% when very high
currents were used., It seems most likely that this effect is
explained by the accumulation of a spurious charge at the
surface of the grid wires of the top shutter. The evidence
leading to this conclusion will now be discussed.

(1) Wwith the filament ruming continuously end set to emit
very high values of current, readings of 11 increased

with time for low values of E, The resulis of Table 12
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give the veriation of f, with time for nitrogen at 293%

with p = 400 and E = 2 volt cm s

Table 12
time (in mins.) 0 1 4 8
2, (xe/s) 5e 11 5.2% 5e47 5.48

At values of E > 5 volt em”! the increase of £, with time
was less than 1%,

After the use of high emission current in the tube,
readings of r1 were made using low emission current and
with the filament turned on for as short a time as possible.
The results for the same conditions of E, py and T as Table

12 are given in Table 13,

Table 1 2.

time (in hours) 0 % 1% 4 19 40

1, (kc/s) 5648 5,33 5.31 5.27 5.21 5.16

The filament was then run for ten minutes at high temperatures
with all d.c. potentisls reversed so ihat positive ions
instead of electrons are emitted. The value of 1'1 foxr

electrons was then reduced as shown in Table 14.

Table 14  (Values of £, in ke/s)

Initisl Value After High After Positive
with Low Current. Flectron Current. Ion Current.

5.11 5e46 5,01
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This evidence suggests that the variation in the readings
of f.‘ is caused by accumulation of charge at the top
shutter wires which alters the effective d.c. potential
difference between the twe shutters, thus varying the
drift velocity results for electrons at low values of E,
Further evidence that the charge occurs on the shutter
wires was obtained from the experimental "cut off"™
curves, "Cut off" curves for a given shutter were
obtained by plotting the eurrent transmitted by the
shutter as a function of the d.c. potential appiied
between the two sets of wires. The mean value of the
potential of the shutiter wires was kept at the potential
required to maintain the uniform d.c. fieid. Checks
were made durirg the measurements of the transmitted
current to ensure that the current when V, = 0 (V’ is the
potential difference between the shutter wires) did not
vary due to variations in the emission of the filament.
The shutter wires of the other shutter were connected to
the appropriate guard ring so a® not o interfere with
the electron current.

A typical "cut off" curve is shown in Fig. 33 for the
top shutter in the cace of nitrogen at 293°K, p = 400,

E =2 volt cm | and E/p = Gs004, The seme "cut off"
curve is given in Fig. 24 after the filament had been

turned on at high emission current for ten minutes with
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Ys = =1, The curve is no longer symmetrical about
V' = 0 guggesting that the set of wires to which the
majority of electrons were attiracted had acquired a
surface charge thus varying the effective potentlal of

the wires from the d.c. potential that was applied,

The apparatus was then dismantled, but close inspection
of the shutter wires with a binocular stereo microscope did
not reveal any possible cause for the effects that were
obgerved. The wires were carefully cleaned as thoroughly
as possible, the face plates of the shutter were repolished
and both shutters were recoated with gold by vacuum evaporation.
On reasasembling the apparatus, the spurious effect of an
inerease in the value of 1'1 with time at high currents was
not observed.

It is of interest to note that P.W. Aston (1927)
encountered spuriocus effects with his second mass spectrograph
which he explained by a similar charging up of pure gold
surfaces to potentials other than the d.c. potential which was

applied.

Space Charge Repulsion.
As the measured value of the drift velocity in hydrogen
at E/p = 0.005 at 293°K was constant for values of the electron

13

current which could be varied from 3.10 ~ amps to 1o~ amps,

it was considered unlikely that errors due to the influence of
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space charge repulsiun were present.

6.6 Errors due to Diffusion,

It is shown in Chapter 8 that the relative error in any
measurement due to diffusion is of the form o,/ h(w/D)
where ¢, is a constant, Thus for any value of E/K the errors
due to diffusion are least for the resulis that are taken at
the highest value of N. As these resulis differ from the
'Best Zstimate! values &t most by 1.3% it is seen that the
magnitude of the correction is small and, as a consequence,
it is considered that the values of the 'Best Estimate' are
correct to 1%. The results most likely to be in error are
for E/p > 7 where results could not be taken over a large
range of ¥ to enable an accurate assessment of the asymptotic
limit to be made,

If equation (9) is regarded as giving the upper limit of
the error due to diffusion, the results teken at the highest
gas pressure for any value of E/p are in error due to diffusion
by less than 0,5% for 0,006 ¢ E/p< 0.8 in hydrogen at 293K,
0,006 ¢ E/p < O.4 in nitrogen at 293°K, E/p € 0.8 in hydrogen

at T7.6° and E/p ¢ 0.2 in nitrogen at 77.6°K.

6.7 Lffect of & Broken Lead.
It is of assistance in searching for possible electrical
faults to kunow the effect on measurements of the presence

within the experimental tube of a broken lead to an electrode
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or set of shutter wires.

A Broken Lead to an Eiectrode.

The potential of the disconnected electrode usually
differs from its correct potential and the resuliing field
distortion always reduces the measured value of the drif¢
velocity.

The effect of distorting the potential of guard ring
3 from its correct potential of -8 volte is illustrated by
the experimental values of f, given in Table 15 which apply
for nitrogen at p = 400 with a potentlal difference of 48

volts between the shutters,

Table 15
Voltage of
Electrode 3. 0 -1 =3 =5 -8 10 =20 =30

£, (xe/s) 9.05 9.15 9.22 9.32 9,32 9.32 8.92 8,32

A Broken lLead to the Shutter Wires.

When this effect was simulated by discornnecting one of
the leads to the shutiers, it was found that in general current
peaks were still obtained in the current/%requency curve,
indicating that the disconnected shutter wires remained at
a constant d.c. potential.
(1) If the d.c. voltage of the disconnected half of the

shutter differs only slightly from its correct value,



(2)

(3)

83.

the form of the variation of the voltages of the two
halves of the shutter with time is then given in Fig. 35.
The shutter is now open at t1 + 4t, 1;2 -At, 13 + At,

t4 -At ete., instead of at t1 ltz, t3 and t4. Ag &
result, for each current peak normally observed in the
current/frequency curve, a double peak occurs; the
frequency of separation of the two maxima being dependent
on the smplitude of VG-

In the particular case where the d.c. voltage of the
disconnected shutter wires coincldes with the peak
voltage of VG as shown in Fig. 36, the current peaks
occur at f,/2, 3f,/2, 5:1/'2 etc. (1’1 is the frequency
af the first current maximum with the shutters comnected
normally).

If the d.c. voltage of the disconnected shutier wires is
as shown in Fig. 37 the shutter is never open, and no

current peaks are cbserved.

The results for these three poseibilities were verified

experimentally by applying a distorting d.c. potential instead

of the a.c. signal to one of the leads to a shutter,
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Chapter 7 : Further Test of Zxperimental iccuracy

An additional experiment that has been conducted gives further
evidence that the method of Bradbury and Nielsen is not prone to
errors from factors such as the existence of spurious phase
differences or field distortion from the shutter voltages.

A similar shutter apparatus was used to measure the velocity
of a collimated monoenergetic beam of positive potassium ions
travelling in vacuum. The ions were initlielly accelerated by an
accurately measured potential difference V before reaching the
firet shutter, and then travelled with constant velocity v in a
region of field free space between the shutters. The velocity

could then be calculated using the relation
fmv = eV

(m 18 the mass of the positive ion and e the charge of the iom).

The potassium ion source wes & coated tungsten filament of
the type used by Blewitt and Jones (1936). Collimation was echieved
by selecting ions from a very small solid angle by means of a 3 mm
hole in a solid brass oylinder. The distance between the two
shutters was 5,35 cm., Positive ions were used for this experiment
since it was desirable to measure drifit velocities in vacuum of the
seme order of magnitude as the drift velocitles of electrons in
hydrogen and nitrogen, If electrons had been used, drift

velocities of this magnitude could only have been obtained by



using very low accelerating voltages and the results would then
have been prone to error due to the influence of stray contact
potential differences.

The agreement which was obtained between theory and experiment,

as is shown by Table 16, was within 1%.

Table 16
Accelerating
Voltage 30 40 50 60 70 80 90 100 150 200
Theoretical

Velocity 12,1 14.0 15.7 172 18,5 19.8 21,0 22.2 27.2 31.3
x 1072 em/s

Experimental
Velocity 12,0 14,0 15,6 17.1 18.4 19.7 20.9 22.1 27.0 31.0

x 1072 en/s

A %ypical currenx/?requency curve is given in Fig. 38,
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SECTION III : THE EFFECT OF DIFFUSION ON MEASUREMENTS

In the work described in this section the primary concern has
been to analyse the errors in measurements of the drift velooity
thet ocour due to the diffusion of the electrons. The analysis,
which is applied primarily to the method of Bradbury and Nielsen,
predicts that the experimental results should be pressure dependent,
and reasonable agreement is obtained with the pressure dependence
of the experimental results given in Chapter 5.

The analysis has alsoc been applied to the methods of Pack
and Phelps, and Hornbeck, and an expression has been obtained for
the resolving power appropriate to each current peak of the current/

frequency curves obtained in the method of Bradbury and Nielsen,

Chapter 8 Theoretical Analysis of Effect of Diffusion

for Method of Bradbury and Nielsen.

8,1 Introduction.

In 2.2.1 it was stated that in the method of Bradbury and
Nielsen, the relation W =h f1 is used to calculate the drift
velocity, where 1’1 je twice the frequency of the a.c. signal
corresponding to the maximum of the firsti current peak of the
current/frequancy curve, Use of this formula assumes, however,
that the time required for the centre of an undisturbed pulse
of electrons to travel the distance h is 1/f1. This

assumption is not exactly true for the following reasons.



(1)

(2)

(3)

(4)

(5)

(6)
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Some electrons from each pulse will be absorbed owing o
back diffusion by the first shutter after it is shut,
This slightly alters the position of the maximum of the
electron density for the pulse from that corresponding
to the ideal case of an undisturbed pulse.

The pulse is disturbed by the absorption of electrons by
the second shutter before it opens,

The time of arrival of an undisturied electron pulse at
the second shutter, which corresponds to the time that
the electron density at the second shutter is a maximum,
is not equal to the time that the instantaneous particle
current is a maximum because of diffusion current.

The number of electrons in each pulse varies as the
frequency of the a.c. signal is varied, This variation
results from the number of electrons in each pulse being
determined by the effective time that the first shutter
is 'open’',

Current/i'requeney curves will not be symmetrical sbout
each current maximum because there is a continuous decay
of the maximum electron density of a pulse while it is
passing through the second shmtter,

The shutters transmit electrons of high speed more readily
than electrons of low speed. Thus errors will be
introduced due to any variation of ¢ along the length of
the pulse. (c being the mean agitational speed of the

electrons)
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The influence of factors (3), (4) and (5) was analysed
by Duncan (1957) for the case of a point source with a small
collecting electrode,

Throughout Section III the terms "relative error"
represented by r, and error, are used to imply variations in
the measured results due to any of the above factors.
Accidental experimental errors are referred to as ‘sccidental

errors',

8.2 Diffusion Errors other than the Error due to Bacik Diffusion,
This sub-section discusses the combined effect of factors
(2), (3), (4) and (5) mentioned previously. First an expression
is obtained for the ordexr of the relative error which applies
only to the limiting case of the second shutter being open for
a very small percentage of the time., Tater the effect of the
second shutter being open for a finite time interval is

considered.

8.2,1 Iimiting Case when Shutter is Open for a Small Fraction
of the Time,
The differential equation governing the motion of the

electrons is

2 W 3n 1 ln
Via =335%x "2 3% (10)

where x is the distance from the first shutter, t is the time

and n = n{x, t) is the electron density. (Appendix V).
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As the mean agitational speed of the electrons ¢ is generally
of the order of 100 times the drift speed W, it is justifiable
to assume that the coefflcient of diffusion parallel to the
applied electric field is equal to the coefficient of dif:tusidn
perpendicular to the fieid,

It is assumed that the shutters can be considered as being
eitber open or shut, This approximation of the experimental
conditions is made to simplify the analysis. It is also
assumed that the first shutier produces an infinitely thin
plane source of electrons at x = O when t = O which diffuses
as it passes down the chamber as in Fig. 39,

Then

B = ﬁJHrmﬁ}em(:u-wﬂqu (11)

(where N is the number of electrons in the pulse per unit
area of yz plane) is a solution of the differential equation
(10), satisfying the initial conditions,

At any time t, the maximum value of n is no/(41rn¢)%
which decays with time. The decay leads to the error
described by factor (5) above.

¥hen the second shutter is shut, it acte as a metal plane
absorbing electrons in ites vicinity, imposing a boundary
condition n = O at x = h on the solution to the differential
equation, This boundary condition can be satisfied for all

t+ by introducing a negative image term, of appropriate strength,
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which represents a pulse starting at x = 2h and also travelling
with velocity W. The modified solution of the differential

equation is then:

N 2 2l
n= —>— Yexp [«-L——-—)—J-ex'p {%*E‘gh-wﬂj (12)

X - Wt
(4 7Dt)? R 40e
The instantaneous current density J is given by

)

o}

|

d = newW - De

o
M

= .D‘L-LE at the second shutter (13)

Bz)x:h

__M® n ot &_gh-m)a}
(4w pt)® © 4%
To determine J as a function of frequency the following
modifications to equatiom (13) are made.

(1) Substitute t = 1/f to change the variable from time to
fregquency.

(11) Substitute ¥ = §,/f because the mumber of electrous
admitted by the first shutter is proportional to the
time that it is open (factor 4). This substitution
is valid only in case of high diffusion where the
undisturbed diffused pulse at x = h can be closely
represented by an exponential function of the form

given in equation (11). In the case of low diffusion
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the electron density is more closely represented by a

step function and the following analysis is not applicable,

On making these two substitutions the expression for J is

&
N, ehf* 2 2
1 - 3 1
J = p [_Sh ﬂéi’lfi “4)

(47 D) 4D

As the time constant of the measuring circuit is large,
the current measured will be independent of displacement
currents, and will depend only on the number of electirons
collected by the receiving electrode. (See Appendix II).

The number of electrons received might be expected to be
doubled when the frequency is doubled because of the increased
mmber of times that the second shutter is open, but this is
cancelled by the fact that, on each occaslion, the interval of
time that the second shutter is open is then halved, Thus I,
the current measured, is simply given by I = G1J y Where 01 is
& constant of proportionality, It is assumed that the second
shutter igs open for such a small interval of time that the
effect of the removal of the boundary _condition n=0atx=h
is negligible,

It is now required to find an expression to determine the
approximate value of £ for which the current I is a meximum.
We change the varieble in the expression for I from £ to »r

where r = (£ - ro)/ro, £, being given by W = hf . Then on
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substituting £ = fo(‘\ + 1) in equation (14) we obtain for I

l=

A
G1H1ehf§ (1+1)° bt c,r"’z
: exp | - (15)

(41711)% 41}1‘1 + 1)

Maximum current occurs when b_I/éf = 0, .8, whenA_I/é r =0,

i.e, when
5 = bt x/2 - n°t °r2/4D(1 + 1) (16)

Thus r is the relative error in assuming that fo is the
frequency for which maximum current occurs, As r will be

small, we can neglect the term in r2 and obtain

r = 1/n(W/D). (17)

From this expression we can calculate the percentage
error to be expected in the limiting case when the shutters
ai'e open for a very small time interval, since the values of
W/D are known from independent diffusion measurements. For

1um Hg“" at p = 5 mm of nitrogen,

exampls, at E/p = Ced V om
the measured value of W/D is 6,35 (from unpublistied measurements
made by Dr. R.@. Crompton using Townsend's method of determining
%/D). Por a drift velociiy apparatus where the distance between
the shutters is 6 cm, formula {(17) predicts the measured value of
the drift velocity to be 2.6% high, For the case of the inert

gases, where the coefficient of diffusion is higher, the
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resultant errors will ke greater,

8,242+  Effect of the Shutters being Open foxr a Finite Time,

BEquations are now derived which enable the relative error
to be calculated when account is also taken of the finite time
that the second shuiter is open., The resuliing equations are
thus more general than the results of 8.2.1, but are generally
not as useful because their application to particular
experimental conditions involves numerical integration.
Purthermore the fraction of the time that the second shutter
is effectively open is not generally knomm in given experimental
conditions, The relative error for varying fractions of the
time that the second shutter is open has been obtained from the
equations for the experimental conditions quoted at the end of
B.2.1.

Let T be the time thai the bottom shmtter opens., Then
for t < T the expression for the electron density will be given

by equation (12),

B 2 2
I exp (_(x-wﬂj_ g}._.___(_-g_h;-m)}

(47 Dt ),a 4D¢ b 4Dt

which satisfies the boundary condition n = 0 at x = h, When
t = T the shutter opens and the boundary condition is removed,
For all t5 T we consider the electron density functiorn to be
the sum of an infinite number of elementary pulses at x = X

where X goes from - & to h, The strength of each pulse is
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given by the value of nat x =X eand t+ = T, Then for t> T

the expression for n is given by

Yo 59” [_ gx4gmzz-]_ - [_ (x -igm-wm)2+_hi\q_]2

5.
i 1 oxn | o Sxox mls op
[om (s -m)]ﬁ p [ -(————(—L—)-D—w e } dax (18)

On rearranging the terms invelving the exponentials we obtain

h

N 12 2
. [_tx-ﬂt _ fx = wt) ]

O
exp
son2 (¢ 2)F ARSI
&

2 2
nW _ t{x —xr/e —on(s =1)/23% _ (x -2n -Wt)]
—exp[ > 4or(% - T 4Dt fax (19)

Ve now substitute a = t/4DT(% - T), b = xT/t, and ¢ = x¥/t+ 2h - 2n1/%,

Then on further simplification n becomes

n:-—i‘i.—-; Svri5+ erf [(h- b)a%]f exp [--(-——-—-)—x ;D:tz:{

: %_ , . 2
-S% + erf [_(h - cz)aui % exp {2% -4 -%‘t— ¥t) J}, (20)



The electron density at x = h is given by

B 2 2
S b » LELICEDE REY R

27t D3P 4Dt

On differentiating n to £ind 31n/3 x and substituting x = h, we

ochtain

-é-’i) ”"'EQ‘—T g% erf [_(h «b)a%] -h"ﬁfexp [-'L}}—;w%ﬁ . (21}

2Xxan 2r DR ==K

The instanianeous electiron fiux at the second shutter is given

by J where
Janew-l)e*é—g, atx=h
-3 4
%o? 5 rz[h»t-créj hﬁ;‘? (n_-wt)? )
= - 'ﬁ e — K—-—-—-—-) o —— exp [- d J. 22
ziﬂn‘gg 2 \ DT% t 2 4Dt

As in equation (14) we now express J in terms of frequency
by changing the variable from t to £ and substituting N, = N, /L.
If we assume that for any given frequency f, the shutter is
open for 1/101:11 of the time for one cycle, we choose T = 19/20:
as the opening time of the second shutter and t will equal
(19 + a)/20£, where a will vary from ¢ t0 2 while the shutter
is open, Then from reasoning similar to that presented in
8.2,1 the current I measured will be proportional to J, and I

will be given by
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g¢,

-2 , 3 5 AN . .
S ) e o

o
. . 20k
where A is a constant, k = f/fo, and 5 =9+a"

Thiz integration can be done numerically for each value of
f, and by plotting I as a function of f, the frequency for which
maximum current occurs can be found, In a similar way the
frequency for the maximum current can bte determined when the
shutters are open for 0.05 and 0,01 of the time. Such
caloulaiions have beeu made for the experimental conditions
quoted at the end of &.Z.1 and the relative error when the

second shutter is open for 0,01, 0,05 and Q.1 of the time is

Ziven below,
Table 17
¥Fraction Open 0+ C,01 Ce05 Q.1

Predicted Brror 2.6% 2o 1% 1.6% 145%

Error Lue to Back Diffusion.

This subsection discussed factor (1). In cases of high
diffusion, after a pulse is formed by the first shutter, some
of the elecirons which are diffusing backwards from the pulse
are swept up by the closed shutter, which again is considered
30 act as a conducting plane., The centre of the pulse is

thereby dispiaced slightly forward, and in the following
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analysis we obtein an expression for this displacement. In
this case the soclution to the differentisl equation has the
boundary condition n = 0 at x = 0, Owing to the difficulty
of representing mathematically the initlial conditions, the
followlng analysis has been developed 1o approximate the
experimental conditions,

¥e introduce the eleciron pulse as an infinitely thin
plane at x = h/m from the first shutter at time ¢ = t o “ere
m is a number which may be mede very large and to is the time
required for the pulse to travel the distance h/m at velocity
Wy i.e, to = h/mW. It is found that the expression for the
error approaches & limiting value as m is made very large,
Again the boundary condition is satisfied by introducing an
image term itravelling in the same direction as the eslectron
pulse, where in this case it starts at x = -h/m at t = t e
The strength of the image term is chosen such that n = 0 at
x =0 forall t3%, and the solution of the differential

equation (10) is then

& Ko %ex _ix =W £ ]
BT o(t - h/mW)]g p L aD(% - E}nwi
2
- exp ‘»— % - ‘L—(—%Hta_ 2 ;;R ]g. (24)

The value of n when the pulse is at the second shutter is

given by substituting t = h/W; then
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%
N we : 2,
o X = h
n [47'_ ])hz(1 _ 1/3})}% gexp [ 40h(1 - 1/n ]

com [ - Lpple ) @)

The maximm of n will occur for a value of x slightly
different from h owing to the presence of the image term.

This value of x will satisfy? n/ ¢x = 0, i.e. x satisfies
' 2,2 2
W wh/m + m-h/m
x—h=(x+2h/m-h)exp[--]]----(—z—-—(—-kﬂ7-)-—-“1__1m ].

The variable is again changed to r, where r = (x = h)/h is the
relative error in taking the maximum of n to be at x = h,
Omitting all terms of 1/::;2 and higher order and all terms in

r2 and higher order, the above equation becomes

r=(r+2/m) exp [-b%;ftﬁ]:

i.e.

= m(exp (hﬁ/mD) - 1] ‘ (26)

If m is so large that hW/mD is small, r is given by

r =~ 2/h(%/D). (27)

For the experimental conditions quoted earlier,
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equation (27) predicts an error of 5.2% as a consequence of
back diffusion. This prediction applies for the limiting case
of the first shutter being open for a very small intervel of
time,

It is of interest to note the effect of different values

of 1/m on the value of r as calculated from equation (26).

Table 18

Values of r in relation to 1/m in equation (26)

1/m 0+ 0,01 0,05  0Co1

Predicted error S5.2%  4.3% 1.856  0.5%

In the case of the first shutiter being open for a finite
time, the initial electron density can be approximated by a
gtep function of width h/ki. We consider this step function
to be a series of infinitely thin elemental pulses which start
at distance h/m from the first shutter where M<m<m . As
can be seen from Table 18, the closer to the first shutiex
that an elemental pulse starts, the greater is the error due
40 back diffusion. Thus the total error for a pulse originally
a step function of width say h/20 would generally be expected to

be greater than that given in Table 18 when 1/m = 1/20.

8.4 Error due to Variation of ¢ within the Pulse.

This subsection discusses factor (6). Townsend (1930) has
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shown that there will be a variation in the mean agitational
speed of electrons within a pulse at any instant after its
production in a gas, when it travels under the influence of
a uniform electric field, The electrons in the leading
section of a pulse will have gained a greater amount of energy
from the field than electrons in the trailing edge of the
pulse because they have travelled a greater distance along the
field, Now the electrical shuiters admit electrons of high
agitational speed more readily than electrons of low agitational
speed because the faster moving electrons are less likely to
be swept aside by the electric field produced between the
shutter wires, Thus the mumber of electrons admitted by the
second shutter for any section of an electron pulse will be
dependent not only on the value of n and jn/ ) x but also on
the value of ¢ for that section of the pulse, Consequently,
the effect of the variation of ¢ within the pulse will be
such as to increase the measured value of the drift velocity
of a pulse above its true value. It is possible to obtain an
estimate of the error due to this effect if it is assumed that
the transmission of electrons through the shutters is
proportional to some power q of the electron energy.

The equations of Townsend (1930), which were derived

sssuming that A is independent of ¢, are as follows

i yQ -Q ¢ . ¥
_.'L__,‘y Yog —2—l 5 A - e }a = (28)
[+]

log
¥ 41 ¥ & -® y % + 0
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where y - 1/y = Sz/as,

¥> 1y Q is the average energy of electrons at distance =
from the centre of the electron pulse, Qo is the average
energy of all electrons in the pulse, 8 1is the average mumber
of collisions undergone by the electrons, a = QO/E e and

S = ¢ a/Wl is the average number of colliaions of electrons
in travelling distance a. Equation (28) can be simplified

to become

e = om0 e ] (30)

1+y Q/Qo
log

1 L
where A = 3 g ] ) - log 2 forQ/Qo}g.

¥y

It will now be shown that when the pulse is at the second
shutter, /S, and thus the right hand side of equation (30),
is very large.- Thus the solution of this equation can be
closely represented by y = cz/ca0 and using equation (29) it is
shown that the variation of energy within the pulse is
represented by Q/Qo =1+ 2/2h,

When the pulse is at the seeond shutter

s/s = a1/S where 8, is the average number of collisions
of electrons to reach the second shutter.
= h/a as the number of collisions is proportional

to the distance travelled by the pulse
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8/S = hEe/Q_
x 2ThE/k,

y 40 for all experimental conditioms of this
investigation.
Thus the right hand side of equation (%0) is greater than
exp (40 - log 2).
As a consequence the solution of equation (30) is closely
represented by y = Q/Qo'

From esquation (29) it follows that

y= Szf2as = (1 + 3252/4‘2.2)‘%‘
i
= z/mm ¥ (1+5/46%)7  essfex e/
= 1+ z/en to a first order.

Thus Q/QO = 1+ z/2h, (31)

To determine the effect of the variation of Q within a
pulse on the observed position of maximum current, we again
assume, as in 8.,2,1, that an electron pulse can be represented
by equation {(11). When the pulse is at the second shutter

Wt = h and the equation becomes
2
n= ¢, exp | - Wz /wh] (32)

where ¢, is a constant, As the shutter transmits electrons
of high energy more readily than electirons of low energy, the
varistion in the energy of electrons along the length of a

pulse, given by equation (31), results in the effective position
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of the maximum of the pulse being at a value of z greater than
0., To account for the energy varlation, a welghting factor
of (1 + 2/2h)3 % 1 + qz/2h is introduced into the expression
for current, Thus if diffusion current and the effects of

boundary conditions are omitted, the current I is given by

I= 32(1 + qz/2n)  exp [- W52/4Dh]

where ¢, is a constent., Vhen BI/B =0, 8= q/(W/:D), to a
first order, The relative error due to the variation of ¢

within the pulse is then given by
r= (s-0)/n = g¢/n(b) (33)

The value of g is unknown and its experimental determination
is difficult because when ¢ is varied experimentally, W, which
will also influence the electron transmisasion, also changes,
However, as it is most likely thet O¢ gq<s 1, the result that
has been obtained indicates the order of the error due to
factor (6). It also indicates that the error due to factor
(6), as for all other factors, is proporticnal (to a first

approximation) to 1/h(w/D).

Effect of having a Point Source of Electrons.
The analysis of 8.2, 8.3 and 8.4 was based on the assumption
of an infinite plane source of electrons. It is of interest to

determine eny change in the expressions for r on assuming that
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the electron pulse originates as a point source. The limiting
values of r would then be lknown for any experimental conditions,
which in general correspond neither to & point nor a plane
source, |

The expression for the electron density of a pulse of
electrons from a point source satisfying the previous initial

conditions is

N RV 2 2
) - Wt)" + y° + 27
S

Equation (34) again satisfies the differentisl equation (10),
and is such that

e »

5 J j ndxdydz = Ho for all ¢) 0.
-¥ Jyl-w

We consider first the case where the collecting electrode
is infinite. The analysis of 8,2,1 can then be repeated with
the expression for n given by (34), again modified to include
an image term., The value of the instantaneous current at the

second shutter will then be

. W

o h-wt) +y +5 ]
448 =——-——-—7--== exp | = — | dydz
/J (4"7Dt)3 . L] J..» 1«» [ e

) h o 2
= o‘ - (' LL;-ES-L‘X’ (35)

(wm)
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as before in (13). Consequently the relative error is still
r = 1/h(W/D). 1In a similer way the analysis for back diffusion
in the case of a point source again gives r = 2/n(W/D).

However, the case of a point source with a colleeting
electrode which is not infinite does lead to a difference in
the value of r from that obtained for a plane source, Ve
consider the extreme case of a very small collecting electrode
on the X axis, It is no longer necessary to integrate over
the collecting plane, for the instantaneous current at the
second shutter may be regarded simply as the value of J at

the point x = h, y =0, & = O,  Thus from (35)

”oe a n - W§)?
Se =y~ e [ (o= pe) } (36)

On making the substitutions of 8.2.1, the current I is given by
| 3/2 N .
I= 02(1 + r) exp [ S ORE)) is a constant).

When 1/3r =0,
r = 3/a(¥/D). (37)
The analysis of 8,3 for factor (1), appropriate to the

case of a point source, is not altered by having & small

electrode instead of sn infinite one insofar as it still gives
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a value of r for back diffusion of 2/h(%/D).

Summoary of Theoreiical Fredictions of Exrurs due to Liffusion,
In 8.2.1 a derivation for r was mede of the combined effect
of the four fmotors numbsred (2), (3], (4 and (5) iisted in &.1.
The result has also been calculated for the following
combinations of fmctors: (3} + (4) + (5), (4} + {5), (5),
(10 +{3)+{4)+» (53y (1) + {4)+ (5)ana (1} + (4). 1In
all cases the resulis 8o obiained ars consiatent with the
hypothesis that the individual errors Ifrom sach facior are
simply additive. The individual contributions of each factor
are given below for a plane scurce of electrons im ithe limiting
case of ths sbhutters Leling open for & very amall interval of
time.
{1) The relative error due %tc back diffusion as determined
in 8.3 is given by 2/b(W/D}.
{2} *he influence of the boundary condition imposed by the
second ahutter gives a coniribuition w the relative
error 1/h(%/D).
(3} The inclusion of the term - DJnflx to accouns for
transport due to diffusion introduces 2 rezlantive error
of 1/u(¥/D).
{4) The varying number of elecirons in each pulse with change
of frequency (representsd by the substitution ¥ = R,/f)
changes the relative error by - 2/k{w/D),

(5) The soefficient 1/(4+ Dt)* cescribing the decay with time
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of each pulse injroduces a relative error of i/h(‘:'l/l)).
(6) The varyiog value of ¢ within the pulse iniroduces a

relative error of q/h(W/D) where the transmission of the

shutter 1s assumed to be proportionel to the gth power

of the electron enexrgy.

The effect of having a polnt source with a small
collecting electrode increases the relative exror from that
of a plane source by 2/h(¥W/D),.

The total relative error for all six factors in the case
of the shutters being open for a very small time interval is
thus

+

W7D for a plene source of electrons and (38)

r =

r= %;—7%5 for a point source of electrons and (39)
a small collecting electrode.
It is most likely that O0<qs 1. The error is such that the
measured values of the drift wvelocity WM, are higher than the
true value of the drift velocity W.
Comparison with the experimental results has shown that
a ugeful formuls relating WE with W for general experimental

conditions is

W, = W |1+ 3/m/D)] (40)

M

If this formula were 0 represent the exact variation of the
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results with ocressure, the theoretical interpretation from
the previcus analysis would be that the decrease in the error
due to the finite time that the shutters are open is equal to
(1) the error due to factor (6) plus

(2) tie error introduced because the glectron source differs

from that of a plame source,

Resolving Power,

The resolving power appropriate to each current peak of
the current frequency cux;ve is defined as the ratio of the
frequency at which maximum current occcurs divided by the
frequency spread at half of the maximum current., If the
value of the resolving power is high the current peak is very
sharp and the drift velocity can be determined with high
accuracy. The resolving power can generally be increased by
increasing the amplitude of the s.c. voltages that are applied
to the shutters, but there is a limit to the resolving power
that is possible, which is determined by the coefficient of
diffusion of the electrons,

For high a.c. voltages on the shutiers, the electron
pulses can be regarded &3 originating as infinitely thin plane
sources as described by equation (11). Using this equation
it is possible to obtain a theoretical expression for the
limiting value of the resolving power in terms of D, W and h,

From equation {11)

] 2
n= ——s exp [__(%D{LJ

(4 'ﬁnt)%
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The current measured is proportional to the instantaneous

rate of flow of particles, J, where

8 eW 2
47DE)"

The diffusion curreni nas been neglected as only a first
approximation of the resolving power is required, For
the mth current peak t = m/f. Also, as in (14),

= ¥ _j
Ho P “1/3!. Thus

K1ew [ B e f2:(
J W —r 2xp -/t o
£(4m Dm/2)*

It is assumed that the resolving power appropriate to the

peak represented by equation (41) is approximately equal to

the resolving power of the peak represented by

J = (Jo/m) exp [-— (h - Wm/f)z/(lmm/:r)]

where o o is a constant.

(41)

(42)

The maximum value of J is J o/m and occurs when f = mW/h.

The frequency spread at half of the maximum current is

i = f' where f and 7' are the rcots of

(g /m) exp [- (b - ’s’*.»’ﬁ:s.»/f)z/(ﬂ&n/f)] = J /om

(43)
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This equation simpliifies to

n2e? - (2h¥Wm + 4Dm log, 232 + et = 0.

It can be shown that f” - £' is given by

2
) 2
e = (_(2th + 4Dm log 52)2 - W2m2h2] /u?

= 2 U logg

4Dm log 2 - )
h

o

]
4Dm log, 2 ( - )

h2 b Il.oge 2

for all experimental conditions of this investigation.

Thus the resolving power is

mwW
Resolving Power = h(m

A
1 h¥W =
= % ( D log, 2) (44)

The expression for the resolving power, has important
consequences in attempting to obtain optimum accuracy when
experimental results are being taken,

(1) The expression is independent of m, the number of the
current peak. In general the first peak was used to
take measurements of W as it was desirable tc use as

little electron current as possible to minimise the
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formation of temperature gradients across the drift
space due to the hot filament.

{2) The resolving power is proportional to h%. Thus long
chamber lengths are desirable to obtain the greatest
accuracy,

(3) As the resolving power is proportional to (W/b)% it ie
desirable to use high gas pressures to make the

coefficient of diffusion as low as poseible,
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Chaptexr + Comparison of Theoretical Predictions end Experimental

Results for Method of Bradbury snd Nielsen.

9.1 Errors Due to Diffusion.

From the theoretical predictions summarised in 8.6 it may
be concluded that the measured values of the drift velocity
should increase due to the influence of diffusion such that the
relative error in measurements is of the order of 3/h(W/D),
(equation 40). As a consequence, the measured value of the
drift velocity at a given value of E/p is predicted to bde
pressure dependent, the error in the measured value tending
to zero for very high gas pressures. Section 9.1 is concerned
with comparing the pressure dependence that is obsexrved
experimentally with the pressure dependence that would be

expected from equation (40).

9e1e1 Results of Crompton, Hall and Macklin.

The investigation of the pressure dependence of results
in hydrogen made by Crompton, Hall and Macklin (1957) gave
asymptotic values of W at high pressure which are in agreement
with the '"Best Estimate' values of the present investigation,
within the limits of the experimental error. However, the
measured values of the drift velocity at low pressures were in
some cases over 10% higher than the corresponding results of
the present investigation,

To investigate this descrepancy, the results of Crompton,
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Hall and Necklin have been retaken, using their original
experimental tube with h = 3 cm. The new measurements show
that the variation of the results with gas pressure is much
less than is indicated by the results of Crompton, Hall and

Macklin, Typical results are given in Table 19 for E/p = 1.

Table 19. (Values of W x 1072 cn/s)

Pressure 5 10 20 30
Results of C.H.M. 12,9 12.0 1C.3 10.2

¥ew results, using
original apparatus, 10,9 10.2 101 10.1

Although the results that have been retaken are not
directly comparable with the results of the apparatus of this
investigation, which has a drift distance of 6 instead of 3 cm,
the reduced variation of the results from the asymptotic 1limit
suggests that the results of the present investigation give the
true magnitude of the variation of W with pressure,

The discrepancy between the two gsets of results taken with
the apparatus of Crompton, Hall and Macklin has been attributed
largely to the original electironic feeder network which supplied
the a.c., voltages to the shutters and which gave a falling
voltage with increase of frequency. 1In the case of high
diffusion when low pressures are used, the current/froquancy

peaks are very flat so that even a slight decrease in the voltage
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on the shutters with increasing frequency can significantly

increase the frequency at which maximum current cccurs.

9.1.2 Results in Hydrogen and Nitrogen,
Calculations have been made of the variation of the results
with pressure that is predicted by the formuila,
Wy = Y_‘l + 3/h(W/D)] W. ¥, is evaluated using the independent
measurements of W/D that have been made at room temperature by
Crompton and Sutton (1952) and Crompton and Jory (1962), and the
unpublished results for 77°% made by Warren and Parker {1962).
The agreement between the predicted values of WE and those
obtained by experiment will now be dlscussed for various values
of E/p over the range for which measuremente were made. The
values of E/p that were chosen were 0.05, 0.4, 4.0 and 7.0.
(1) Iow Values of E/p.

For E/p = 0,05 the variation of W, over the range of
p of 50 to 500 is predicted to be " 1% for hydrogen and
nitrogen at both 293°K and 77.6°K. The variation in the
corresponding four sets of experimental measurements is
less than 1% in each case. Resulis are shown graphically
in Pig. 40.

The decrease with N of the results in Table 4 for
nitrogen at 77.6°K for E/ P < 0,02 cannot be sxplained by
the influence of diffusion as the decrease of the resultas
is direetly proportional to N (see Pig. 22). As has been

mentioned in 5,1, the coefficient of diffusion for these
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peasurenents is so low that the variation with XN,
predicted by equation (40), is less than 0,3% over the
range of N for which measurements were taken.

(2) Intermediate Values of E/p.

In the four graphs of Flg. 41 the variation with N
of the experimental results taken at E/p = 0.4 18 compared
with the thecretlical predictions of Wm- The experimental
pointe are indicated by circles and the theoretical values
of w!g by the brokern curve, It will be noticed that, in
each case, the relative error of the results from the
asymptotic value of W obtained at high pressure is slightly
less than 3/n(¥W/D).

The results at E/p = 4,0 are simllarly compared with
theoretical values of W, in Fig. 42, and again it is seen

M
that the observed value of the relative error is less than

3/n(W/D).
(3) High Velues of E/p.

The range of pressures over which it was possible %o
take measurements at high values of E/p was limited because
of electrical breakdown within the tube, Consequently the
variation of measured values of W with p could not be
investigated fully. Nevertheless it is apparent that the
observed variation of the results with pressure is very
mich less than is predicted from equation (40). For

example at E/ p = 7.0 the predicited variation of Wh} between
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p=>5and 2 is 1.8/ for hydrogen and 2,5 for nitrogen.
The obgerved experiniental varistions are 0.3% in each case.
This small variaetion is attributed to the fact that
very high a.c. voltages were not used for these measurements
to avoid the possibility of electrical breakdown within the
shutters, Such high a.c. voltages are necessary to obtain
boundaxry conditions of the electron density at the shutters
comparable with the boundary conditions that exist at low
E/p when the electron energies are much lower. The effect
of low a.c. voltages is to reduce the effective time that
the shutters are open, and thus the error due to diffusion

is decreased,

Results in Helium,

Results have also been taken in helium to test the validity
of equation (40) for the case of & monatomic ges in which it is
known that the coefficient of diffusion is high, The helium
that was used was stated to be spectroscopically pure, It is
known that drift velocities in monatomic gases in particular
are subject to errors due to small traces of impurity. However,
it is felt that the pressure dependent measurements which were
taken with one gas sample are still valid even though the
asymptotic limit of the measurements may be slightly in error
due to traces of impurities. The memsurements were repeated
several times with different gas samples and in all cases the

results were in agreement; within the experimental error,
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Experimental results, which were obtained only for
E/p = 0.4, are indicated in Pig. 43 by circles. The broken
curve is obtained from equation (40). The full curve, which
represents ¥, if the relative error from the asymptotic limit
is 5/n(W/D), has also been drawn for comparison with the
experimental variation.

These results were taken before the procedure mentioned
in 6.4,2 was carried out in which the shutters were reccated
with gold. By comparison with similar results taken at this
time in nitrogen, it is considered likely that the true increase
of the results at p = 5 from the value of W at the asymptotic
limit is 12% instead of 15%. In any case it is seen that the

variation with p is, to a first order, predicted by equation (40).

Variation of Results with VG.

The increase in the measured value of the drift velocity
is predicted in 8.,2.,2 and 8.3 to be reduced if the effective
time that the shutters are open is increased, The effective
time that the shutters are open is increased for very low
values of the RMS value of the a.c. voltage Vg. Thus undex
conditions of high diffusion, the measured value of the drift
velocity would be expected to depend slightly on the amplitude
of the a.c. signsl that is applied to the shutters. Such a
dependence was observed in nitrogen at p= 7, T = 293°K at

'ﬁ)/p = (.4, the results of which are given in Table 20.
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Table 20.

W, (volts) 1.5 3,2 5.0 10 15

W

( -5 o 4.79 4,84 4,89 4,95 4,95
x 10 7 cm/s)

At p = 100 and E./p = (.4, where the error due to diffusion
is less than 1%, no dependence of the measured value of the

drift velocity on ’IG could be detected.

Se1e5 Conciusions,

The experimenial results that have been obtained of the
dependence of the measured value of W on N are strong evidence
that diffusion effects of the type discussed theoretically can,
under some conditions, introduce considerable errors into drift
velocity measurements, If accurate results are to be obtained
it is essential that an examination be made to determine if
such errors due to diffusion are significant,

It is impossible to make an exaet comparison of the
theoretical predictions of errors with the experimental results
because of itwo unkmown factors, PFirstly, the shutters are fed
with sine wave voltages which do not econform to the theoretical
model where the shutters open and close instantaneously. The
theoretical predictions are dependent on the time interval that
the shutters are open, and it is difficult to determine what the
equivalent time interval for the experimental conditions will be.

Secondly, the error due to the variation of ¢ within the pulse
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depends on the unknown dependence of the transmission of the
shutters with the energy of the electrons. A Turther error,
which is usually unknown, is the extent to which the experimental
source of electron pulses, the first shutter, conforms to the
theoretical model of ¢ither a point or s plane source, In

this case, however, the limits of the error that would be
predicted theoretically are known.

Despite these unknown factors, the theory does explain the
direetion and order of magnitude of the errors that are observed.
It is therefore reasonable to assume ihat the observed pressure
dependence of the results does not indicate any fault in
experimental technique, It should be noted that the error
predicted from r = 3/h(W/D) will on the one hand overestimate
the true error because of the finlte itime that the shutters are
open, and on the other hand underesiimate the true error because
of the variation of ¢ within the pulse. The experimental
results would seem to indicate that the first of these effects
is greater than the second end that 3/h(W/D) is generelly
slightly larger than the total relative error thet is observed
experimentally.

One of the most important applications of the result that
the relative error due to diffusion is of the order 3/h(w/D)
is that it enables the optimm experimental conditions to be
chosen, By making either the chamber length or the gas pressure

sufficiently large, errors due to diffusion can be made
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insignificantly small,

Current/Frequency Curves,

The warked effect of diffusion on eurrent/frequency curves
is illusirated in Figs. 44 and 45 which were each teken for
nitrogen at 293°K with B/p = C.4 The curve show: in Plg. 44
corresponds to p = 5 mm and thus high electron diffusion
relative to the curve of Fig. 45 where the gas pressure was
100 mm,

It is impossible to develop theory to predict the
experimental cun'ent/frequency curves exactly, because of:

{1) The difficulty of taking account of the boundary conditions
that exist at the two shutters.

(2) The fact that the substitution K, = N,'/f (in equation 14)
is invalid at conditions of low electron diffusion when
the electron density at x = h is more c¢losely represented

by a step funetion than an exponential function.

An approximate theoretical expression for the cuzrent/
frequency curve can be obtained as follows, using a procedure
similar to that of Duncan (1957). Ve assume, a3 in egquation (11),

that the electron pulse can be expressed by:
n= [uo/(w m)ﬂ exp [—(x - Wt)2/4Dt} .

The influence of the boundeary conditions is neglected, Then J

at x = h is given by:
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J= oW -D3¥n/3x atx=h
KQ [-:g; h J 1 2/
= = &+ = | exp [-Qh - Wt) 4Dt] .
(4TM)§ 2 2t

For the mth current pulse, t = m/f and we assume N, = N /1.

The particle current at x = h for all pulses is then:

.2
¢ - mf
3 hw £ 7 [+] ’
I = 2 - 1+ £/mt :) exp {--—-, (1 - )_] {45)
= ( r)i‘ [ 0 4Dmf° b 4 N

where Oz is a constant,

The theoretical curves for m = 1 to 7, together with the
sum of the contributions for each pulse, are shown in Fig. 46
for tl}e conditions of Fig. 44, Although the form of the current
pulses will be considerably altered if the boundary conditions
are taken into account, falr agreement is still obtained with the
experimental curve of Fig. 44,

In a similar way, theoretical curves could be drawn for
other experimental conditions, If equation (45) were used to
plot a curve for the experimental conditions of Fig. 45, where
electron diffusion is very low, the theoretical expression would
not accurately represent the experimental data because of the
substitution Ko = 31 /r. When this substitution is made, the
value of the maximm current of the mth peak is predicted to be
proportional to 1/n. Phis prediction can be seen from eguation
(45) when it is remembered that at the maximum of the mth peak,

f = mfa. However, the fall in the height of the current peaks
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of the experimental curve of Flg. 45 is not proportional to
1/m. For the case of U = G, the pulses could be represented
by step functions and the height of all current peaks of the

current/frequency curve would be equal

Resolving Power,

No systemmatic investigation has been made t¢ compare the
resolving power of current peaiks of experimental current/.frequeney
surves with the values of the resolving power that are predicted
from the theoretical expression for the resclving power given in

aquation (44),

i.e.  R.P. = %(hw/n log, 2)°

Resolving powers for the peaks of the experimental current/
frequency curve of Fig. 20 for hydrogen at E/p = 0,08, p = 500

are given in Table 21,
Table 21

Peak 1 2 3 4 5 6 7 8 9 10 11 12 13

BoFo 5.7 9 14 1625 23 23 24 24 24 24 24 24

The resolving power for these conditions predicted from equation
(44) is 23. The low resolving power for the first peaks can be
explained because at low frequencies the effeetive time that the

shutters are open is greater than at high frequencies and the
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increase in the width of the pulsz can result in a lower
resoliving power, It is seen that the theoreticel prediction
that the resolving power is independent of the number of the
current pealks is largely verified.

Although there is good sgreement between the theoretical
and experimental vaelues of the resolving power in the example
abovz, other experimental values of the resolving power are up
tc50% nigher than the theoretical upper limit predicted from
equation (44), For example, the resulte for the curve of Pig.

45 for nitrogen at E/p = 0.4 and p = 100 are given in Table 22,

Table 22
Peak 1 2 3 4 5
R.P. T69 11.3 10.8 11.3 1.3

The theoretical value from equation (44) is 8.2.
The value of the resolving power for the single peak of Fig. 46
is 2.6 compared with the theoretical value of 1,S.

The only explanation that can be given is that the effect
of the boundary conditions a% the shutters, which ie pot taken
into account in the derivation of equation (44), can reduce the
half width of the electron pulse by up to a third.

Even though there may be differences of 50% between
experimental and theoretical values of the resolving power,
equation {44) is still of value in indicating the order of
magnitude of the resolving power, An important application

is given in 11.3.1.2.
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Chapter 10 : Methods of Pack and Phelps, and Hormbeck

An analysis similar to that of Chapter 8 will now be carried
out to determine the influence of diffusion in introducing errors
to0 drift velocity measurement made using the methods of Pack and

Phelps, and Hornbeck,

1C.1 Method of Pack and Phelps.

Thigs method is similar to the method of Bradbury and
Nielsen but with the following modifications, Instead of
the electron pulses being formed by a shutter, the pulses
are produced by photoelectric emission from a cathode by
means of a pulsed source of ultraviolet light, The electron
pulses then travel to & shutter, but this shutter is not
operated by the application of s.c, sine wave voltsges as in
the Bradbury and Nielsen method. Instead, a constant d.c.
bias is maintained between the two halves of the grid to close
the shutter, and this bias is removed for a short time to open
the shutter. The time interval between the flash of ultre-~
violet light and the opening of the shutter is varied, and the
current from the electron pulses transmitted by the receiving
shutter recorded, From the time at which maximum current
oceurs, the transit time of an eleciron pulse from the cathode
to the shutter is determined, A second shutter is included
in the apparatus further from the cathode than the first shutter,

and the transit time of an electron pulse to the second shutter
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can similarly be determined, The difference in these two
translt times should give the time taken for am electron pulse
to travel the distance between the two shutters, independent
of any end effects occurring at the eathode, On kunowing the
distance between the two shutiers, the drift velocity is then
calculated.

The calculation of diffusion errors for any transit time
differs from that for the method of Bradbury and Nielsen., The
number of electrons in each pulse is presumably proportional to
the duration of each flash of ultraviolet light. This time is
not varied when the time interval between the flash of ultra-
violet light and the opening of the shutter is varied,
Consequently, in the analysis appropriate 4o the method of Pack
and Phelps, there is no substitution analogous to N o = N1 /t
made in 8.2.1 and an increase in the value of r results. On
the other hand, in the method of Bradbury and Nielsen, as the
frequency of the signal applied to the shutters is increased, the
first shutter is open for a shorter time and the number of
electrons in each pulse isg reduced, Consequently, there is a
slight reduction in the frequency for which maximum current
occurs which partially cancels other errors due to diffusion,

The expression for the instantaneous flux of particles at
the receiving shutter is again given by J in equatiom (13).

The variable may be changed from t to r where r = (t - to)/to

and t, is given by W = h/to. After substituting t = t0(1 +r)
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in (13), J becomes

, -3/2 | Wz
J=0C{(14+1) exp [— 0 55 (C is a constant). (46)

Meximum current occurs when 2J/3r = 0, i.e, when r = -3/h(¥W/D)
(neglecting powers in r2), where r i1s the relative error in
assuming that t - is the time at which maximum current occurs.

If errors due to back diffusion also exist, the total relative

error in any transit time measurement will be given by
r = - 5/b(%/D). (47)

This expression again applies only in the limiting case of a
very narrow widih of the initial pulse and for the receiving
shutter being open for a very small interval of time,

The error predicted by formula (47) is quite large for
some of the experimental conditions used by Pack and FPhelps,
For example, consider the conditions for an apparatus with

drift distances of 2,54 cm and 5.08 cm for neon at a pressure

Vo g, W e

approximately 7.1. (This figure is calculated ueing a value

of 48 mm Hg at 300°K. For E/p = 0.5 V em_

of Townsend's energy factor of 136 obtained by interpolation
from the results of Bailey (1924).) The predicted errors in
the two transit times are 28% for a drift distance of 2,54 cm
and 14% for a drift distance of 5,08 cms Differences should
therefore exist in the drift velocities calculated from the

two drift distances. Pack and Phelps have not reported any
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such differences so that it is possible that the errors due to
diffusion have been masked by the finite width of the initial
pulse and the finite time interval that the receiving shutters
are open, These effects have not been considered in the above
predictions.

The formulae for r that have been derived give the
relative error as being inversely proportioned to h anéd =so
the absolute errors due o diffusion will be independent of
h, to a first approximation. Thus when Pack and Phelps
caleulate drift velocities from the differences in ihe transit
times for the two drift distances the absolute errors should
largely cancel (see Pack and Phelps 1961, fooinote 4), The
errors, however, would still be expected to be greater than a
second order effect, complete cancellation being unlikely as
r is proportional to 1/h only in the limiting case of both the
initial pulse width and the time interval that the shutiers

are open tending to zero,

Method of Hormbeck.

This method was used by Hormbeck (1951) to measure the
drift veloeity of electrons in helium, and has since been
used by Bowe (1960) in an extensive and more accurate
investigation. The method has also been used in a modified
form by Biondi and Chanin to measure the mobility of positive
ions, In the case of electrons, a flash of ultraviolet light

produces an initial pulse of photoelectrons at the cathode,



128,

which then travels under the influence of a uniform eleectrie
field to the anode. The cathode and the snode are usually
two large parallel circulsr plates, The resulting current
pulse is then amplified and viewed oscillographically so that
a photograph of the pulse can be obtained, OUmitting influences
due to diffusion the current I travelling in a Townsend gap is
given by I = NeW/h, where N is the total munber of electrons in
the gep (assuming that there are no positive ions due to
ionization), e is the electironic charge, ¥ the drift velocity,
and h the electrode separation. Thus, as the electrons are
produced in the chamber the current rises to a consiant level
which is maintained whille the electrons are traversing the gap.
Then, as electrons are absorbed at the anode, the current will
decrease, becoming gerc when the pulse 1s completely absorbed.
The form of a typical current trace is given in Fig. 47.

Phe transit time of the pulse is assumed to be t, - t

2 1?
where %, and t, are the times at which the current is half of
ites meximum value., This procedure in determining say t2 is
based on the assumption that when half of the electrone have
been absorbed, the centre of the pulse is then at the collecting
electrode, This assumption is not quite accurate when account
is taken of the fact that the collecting electrode acts as a
conducting plane reducing the electron concentration at its

surface to zero, thus distorting the shape of the pulse. The

time at which half of the electrons have been zabsorbed will
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oceur slightly earlier than the time at which the centre of
the undisturbed pulse would have reached the collecting
electrode. As a consequence, values of the drift veloelty
which are slightly high will be recorded,

The enalysis made in this section applies only to the

evaluation of t,. The position of t., is determined by the

1
riging characteristic of the current pulse which is dependent
on the variation of the intensity of the light source with
time and also on electron absorption due to back diffusion.
The degree of back diffusion is further dependent on the
energy with which the photoelectrons are emitted (see Theobold
1953).

The analysis of the position of t2 follows closely that
of 8.,2.1. The first shutter in Fig. 39 is replaced by a
surface from which pulses of photoelectrons are emitted.
Shutter 2 is replaced by the receiving electrode. Ag in
8.2.1 the expression which satisfies the boundary condition
n=0atx=his given by equation (12)

. Yo {exp (:_ (x ;Dﬁitf}_ - {:%gv_ _{x-2n- Wt)‘?B -

(4~ D‘b)§ 1%

From elementary theory (as in Appendix II) the current in

& Townsend gap is given by 12, where

I, = NeW/h = (n, - n )ve/n (48)
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where N is the total number of electrons in the gap,
VW the drift veloeity,
h the length of the gap,
¢ the electronic charge,
B, the electron density at the collecting electrode,

n, the electron density at the electron emitting surface.

When the pulse is collected by the anode, the electron
density at the cathode is assumed to be zero, so n, = n, = Ce

Equation (48) then becomes

N oW r - 2
[¢] 1 (x - th
2778 L. (4v Dt)3 exp_{- aDt ]d“
e 1 ‘W (x - 20 = wt)?
- h s exp | == D% dx
<  (47Dt)
HeW| s N oW | % s
| e TR I D
Ay (apt) h Ti (4Dt)
X

where erf x = J exp [- uzjdu. If we ignore the effect of

Q
the collecting electrode, the image term in the expression for
n is omitted and the expression for current as a function of

time is given by 11, where

K ew|w?
I, ,_z_g[..;_..,, ert 2—'—-‘%‘-} (50)
hw (4Dt)?
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The shapes of the falling characteristiecs of I1 and 12

are shown in Fig. 48 in which the difference between I, and

1
12 is gshown to be much larger than actually occurs under usual

experinental conditions.
When the pulse is at the collecting 2lectrode, t = h/W

end I, becomes I, = ’%;Eoeﬁ/h = 5-10, where I is the maximum

1
current. However, because of the boundary condition imposed

by the collecting electrode, the oselllographic trace gives

12 and not I Thus, when 1;2 is estimated Trom the half

1.
current maximum of 12 there will be an error introduced equal
to Ot (see Fig. 48). The relative error r, in the

determination of t,s will be given by

2’

pry ot ax /[
ikl oy
_ 2 -

2

where
2
(d]ﬁ) o lioew )
at =
t=t, n(4 ertz)
and

E eW 7,-;:'5 %
- MO P p-LA bv
AI sh'ﬁ%{ > err( D) J exp 3.

From a formile given in Comrie (1948) for large x,

3 2
mwE -X
emm—— -errx=e 1 --—1—- Es —12-.2- - ces
2 2% 2 (21)

2x

2
s~ e*/ox 12 x)2.
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As experimental values of ??/D and k are generally such that
(hW/D)%>2, we can use this formula to simplify A I, and obtain

;}é
X eWD
)

Al :rm. (52)

in substituting for A1 and (dI1/dt) t=t’ equation (51)
2

becomes r = -1/(hW/D). The error is such that the measured
value of the drift velccity is too high.

Hornbeck (1951) has reported the appearance of spikes at
ihe commencement of the oscillographie traces which indieate
the loss of electrons due to beck diffusion to the cathode,
Biondi and Chanin (1954) havs reported a similar effect in the
cage of positive ions, In the case under discussion the loss
of some of the electrons from the trailing edge of the pulse
to the cathode would lead to a shifting forward of the maximum
electron density in the pulse, If the pulses are initially
very narrow and are formed close to the surface, the analysis
of 8.3 is directly applicable giving an additional relative
error of 2/a(W/D). This error may be cancelled or enhanced by
further errors which may exist in the determination of t1.
However, the formulae for r that have been derived should
indicate the order of the diffusion errors that are likely for
any given experimental conditions,

For the measurements of Bowe the errors due to diffusion
predicted from r = 3/b(W/D) are in almost every case within the

experimental error of 5.
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SECTION IV

Chapter 11 : liscussion of liesults

11.1 Comparison of Results with those of other Investigations.
The 'Best Estimate' values of the results of Tables 3,
4, 5 and 6 are now compered with the results of other
investigations. When account is taken of the limits of the
experimental accuracy of each investigation, the present
results in nitrogen at room temperature agree with the results
of Pack and Phelps (1961), Nielsen (1936), Commetti and Huber
(1960) and Negy, Nagy and Déei (1960). The resultis of Bowe
(1960) and Bortner, Hurst and Stone {1951) are up to 6% lower
than the oresent results, while the resulis of Kleme and Allen
(1950) and Colli and Facchini (1952) are generaliy higher than
the present results. The recent results of Commetti and
Huber were obtained using the method of Bortner et alia and
the recent results of Hagy et alla were obtained using the
method of Colli and Facchini., Thus agreement of drift veloeity
results in nitrogen has been obtained between three quite
different methods, over the common range of E/p, within the
experimental error. No explanation can be given for the low
results of Bowe, which were obtained using the method of
Hornbeck.
The results in hydrogen at room temperature agree with the

previous measurements of Bradbury and Nielsen (1936) and Pack
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and Phelps (1961) to within the experimentel error, The

only previous measurements of the drift velocity at ligquid
air temperatures is the investigation of Pack and Phelps,

with which agreement is obtained,

The most recent of the investigations is that of Pack
and Phelps (1961) which gives results at four different gas
temperatures and over & very wide range of E/p. However,
as the graph on which the experimentsl results were plotted
has a logarithmic scale, the width of the line paseing through
the experimental points corresponds to 7% of the drift velocity.
On thelr graph, the experimental points are indicated by
circles and show a scatier which is comparable with the width
of the line,

The values of the drift velocity that have previously
been most gemerally accepted are those of Nielsen (1936) and
Bradbuxy and Nielsen (1936) who give values of the drift
velocity at 293°K over a range of E/p from 0.05 to 20, The
scatter of the experimental points indicates that the accuracy
of their inveatigation was of the order of 4%.

A comparison of the results of various investigations is
made graphically in Fig. 49 for nitrogen at 293°K over the
range 0.2 < E/p < 2.2, The shaded area corresponds to the
line on the graph of the results of Pack and Phelps. The
experimental poinis of Nielsen and Bortner et alia are given,

together with every third point of the investigaticn of Bowe,
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The solid circles represent the experimental points of the
present investigation, the size of the circles indicating the
range & 1% of the measured value., All results have been
corrected to apply for a gas density corresponding to a

temperature of 293°K.

11.2 Accuracy of Results.

The method of Bradbury and Nielsen has the advantage
that the transit time of an electron pulee between two shutters
is measursed simply by determining the frequency of a sine wave
a.c. signal, which can be done accurately with a frequency counter.
The corresponding measurement in the methods of Pack and Fhelps,
and Bortner et alia, requires the use of a delay line. In the
oscillographic methods the length of an oscillographic trace is
required to be measured accurately,

With the method of the present investigation, it is possible
to determine whether errors are present due to field distortion
or phase errors from the a.c. voltages by checking whether
measurements are independent of VG (at conditiona of low
diffusion) or on the number of the peak that is chosen of the
cux'rent/frequency curve,

Prom the general consisteney with pressure of the final
results and also from the analysis of errors that has been made,
the errors that are possible in the 'Best Estimate' values of
the results are considered to be of the order of 1% at 293°K

and 2% at T7.6°K.
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11.3 Applications of Results,
11.3.1 Theory of Effects of Diffusion.

11.3.1.1 Keasuremenis at High i:./p and keasurements in Alr at Low E/p.

The theoretical expressions that have been derlved in the
analysis of the effect of diffusion are not only of value, for
example, in providing an explanation for the pressure dependence
of the observed values of W, but also have applications in the
consideration of the possibility of further experiments,

For example, if it is desired to obtain values of ¥ at
very high values of &/p, it is desirable to have low applied
voltages to prevent electrical breakdown within the tube., At
a given value of E/p this requirement implies a low value of hp.
However, for the error due to diffusion to be a minimum and the
resolving power to be & maximum, it is desirable that the value
of hW/D be as high as possible., Thus, at a given value of E/p,
it is required to have hp as high as possible which is the
opposite requirement to avoid breakdown within the tube.

In a similar way an assessment can be made of the
difficulties of taking measurements of ¥ in air at low values
of E/ p. Such measurements would be invaluable to provide a
cross check on measurements that have been made involving the
crosg modulation of radio waves in the ionosphere. To avoid
the loss of electrons due to attachment, in experiments to

find W in air, it is desirable that hp be as low as possible.



137.

For the effect of diffusion to be a minimum it is again
desirable that hp be a maximum and thus similar difficulties
are predicted in the obtaining of results as in the first

example.

11.3.1.2 4pplication to Measurements in Water Vapor.

An important application has been made of ihe theoretical
expression that has been derived for the resolving power
(equation 44). In experiments to measure the drift velocity
of electrons in water vapor, two sets of current peaks were
obtained, the fundamentai frequency f1 of one set being

approximately one htmdre_d times the value of £, for the other

1
set, It was naturally suspected that the particles with the
higher velocity were electrons,

However, the fact that for these particles, the graph of
W against E/p up to £/p = 6 was a straight line passing through
the origin, together with other evidence, suggested that the
energy of these particles was close to the thermal energy of
the gas molecules. An additional independent estimate of
the energy of the particles at E/p = 9 was made possible by
the expression for the resolving power (44). The limiting
value of the resolving power was determined by taking current/
frequency curves at various EiS voltages applied to the
shutters, The expression for the resolving power, equation

(44), enabled an estimate of W/D to be made and use of equation

(5) then led to & value of k1 = 1.5, However, the value of k1



for electrons in water vapor at E/p = 9 was known from
independent measurements to be approximately 20. Thus the
expression for the resolving power provided valuable evidence
that the particles being measured were not electrons but

negative ions of very high mobility.

11.3.1.3 Form of Current Frequency Curves.

A comparison of Figs. 44 and 45 indicates that the form
of the current/frequency curves can vary very widely, it being
possible under some conditions that even the first of the
current peaks may not be clearly defined, The expression
3/n(W/D), from the theoretical analysis, provides a useful
criterion as to whether peaks will be obtained, The
conditions of Fig. 44 are such that 3/h(%/D) = 0,08 and thus
wherever 3/h(W/D) » 0,08 we would not expect to obtain more

than one peak of the current/fmquency curve,

11.3.2 Measurements of the Drift Velocity,.

Although it is not the primary concern of this thesis
to make a detailed analysis and application of the results
that bave been obtained, two applications of the results are
discussed in which use is made of the new data at very low

electron energies.

11.3.2.1 Collision Cross Sections.

By meking certain assumptions which simplify equation (2)

(D ==-;- J¢), an estimate of the effective collision croes
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section of the gas molecules can be made from the experimental
values of W and k1. Using a method originatead by Tovmsend in
which it is assumed that A is independent of ¢ and the velocity
gistribution is Maxwellian, A can be calcoulated for various
values of k,. The values of & that are so obtained are not
independent of ¢ and Druyvesieyn (1934) has showm that the
velocity distribution of the electrons is not Maxwellian for
ky» 1. lNevertheless the values of A are a good first
é,pproximation of the correct values,

If A is independent of ¢ equation (2) becomes D = c/3NA.
In the particular case where the velocity distribution of the

electrons is Mexwellian it can be shown (Appendix VI) that

_ 2R m\T
¢ =25o] K (53)
o
where T is the tempersture of the gas in degrees K, Ro 1s the
universal gas constant in ergs, No is Avagadros number and m

is the mass of the electron,

From equation (2)

A= of5up = (c/zWW)W/D

E 2 e ZKO :
-5 3 (using equations (53) and (5).)
5111;1 ROT nv
: 2r2\?% -3
a-}f‘--greﬁ 2 ! {us:i.ngp=-;-mﬁz
P 3Wk, N a7 300 x 13.6 x 98
s 8 3
; 2 X

Q

where p is in mm Hg, E in volts cm-1.
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Thus A = 4,26 x 102 (E/p)(1/Wk1§) em? at 293%
~9 3y 2 0
= 8,27 x 107 (/p)(1/Wk,") em” &t 77.6°K

where p is defined as in 5.1.

If A is the energy of the electrons imeleetron—volbay

3 -3 3 Ro'r
M o= me = k ergs
ZNO 1

= C.0574 k, ev at 293
= 0.00990 k, ev at 77.6°K.

For both hydrogen and nitrogen we have two independent
sets of experdmental values of W and k1, one set being for
293°K and the other set for 77.6°K (the values of k, are taken
from the investigations mentioned in 9.1.2). It is of interest
to compare the agreement of values of A derived from the two
sets of experimental data. These values of A for both hydrogen
and nitrogen are shown graphically in Fig. 50, ‘The agreement
is good, considering that the assumptions that have been made
are only approximately correct and the errors that are possible
in the values of k, for 77.6°K are of the order of T4. To
obtain a better estimate of A as a function of ¢ we could
repeat this calculation again, using the dependence of 4 upon
¢ of Flg. 50, instead of assuming A to be constant, The
accuracy of the values of k1 that are at present avaeilable,

does not, at present, warrant this procedure,
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The consistency of the values of A derived from the
resulte at 293°K with those derived from results at 77.6°K is
strong evidence of the validity of the theoreticel equations
for W and D (equations (1) and (2).)

A recent investigation (Huxley 1959) derived a relation
for the dependence of i upon ¢ for nitrogen at low electron
energies from the observation that the resulis at room
temperature give pD = constant at very low values of E/p.

If pb is constant for very low electron energies, (37;) is
constant (from equation (2)) and thus A is directly proportional
to ¢, this deduction being independent of the form of the
velocity distribution for the electrons. However the new
results at 7?.6°,K indicate that at lower values of the electron
energy than it is possible to obtain at 295°K, the value of pb is
no longer constant., The values of pD deduced from the resultis
at both 293°K and T77.6°K are given in Fig. 51. However, if we

assume pD = 3.2 x 105, it follows that

A=3.16x 1072 ¢ (54)

It is seen from Fig, 50 that this is a good approximation for
the collision cross section at low energles.

Considerable progress has been made by Frost and Fhelps
(1962) in the solution of the problem of deriving the exact
dependence of A upon ¢ from velues of W and k1, if these

experimental quantities are known accurately., Thelr analysis,



which emplcys the Boltzmann equation, is the first to take
account of the modification teo the velocity distribution which
is caused by the inelastic collisions which occur during

rotational and vibrational excitation,

11.3.2.2 Studies of the Ionosphere and Zotational Excitation,

The results of laboratory measurements of W and k1 in
nitrogen have an application in studies of radiowave interaction
in the ionosphere, The theory that has been developed to
explain Ionospheric Cross-modulation (Huxley 1952, and references
contained therein) assumes that the mean energy 4Q lost by an
electron in a collision with a gas molecule is proportional to
the excess of the mean energy ) of the eleciron above that of

a gas molecule Qo’
i.e. pg = 8 (Q=4qy) (55)

where G is the constant of proportionality.

As AQ = h @ (where h is the mean fraction of the energy of an
electron iost in a collision and Q/Q0 = k1) and if the electrons
are assumed t0 have & Maxwellian velocity distribution, equation

(55} can be expressed as
Dk, = Gk =1) (56)

From experiments investigating radiowave interaction it is

possible to measure G/ Tfor the region of tne ionosphere in
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which the interaction takes place (v is the collision frequency
of the electrons with the gas molecuies) and also the height of
this region above the surface of the earth. (ther ionospheric
studies have determined J at various heights and thus a value
of G is obtained.

By using equation (56) it is also possible to evaluate G
from laboratory measurements of ¥ and k,. Values of h can be
obtained from the measurements of W and k1 and the gradient of
the graph of I)ky against k, at k; = 1 givee the value of G.
Unfortunately the value of G for air cannot be evaluated
accurately in this way as measurements have not as yet veen made
at very low values of E/p because of the difficulties mentioned
in 11.3.1. However, Huxley (1959) has shown that results
obtained from nitrogen should give values of ¢ in close agreement
with the values that would be obtained for air,

To draw the graph of h k1 against k‘h it is necessary to
derive an expression for /) in terms of W amd k.. 4 similar
derivation to that which follows is given in Huxley and
Grompton (1962). At equilibrium, the average rate of loas of
the energy of electrons due to collisions with gas molecules
[n ¢ (eft )] is equal io the average rate of gain of energy

from the electric field [E e W] .

EeW EeW
=0

L e

¢ (c/2) ¥k, G (e/2)

Thus bh =
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sEpre Bim O %; (eca) 32/ -E::— (see equation (6) )

Using equation (1) and Q = 3 B, 2/2 ,, v becomes

2.0 RSl o (57)
P/l (Ts) BT X

In the particular case where ! ie assumed to be independent of
¢ and the velocity distribution is Maxwellilan, the terms
involving veloelty averages can be evaluated using the data of

Appendix VI. Then " becomes

%Kom:li

r) =
4R°T k

1

= 1.769 x 107 ¥/,  at 293
= 6.679x 107 ¥ wP/k,  at 77.6°K

The graph of |k, against k, for nitrogen at 293K has
been drawn using the above expression for /) , where ” has been
determined using values of W from this investigation and
unpublished values of k1 obtained by Dr. R.¥. Crompton, This
graph, which is shown in Fig. 52, gives a value of G of 2.2 x 10 °.
It is of interest {o note that when results were avallable
only at high E/p it wes considered possible that the gradient

of the graph et k; = 1 might be zero (Crompton, Huxley and
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Sutton 1953). If this were to be true, equation (56) would
be invalid and the theory of radiowave interaction would have
to be reformulated.

Before comparison is made of the laboratory measurements of
G with the value of G obtained from measuments iz the iomosphere,
scoount must be taker of the effeet of itemperaturs on the value
of G, for the temperature of the region of interaction in the
ionosphere is estimated to be 196°K. From an analysis of the
effect of rotational axcitation of diatomic gas molecules
(Huxley 1956}, Huxley has derived a formmla for the dependence
of B on temperature, where, by definition BX = G (Huxley 1959).

Thus the temperature dependenée of & can also be derived as

¢ =B¥/s = BN/(c/t) = B/(ck).

We now use the relation obtained by Huxley (1959) for A

in nitrogen for electrons of low energy.

A = 3,29x 1072 o

(siquation (54) is a more accurate expression for A in terms of
¢ but its use would necessitate a re-evaluation of « and b of
equation (58), which is not justified by the accuracy of the
data for k,; at present available). Also, as the electrons
are close o the thermal energy of the gas molecules Qog

2

2 me” = G, It follows that G = 1.385 x 107 B/,
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Using the formule for B derived by Huxley (1959) the resulting

expression for ¢ is
¢ = 1.385 x 10°° [Qo"5/24 o exp (-8/0) + 3.78] . {58)

The values of A and £ that were obtained by Fuxiey from
results of W and k.' in nitrogen at room temperature were

8 and B =4.41x 1074 & is temperature

& = 7.29 x 10
dependent through Q. Hquation (58) predicts the following

values of G at the temperstures given in Table 23,

Table 23
T 77.6 196 268
¢ 8.8x 107 4.6 x 10~ 2.5 x 102

The value of G at 295 K as obtained from Fig. 52 is
2.2 x 1072, (The close agreement with the value in Table 23
is to be expected as « and B are determined from data for
room temperature.) 4 similar determination of G from the
results at T7.6K gave 7.6 x 10°>. Experiments investigating
ionospheric cross modulation give the approximate value of GTI

3 and ¥ is known to be approximately 5 x 105 for this

as 2 x 10
region, (Phelps and Pack 1959), Thus the resulting value of
¢ from ionospheric measurements is 4 x 10'3, which is known to

apply for a temperature of approximately 196°K.
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The agreement with the values in Table 2% is gocd
considering that:
{1) & snd O have been evaluated using measurements of
k1 ~ 1 which are known to be approximate.

(2) 4 is only approximately proportional to ¢ for low electron

energies, as is shown in 11.3.2.1,

The asgreement of the experimental values of G with theory
is evidence supporting the theoretical analysis of rotational
excitation that has been made by Huxley (1956). The results

2130 appear to be consistent with the independent measurements

in the ionosphere,



148,

APPENDIX I

Formulae for W _and D.

The derivations that are given in this Appendix are those of
Huxley and Crompton (1962) for the simple case of isotropie
scattering, In this section vectors such as the momentum of an
eleciron of mass m and speed ¢ are written as m c. l, m _c_:_j is

written 88 m ¢,

Definitions. ’

The velocity distribution of electrons of uniform density n,
in space, travelling with drift velocity W due to an electric field
E is represented by F (c, u). (u is the component of e in the
direction of the electric field, v and w are the other components

of ¢). F is defined such that

P

v G
]/ f,,,,/ Foudvaw = 1 (59)
-? . .

By definition, W i1s the vector average of ¢

ie. W= u = _{U u ® du dv dw (60)

Assumption of Form of Veloeity Distribution.

If E = 0, the surfaces in velocity space over which the density
of points is uniform would be surfaces of a series of concentrie

spheres whose centres are the origin, In the presence of an electric
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field it is assumed that the surfaces remain as spheres but that
the centres of the shperes are displaced in the direction of E by

a velocity V where V = V(e1), o being the radius of the sphere.

Then ¢ = .9.’ +.V.(c1) and Ple,u) = f(e')

As ¥ 1s only a few per cent of 5, V is assumed to be generslly
very small compared with ¢. Referring to Fig. 53) c’ is then

approximately given by

L e—v(c‘) cos ©

Iq,-
b

Thus P(e,u) = e - V(e1) cos®) = f£(e) - V(e’) cos & —= (61)
V(c1) can similarly be expressed in terms of ¢ as follows:
A Y a
‘V(c1) = V(e - V(c‘)) cos0 ) ~ V(e) - V(c1) coa & --%
On substituting in (61) and ignoring the second order term we
obtain
ar
Ple,u) = f£{e) = ¥(c) cos o - (62)

This expression for F can now be substituted in equations (59)
and (60) and the integrations carried out using polar coordinates

as indicated in Fig. 53.

@

Bquation (59) vecomes [ PR flc)de = 1 (63)

-
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Equation (60) becomes

A7 5 at
W= - So 5 © v(e) e dc
- C%T- £(c) %’E & V(c)) de (64)
Expression for V(e).

The function V(c) is obtained by equating the average rate of
loass of momentum of the electrons by collisions with the average

rate of increase of momentum due to the action of the electric field.
The average rate of incresse of momentum for asn electron is E e. (65)

In evaluating the average rate of loss of momentum for an
electron, averages have to be teken for all possible types of
collision, e consider initially en electron of mass m and
velocity ¢ colliding with a gas molecule of mass M and velocity
C and obtain the required average through the following steps,.

a, All directions of C are equally probable, so that the average

effect is obtained by putting C = O.
be Thus the average for all magnitudes C, is obtained by putting

C =0,

Ce Scattering for an electron is assumed to be isotropic. The
aversge for all directions of scattering when m << M can be
shown to be the average of the change of momentum for an

electron scattered without change of direction (which is 0),
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with the change of momentum when the electron iz secattered
such that its velocity is reversed (which is - 2me). The
average loss of momentum for an electron of velocity ¢ for
2ll directions of scattering is thus mc.
A8 ¢ ) > C the speed of an electron relative to the

ges molecules is very close to ¢ and so e/& is the average
number of collisions in unit time, Thus the average rate
of loss of momentum for an electron of velocity ¢ is me e/t .
The average rate of loss of momentum in the direction of E
46 e "eoh 0/e .

d, and e, Finally the average is obtained for all directions of ¢
and for all magnitudes ¢, This average is performed by
integration over all veloclity space, The average rate of

loss of momentum in the direction E is thus

*® oy 2
o
ffr-?‘l"—-—"—;-?—-— Fde csind® d 4§ cdede
& e P

On substituting F, as given in equation (62), the average
becomes

w

J 28 e L (fv/e) a (66)

Equating (65) and (66) we obtain

a2

L-"-%—gfg-; (c4V/£) de = Ee (67)
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A solution of (67) 18 V= E el /mc as can be verified by

substitution, using equation (63).

Formula for W.

¥ can now be evaluated by substituting the above expression

for V in equation (64). W becomes

47 a (.3
W = Jc 5t o (¢’ EBel /uc) do

= 2 2L

Formula for D.

We consider the rate of change of momentum of electrons in
unit volume in the direction of x, at x, where the density of the
eleoctrons is a function of position, i.e n = n{x). This rate
of change cf momentum must be zero for E = O as there is then no
external force acting on the particles,

The rate of loss of momentum per unit volume at x of particles
of velocity ¢ due to collisions is

nem;e/e = ncmwc c/& (68)

where B, is the density of particles of veloclty ¢ and Y is the
average velocity in the x direction of all particles of speed c.
This rate of loss of momentum must be restored by the increase

of momentum ©ty the nett flow of particles to the unit volume.
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The rate of transport of momentum in the direction Qx =t x by

electrons of speed ¢ into unit volume is

T aw
* 2
%ncm f So (ccosB)” cdp cein®& 4o

s

Si(hcd‘? csiné de
o 14
= z.‘;:,cmcz/G.

¥omentur is also being transported out of unit volume through the
urii{ area at x by electrons of speed ¢ traveiling in the direction
- 0% The total rave of increase of momenitum of particles in unit
volume at x due t¢ transport of particles through unit area at x,
for particles of speed ¢ is thus n, m c2/3.

Similarly at x + dx the total rate of loss of momentum to the unit

volume is
anc 2
(ne + s—x— dx) me /3.

The total rate of gain of momentum per unit volume at x due to

transport is thus

-%M = (69)



fguating with equation (68) we obtain

n, mw, e/l =

n w
e e 1

LR ‘én 73 x = 3
But Dc is defined such tnat

Thus Dc is given by

and the formula for D is
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APPENDIX 11

Expressions for Current

Hornbeck's Method,

The following derivation is given by Cobine (1941) for
the current in the external circult when a point charge q
movea between two large parallel plate electirodes separated
by distance h, the potential difference between the plates
being V.

If the charge moves a distance dx in time 4t the work
done is Vq dx/h. This energy is supplied by the external
power supply and equals V 1 dt where 1 is the current in the
external cirecult, Thus the current i is given by

i = M (70)

h

The case is now considered of a distribution of electrons
within the gap, each electron having charge e, where n = n(x)
gives the density of electrons throughout the gap. The
current due to the element of charge within a volume element
dx 45 1is given (from equation (70) ) by di where

n e dx dS5 at

dai n

¥hen diffusion occux's;the flux of particles at x, m!x/dt, is

given by

n dx/dt = n ¥ - D dn/ax.
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Thus the tctal current I is given by

I = jJS(nw-ngg;dx'gedxds

h

= NeW/h-De(n -n)h (11)

where ¥ is the total number of electrons withiwn the gap
%, 1z the electron density at the collecting electrode

Tig is the electron density at the emitiing surface.

Bguation (71) is the relation used in 10,2

2, Method of Bradbury and Nielsen,

The most general expression for current at an electrode is

I = “ (d:D1/dt +Jd) as (72)

where I)1 is the electric displacement and J is the partiecle
current,
The surface of integration is that of the collecting electrode,

Equation (72) follows from Maxwell's equation
curl H = ) (ap,/at + J).

It can be shown that for a point charge ¢ moving within a gap

that

aDp
g dxfdt ﬁ———-—’ as

h dat
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In the method of Bradbury and Nielsen, the time constant
of the electrometer is large and as & result displacement
currents produced by the electron pulses are not recordeds As
a result the term dD/dt of equation (72) can be ignored and the

current is determined by J where

J = neW -Dadn/dx.

The average rate of receipt of charge by the collecting
electrode is proportional to the value of J when the second
shutter is open, FProvided that "lG is kept constant as the
frequency is varied, the total time that the shutter is open
is independent of the frequency of the signal applied to the
shutters. Thus the procedure in the theoretical analysis of

8.2,1 is justﬂied.
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AFPERDIX II1

Reference Thermocouple Calibration

The following table is given by Scott (1941) over the
temperature range - 192 to 0°C. The table has been extended to
cover the wider range -~ 200 to 10000 by using the relation
E = - 38,474 T — 0.046046 T° + 0,00003948 T°. The coefficients
of this expression were calculeted from values talken from the

table given by Scott.

» % e -8 r % p -8
- 200 5537.2  15.5 - 162 4856,6  20.6
- 198  5506.2  15.8 - 160  4815.4 20,8
- 19 54747  16.0 - 158 4TT3.7 21,1
- 194  58442.T  16.2 - 156  4T31.4  21.3
- 192 5410.2  16.6 - 154  4688.8  21.6
- 190 5377.1  16.8 - 152 4645.6  21.9
-188  5343.4  17.1 - 150  4601.9 22,1
- 186  5309.2  17.4 - 148 455T.6  22.4
- 184 52744  17.6 - 146 45129  22.6
- 182 5239,1  17.9 - 144  4467.6  22.9
- 180  5203.3  18.2 - 142 4421.8 231
- 178 5166.9  18.5 - 140 4375.6  23.4
- 176 5129.9  18.7 - 138 4328,8  23.6
- 174 50925  19.0 - 136 4281.5  23.9
- 172 5054.5 19,3 - 134 4233.8  24.1
170 5015.9 19,5 - 132 4185.5  24.4
- 168 4976.9  19.8 - 130 4136.7 246
- 166  4937.3 20,1 - 128 4087.5  24.9

- 164 4897.2 20,3 - 126 4037.8 25.1



124
122
120
118
116
114
112
110
108
106
104
102
100

3 8RB REBEVBL RS

6
74
72
70
68
66
64
62

3987.5
3936.8
3885,6
3854.0
3781.56
3729,2
3676. 1
3622,5
3568.4
3513,9
3458.9
3403.4
33475
3291.1
323443
3176, 9
3119.2
3061.,0
3002.3
2943.1
2883.6
2823.5
2763. 1
2702.1
2640,8
2579.0
2516.7
2454.1
2391.0
2327.4
2263.4
2199.0

25.4
25.6
25.8
26,1
26,3
26,6
26,8
27.0
27.3
27,5
27.7
28,0
28,2
28.4
28,7
28.9
29.1
29,3
29.6
29.8
30.0
30.2
3045
30.7
30.9
3141
313
3146
31.8
32,0
32.2
32.4
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SE3IRYRE S

44
42
40
38
36
54
32
30
28
26
24
22
20
18
16
14
12
10

N O N & D

2134,2
2068,9
2003.3
1937.2
1870.6
1803.7
1736.3
1668.4
1600.4
1531.8
1462.8
1393.4
1323.6
1253.4
1182,8
1111.8
1040.3
968.5
896.3
823.8
750.8
677.4
603.7
529.7
455.0
380, 1
304.8
229.2
153.2
T6.8
0
- TT.1

4E
ar

3246
32.8
33.0
33.3
3345
33.7
3349
3401
34.3
3445
34.7
34.9
351
353
35.5
357
35.9
3661
36.3
36.5
36.7
36.9
371
37.3
37.4
37.6
37.8
38,0
38e2
38.4
38.6
38.8
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10
12
14
18
i8
20
22
24
26
28

32
54
36

40
100

- 154.6
- 232.5
- 310.7
- 389.3
- 468.2
- 547.5
- 627.2
- T07.2
- 787.6
- 868.3
- 949.3
-1030.7
-1112.5
-1194.5
-1276.9
-1359.6
-1442.8
=1526,2
~1610.0
=4268.0

48

39.0
39.1
39.3
39.5
39.7
39.9
40.0
40,2
40.4
40.5
40.7
40.9
41,0
41.2
41.4
41.6
41.7
41.9

160,
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2.5

1.8
1.5
1.2
1.0
9
«8
o7
b
5
o4
o3

APPENDIX IV
Percentage Change in W for 1% Change in E/p

293°K 293°K
5 K i% ¥,
I 140 .25 3
7 1.0 .2 o3
o1 1.0 .18 3
1 9 .15 o3
7 o7 .12 .2
o1 o7 o1 .2
ot .6 .09 .2
o7 6 .08 .2
1 6 .07 .2
o1 .6 06 .2
of .6 .05 .2
o7 6 .04 o3
o 6 03 o4
o7 5 025 .5
o7 .5 02 .6
o7 5 018 .6
o7 5 015 .7
o7 5 012 .7
6 o5 01 .8
o5 .5 009 .9
& od 008 .9
5 4 007 .9
5 o4 Q06 L9
o4 o4 005 .9
o3 5 004 .9

161,

1.0
1.0
10

1o



v Jeud

2.5

1.8
1.5
1.2
1.0
.9
8
o7
o6
o5
o4
o3
25
o2
.18
«15
12
o1
09
.08
07
06

77.6°K

74
.66
.66
67
«TO
65
»56
.52
.42
«36
«30
43
°42
27
«21
o 13
.04
- 04

- 011
— 013

.56
.52
.51
<51
47
042
«4C
«39
37
e 36
«38
«38
42
o46
45
«53
«59
«59
.62
65
«63
62
.66
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- .09
- 03
«04
13
«20
29
«39
«47
.56
.62
«66
.69
«76
81
<B4
«89
94
.97
<97
.98
<98
1.00

69
.70
-67
67
.70
«T1
.68
.68
.70
72
«T3
13
77
.78
«82
«93
%4
95
«96
«98
1.00
1.00
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APPENDIX V

Derivation of the Differential Equation (102

Ye congider electrons travelling under the influence of a
uniform electric field which causes them to acquire a drift veloecity
of ¥, From the definition of the coefficient of diffusion D, the

rate of flow of particles into a volume V enclosed by a surface S is

- Ss {(nW-D7n) - ds  (d5 is directed outwards from V)

where n = n(x, y, z, t) is the electron density,

The equation of continuliy therefore becomes

gg&,& W= “/(nw-wn).ds

>

% - S\ '(:T-(n ¥ - DUn) 4v (Gauss Theoren),

.As the above equation applies for any volume enclosure we msy write

[
i

= DV%&-»W*V!&

o~
ok

If the x direction is chosen to be the direction of the elesctric
field, the differential equation governing the motion of the

electrons is then

2 ¥ Ynp 1 3dn
Va =353t 7Dt

This equation is equation (10) of B.2.1.
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APPERDIX VI

Velocity Distributions

The following formulae enable the evaluation of veloeity

averages for either Maxwellian or Druyvesteyn velocity distributions.

2
Vaxwellian distribution '-dég- = -%—?—_ exp (- 02/.2) do
a T

2
= 4o exp (- c4/a4) de

1.23 33

w6

Druyvesteyn distribution

7]

Lxm exp (- x°) ax a-;!‘- FELH

r(n +1) =n r(n), R&) = Y7y r(%) = 3,622, R%) = 1,225,



165,
REFERENCES

Allis, W.P. (1956). Motions of Ions and Electrons. In "Handbuch
der Physik" Vol 21. (Springer-Verlag: Berlin).

Aston, F.W, (1927). Proc. Roy. Soc. A 115, 487.

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

Bailey, V.A., and Healey, R.H, (1935). Phil, Mag. 19, 725.

Biondi, K.A., and Chanin, L.M. (1954). Phys. Rev. 94, 910.

Blewett, J.P., and Jones, E.J. (1936). Phys. Rev, 50, 464.

Bortner, T.E., Hurst, G,S., and Stone, W.G. (1957). Rev. Sei,
Ingtrum. 28, 103.

Bowe, J.C, (1960). Phys. Rev. 117, 1411,

Bradbury, N,E.,, and Fielsen, R.A. (1936), Phys. Rev, 49, 388,

Chapman, S., and Cowling. T.G. (1952), "The iathematical Theory
of Non uniform gases". 2nd ed, {Cambridge Univ. Press).

Cobine, J,D. (1941), "Gaseous Conductors" p 57. (McGraw-Hill;
New York),

Colli, L., and Facchini, U, (1952), Rev. Sci. Instmm. 23, 39,

Comrie, L.J. (1948). "Chambers Six-Figure Mathematical Tables"
Vol II 5 518. (V. & R. Chambers; Edinburgh).

G@metti, A.y and Huber, P. (1960). Helv. Phys. Acta. 33, 911.

Crompton, R.W., and Sutton, D.J, (1952). Proc.Roy. Soc. A. 215,
467.

Crompton, R.W., Huxley, &.G.H., and Sutton, D.J. (1953). Proe.
Roy. Soc. A. 218, 507.

Crompton, R.W., and Elford, M.T. (1957)s J. Sci. Instrum, 34, 405.



166,

Crompton, R.W., and Elford, ¥.P. (1959). Proc. Phys. Soc. 74, 497.

Crompton, R.W., and Elford, M.%. (1962). J. Sci. Instrum. 39, 480.

cmpton, Ro??o, Hall, BnI-H., and Mklin, WoCe £1957)0 Aust, J.

Phys. 10, 366,

Crompton, R.W., and Jory, R.L. (1962). (in Press).

Druyvesteyn, ¥.J. (1934). Phyeica 1, 1003,

Duncan, R.A. (1957). Aust. J. Phys. 10, 54,

Frost, L.S., and Phelps, A.V. (1962). Phys. Rev. 127, 1621,

Hall, E.I.H. (1955 a). Proc. Phys. Soc. B. 68, 334,

Hall, B.I.H. (1955 b). Aust. J. Phys. 8, 468,

Healey, B.H., and Reed, J.W. (1941). “The bebaviour of Slow
Eleotrons in Gases", (AWA; Sydney).

Herreng, P, (1943). Compi. Rend. 217, 75.

Hornbeck, J.A. (1951). Phys. Rev. 83, 3T74.

Hudeon, D.E, A.E.C. Report MDDC 524,

Huxley, L.G.H. (1937). Frhil. Mag. 23, 210.

Huxley, L.G.H. (1940). FPhil. ¥ag. 30, 396.

Huxley, 1..G.H., and Zasgou, A.A, (1949). Proc. Roy. Soc. A. 196,

402,
Huxley, L.G.H. (1952). MNuovo Cimento 9, 46. (Supolement).
Huxley, L.G.H. (1956). Aust. J. Phys. 9, 44.
Huxley, L.G.H. (1959). J. Atmos. Terrest. FPhys. 16, 46,

Huxley, L.G¢.H., and Crompton, R.W., {1962). The Motions of Slow

Electrons in Gases. In "Atomic and Molecular Processesg"

Edited by Bates, D.R. (Academic Prese; New York and Londm;)



167,

Keesom, W,H., and Van Lammeren, J.4., (1932). Comm. Leiden. 221 ¢.

Kirachner, E.J.M., and Toffollo, D.5, (1952). J. Appl. FPhys. 23,
594,

Klema, E.D., and Allen, J.S. (1950). Phys. Rev. 77, 661.

Nagy, T., Nagy, L., and Dési, S. (1960). Hucl.Instrum. 8, 327.

Nielsen, #.4. (1936). Phys. Rev. 50, 950.

Pack, J.L., and Phelps, A.V. (1961), FPhys. Rev. 121, 798,

Phelps,A.V., and Pack, J.L. (1959). Phys. Rev. Letters 3, 340,

Seott, E.B. (1941). "Temperature, its measuremeni and coutrol in
science and incustry" p 206. (Heinhold Pub. Corp.).

Theobold, J.K. (1953). J. Appl. Fhys. 24, 123.

Townsend, J.S., anéd Tisard, H.T. (1913). Proc. Ruy. Soc. & 88,
336.

Townsend, J.S., and Bailey, V.A. (1923). ©Phil. Mag. 46, 657,

Townsend, J.S. (1930)., Phil, Mag. 9, 1145,

Van Itterbeek, A., Lambert, H., and Porrez, G. (1956). Appl. Sci.
Res, A 6, 15,

Wexren, R.W., and Parker, J.H. Jr. (1962). Westinghouse Scientifie
Paper 62-~908=1135=F6.

Zeleney’ Je (1898). Phil. L!ago 46, 120,





