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PREFACE

This thosig desc;ibes experiments which have been performed at
Durhen %o inveStigate the behaviour of electron swarms moving in a parallel
plate gap under ﬁhe influence of a unidirectional électric field on
which is superimposed an ultna-high;frequenqy field of 48 Mc/second.

Tlectrons are emitted into the gap through holes in cne of the
ﬁlates end nove across the gep under the influence of the dc field. The
uhf fiéld gerves to increase the energy of the electrons in the gap,
and if this energy is high enough ionization occecurs.

 Heosurements have been made in several gases on the amplification
of the atrean of electrons crossing fhe gap, and of the uhf field required
to cause electrical breakdown, Other measurements have been made in an
attempt to determine the nature of electron flow through the holes in
~the emiiting electrode.

Trom theoretical considerations of drift, diffusion and ionization,
an exprescsion is derived for emplification in the electron stream which
is.shown to be in reasonable agreement with the experimental results for
 the geses tested.

The letter half of this thesis deals with investigations into the
effects of the generation of residual voltages in the gap by charging at
the electrode surfaces under the influence of unidirectional current flow,
A rigorous guantitative analysis of these effects has not yet been found,

and therefore it has not been possible to take them into account in the



theoretical empression for amplification, However if the currents flowing
in the gap cre kept small, it is concluded that the effects of residual

voltages are negligible, and therefore does not invalidate the comparison

made ‘betwecn theory and experiments. -
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CHAPTER 1
INTRODUCTION |

‘A gas in the normal state is almost a perfect insulator, but when
a steadily increasing electrical stregs is applied, & stage is reached
when suddenly the gas becomes conducting. The field strength at which
this occurs, the breakdown stress, Es’ was observed by early workers to
be a function of the nature of the gas and the pressure, Later workers
di-s'co'yered that other variablesaffecting Es were the electrode material,
.geo‘metry, and the frequency of the applied field. Once the gas has be-
come conducting, visible radiation is emitted, characteristic of the gas
uncier stress.

~ Since the early days of the work, many attempts, notably by Townsend
and his schoél, have been made to explein the mechanisms which lead up
to breakdown. It was discovered that breakdown is not a sudden change
from the non-conducting to the conducting state, but one which occurs
over a finite period of time, i.e. the formative time. It is now known
that ionization of the gas by the collision of free electrons with gas
-afoms or molecule:S is one of the chief factors contributing to breakdown,
and this mechanism has been studied in detail by many workers. This
thesis, describn’_ng vwork which is a 6ontinuation of that begun by Nicho]ls(1)
(1960) and Long'2)(1962), is concerned primarily with those processes
1eading>up to breakdown in several common gases under the influence of
combined unidirectional and ultra-high-frequency electric fields. It is

hoped that the present study will yield valuable information about the
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nature of electron flow in such a system,

1. Processes leading to breakdown
1.1 Ihe generation of elecfrons

_ Electrons moving in & gas suffer many collisions with gas molecules,
and as avresult they acquiré a certain distribution of energies. (The
Maxwillian distribution is a good approximation for the molecular gases,
‘and the Druyvestyn distribution for the rare gases). If some of the
electrons have sufficient energy, inelastic collisions with gas molecules
can occur. Ixcitation ocours when some of the kinetic energy of the
‘colliding electron is converted into the potential energy required to
1ift one of the atomic electrons into a higher energy level. Radiation
is emitted when this electron decays back to its initial state. Vhen the
colliding electron has higher energy, enough® mayvbe transferred to ionize
the atom or molecule. Thus a free electron is generated, and this, to-
éether ﬁith the original electron may ionize other atoms or molecules, in
' ﬁhe same way, starting off the chain of events leading to an electron
avalanche, and hence breakdown. (Townsend(u’6’7)).

1.2 Losses of electrons

In order to discuss breakdown, the electron loss processes must be
taken ihto account, Electrons may be lost by drifting to one of the
electrodes under the influence of the applied electric field, or by dif-
- fusion to the boundary of the system. These two processes are discussed
and compared in detail in a later chapter of this thesis.

Eleotrons may be lost in the volume of the gas by recombining with

", .



positive ions to form neutral atoms or molecules, or they may form
negative ions with neutral atoms or molecules. However in most of the
common gases studied, at least under nomel laboratory conditions, these
two effects aie. negligible' éompared with drift and diffusion.
1.3 The criterion for breakdown
The oriterion for breakdown is that for every electron in the gap‘
‘which is lost (o:;e'way or another), at least one new electron is generated.
Consids. sl balance between these processes for a given élementary
volume of the. discharge. The equation of continuity, describing the rate

at which electrons enter or leave the volume by various processes is

given .by Tovn"xs.emfl(3 ) as
2( {J.E
D.n) - dc ., O n +W¥Wn 4+ x =0n
v i D" - a‘- B't- XXX 1.1

where n is the eleotron density, D is the coefficient of diffusion (des-
cribed in greater detail in §2), W is the electron mobility, and E; the
applied unidirectional electric field.

The rate of loss of electrons from ihe volume by diffusion is
represented by the term VZ(D.n), the rate of loss by drift by if;g-?- . %% .

The net rate at which electrons are generated within the volume is
‘represefited by YJn, where W is the ionisation rate, taking into account
in this éase‘ail secondary electron generétion processes, as well as
oollision ionization. The rate at v;hicﬁ electrons are supplied by some
extermal source is X

Finaliy,%—% represents the rate at which the electron density within
the volume ché,nges with time. ﬁhen the system is in a state of equilibrium,

-3m



this kten(ls to zero,

If the overall loss rate excecds the overall generation rate,
eleotrons must be supplied from an external séurce in order to maintain
the discharge, equilibrium being established between the current injected
and that lost froh the discharge,

. However if the loss rate is less than the overall generation rate,
equilibrium can now be achieved by the internal generation and loss pro-
' ceéses , 2lone, so long as enough electricel energy is supplied to the
system. _ |
1.4 Breék&oﬁn in unidirectional fields

ﬁlectmns starting at the cathode are swept towards the anode in
the applied dc field. When the voltage is high enough for fnultiplication
to occur; an electron avalanche is formed, which is removed from the gas
on reaching ﬁe anode. Losses of electrons by both diffusion and drift
are oonsiderable, and collision ionization in the gés is not sufficient
alone to maintain the discharge. -However the balance between the genera-
tion and loss pmcésses required to keep the discharge running is pre-
derved by the action of secondary electron generation effects, as described
in §1.7.

Thus the discharge can be maintained without the help of an external
source of electrons.

Important quantities used to describe breakdown in unidirectional

fields are Ed and pd, where d is the electrode spacing, E the electric

field, and p the pressure.
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1.5 Breakdowm in oscillatory fields

In unidirectional fields, as described above, the electron avalanche
is sﬁept straight to the anode and lost (see Fig. 1.1a)., If the applied
field is osciilato:y, but the frequency is low, electrons are swept
alternatively to each electrode in turn, with the same result (see Fig.
1.1b).. At higher_frequencies, however, the direction of motion of the
¢lectron swarm is feversed at the end of & half qycie before the swarm
"~ has reached Lo électrode, and i- ndt lost as before (see Fig. 1.18).
Instead, the electrons oscillate to and fro in the gap, with no losses
by drift except in the regions close to the electrodes (Schneider(3 ))
Vhen multiplication ocours in the gas; the electron concentrat:on builds
up in the gap due to the many successive avalanches which occur in
successive half cycles of the field. Breakdown is produced with applied
fields much lower than in the unidirectlonal case, the ratio being about
1:2, (9111 and Donéldson(e) ; Gutton and Gutton(g)). This is because
iosses of electrﬁns are considerably reduced by the absence (almost) of
drift. The predominant removal mechanism is now diffusion to the electrodes
or to the walls of the vessel. Thué some high frequency discharges are
lnown a5 'diffusion-controlled' discharges. The same criterion for breék-
down épplieé as in the unidirectional case, but becomes simplified in
that diffusion is effectively the only active removal mechanism, except
in the attaching or recombining gases.

The continuity equation now is

VD.Vz.n +‘IJ.D = 0 . csee 1.2

5~
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(10)y,

(Herlin énd Browm
Trom the solution of this, the breakdown condition is given as

Y = D//\Z, where /\ , the diffusion length of the gap is a convenient

quahtity to define the gap geometry, and is an indication of the mean

distapcé an clectron must diffﬁse before it reaches & boundary, For a

systen where the electrodes consiét of two parallel discs

/\2 - @2, (B2 ceer 1.3
where d and g cre the gap width and electrode radius respectively. The
first term represents electron losses axially, and the second term losses
radiallf.

" 0ne of the results of this diffusion theory is that the breakdom
stress will be constant for a given gas and pressure for various gap
geometries, )rov1ded that /\is constant also. Herlin and Brnwn( 1) showed
this to be iruc experimentally. Later, Prowse and clark 12) showed that
since D is a function of Eu/p’ (where B is the rms value of the high
frequency field), the curve of p/\ against E/\ for breskdown, (analogous
to the 1ad vs. pd curves in the unidirectionsl case) should be unique for

any one gas, and they tested the theory successfully at a frequency of

9.5 Mca/second. tus the diffusion theory for pure high frequency discharges

was shown to be valid., (See Fig. 1.2).

1.6 Breakdown in combined unidirectional and ubf oscillatory fields

(13) have studied the case where & small uni-

" Varnerin and Brown
o al
directicny/field, Eie

Providing that Edc<<Eu, it was shown thal the diffusion theory still

, is superimposed on the uhf field (see Fig. 1.14).

’6f



holds if /\ is modified to/\ n where

(WAYD? = (VAP & (83/2.D/0) ceer 1k
This wes obtained for the case where the only source of elsctrons is
casual, but it may be extended to apply to case where the majority of
electrons are concentrated at the centre of the gap, for example when the
electron density'distribution across the gap is approximately sinusoidal.

The uhf vqltage required to break the gap down inoreases uniformly

'as the appli.. ¢o field is inore.sed owing to the increase in electron
losses by the introduction of drift.

1.7 Amplification of an injected stream of electrons

Consider a system in which electrons are emitted from a point on
one electrode of a parallel-plate assembly into a2 gas stressed by a
unidirectional field tending to sweep them towards the opposite electrode.
Let io be the current emitted, and i the current collected at the enode.

Assuming that single-stage collision ionization is the only electron
generation process oocifring,‘Townsend(h’6’7) derived the expression

iy = eS:,ol.dx 1.5

where is Townsend's first ionization coefficient, being the number of
ioniziné collisions made by each electron in each centimetre that it
drifts through the gas, and depending on the electron energy distribution,
and hence on ifp. If \V is the ionization rate, then = WeL , where
Wis the'velocity that the electron drifts through the gas.

If collision ionization were the only electron generation process

occurring in the gas, the curve of iogi/io against d would be a straight

7=



line., Towvmsend's experimental results show this to be true for small
gap widths, but for longer gaps, the cufve departs upwards from linearity,
amplification taking values larger than those predicted by the‘ simple
theory (see Ff;.g. 1.3). Townsend first interpreted this departure from
the theory in tems of a secondary process in which positive ions generated
by collision ionization, (i.e. the ol-process), themselves collide with
gas molecules and produce ion pairs (i.e. the3-process). However it was
1é;ter established that collision ionizétion of the gas by positive ions
under normal breakdown conditions is not energetically pessible, A more
likely theory of secondary electron generation was suggested, in which
positive ions and photons generated in the gap by the ol and excitation
processes strike the cathode and release electrons fron the surface,
The expression for :i,/io was modified to take this into account, thus

i/:i.o = e“d/(‘l- 5 . e(“d"ﬂ). ) wewe 1.6
where w is the number of secondary electrons produced at the cathode
per electron on the gap.

The breakdown condition is satisfied when
1 =§ . e(dd~1).~; from Eq. 1.0.
This is Townsend's oriterion for breakdomn in unidirectional f::lds.
Toﬁnsend's theory does not take into account the effects of diffusion.
In recent work, Lucas(“*), has calculated an expression for amplification
in the presence of diffusion. later chapters in this ‘thesis describe

measurements of emplification when the injected electron stream is sub-

jected to combined high frequency end unidirectional fields. Here,

- -8-



diffusion may be expected to become even more important, and much

of this thesis is devoted to problems connected with this possibility.

1.8 Choice of suitable ionization coefficients for ubf conditions

Vhen a unidirectional eiectric_field iﬁ applied to the gap, the
electron flow in the gap below breakdown is predominantly drift con-
trolled‘ tihen ionization‘ocoups, Townsend.'s first ionization co~
efficient, o{ , iz commonly used, being the number of ionizing collisions
an electron makes in one centim tre that it has drifted. 1In the case
where a uhf field is applied, electron flow is predominantly diffusion
controlled, and Herlin and Brnwn(10) suggested that W/D is a suitable
ionization coefficient, being proportional to the numoer of ionizing
collisions an eléctron makes in diffusing a unit distance.

At breakdovm, \Y/D may be easily obtained from the breakdown condi-
tion, A2 = DAY , but the task is not so easy below breakdown, Attempts
to obtain Wby Nicholls(1) from measurements of icnization currents
flowing in combined do and ubf fields were not entirely successful because
at that time the nature of eleétron flow in the gap was not fully under-

stood for these conditions. (See Chapter 2).

2, Diffusion of electrons in & gas

In view of the importance of electron diffusion in the present study,

some of the important aspects are discussed here in the introduction.

-9
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2.1 Basic diffusion relations

Electrons in a gas are constantly colliding with molecules of the
gis, and thus come into thermal equilibrium with the gas. In time,
any concentration of electrons wili move such that, provided there are
regions of weaker concentrations of them, the initial concentration is
decreaséd. This motion tends to bring about a uniférm density of electrons
in the body of the gas. Once this has been achieved, the diffusion
process sti™” éantinues, but no. with the net effect that the electron
density distribution in the system does ﬁot elter further, a steady state
having veen reached,

Fick's Law describes the behaviour of such a system when no extermal
 fields are applied. Consider a plane drawn in a gas along a direction
where the electron density is oconstent. Let ~the electron density at
this point be n, and the concentration gredient at this plane be dn/ dx.
Then Fick's law states that the electron flow crossing unit area of the

‘plene per second is D. dn/ dx, where D, the electron diffusion coefficient

© . is given by

D = N&/3 ' ceer 1.7
where )\ is the mean free path between collisions that an electron mekes
with gas molecules, and ¢ is the average random velocity of electrons,
assuming & lioxwellian distribution,

Now consider two such planes, A and B, (see Fig. 1.4), of unit ares,
‘s‘epamterl by a small distance §x. 1If at time t, the electron concen-

tration is n at plane A, then at B, it will be n - (dn/d3x)6x.
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From Fick's Law, the number of electrons flowing into A in a smell
time interval St will be D(d 1/ x) $&. *, and the outflow from B will

be
D(¥1/3 x) 6t - D ¥n/d5°) 6x. 8 .

' Then the volume contained by A and B gains a net total of D( ‘o?‘n/ bxz)Sx
eleotrons. per second.

Thus the rate of change of electron concentration is giveni by

| d3n/d% = D. 3%/ dx2 veee 1.8

In three dimensions this becomes, dn/dt = D.V2n. eeee 1.9
This is the equation of continuity for electron flow in and out of the
.(region (@x,8y,dz) for the case when no external elestric field is applied.
(When an electric field is applied terms must be added to this expression
to account for drift, ionization, and other effects which might affect
{che,flow of clectrons. (see Eq, 1.1).

It is of considerable interest to compare the above relation with

. the expression for heat flow in a conducting medium,

i.e. k 32¢/6x2 = O®¥/at, in the one dimensional case vees 1,10
- where b¢ /dt, the rate of change of temperature in the element (éx,dy,dz),
is d:.rectly analogous to dn/dt, the rate of change of electron density
in Eg. 1. 8, and 62¢ / d %% is similarly directly analogous to 324/ 35
and where k = K/c s, K being the coefficient of thermal conductivity, o
the density of the material and s the specific heat of the material.
Both D and k have units of cm /second, and k has come to be known as

'the ‘'temperature diffusivity'.
-]~



It is sometimes very useful to be able to think of a diffusion
'problem in terms of the directly analogous problem in thermal conductivity.

The solutions of Egs. 1.8 and 1,10 are identical in form.

2,2 Particle distribution in space and time under diffusion

. Einstein(15’16) considered the spatial and temporal distribution
of particles moving independently of each other with chaotic heat motions.
.Consider that when t=0 there are No particles at the origin, x=0.

The number that are located at time, t, between x and x4+dx is given

W N, = (No/(ert)1/2).e-x2/wt.dJc ceee 1o

This expressionlhas the form of the Gaussian error curve, from which it
has been shown that the displacement of the average particle is
(thﬁw)1/2 in one dimension, (8Dt/h)1/2 in two and (12Dt/w)1/2 in three,
These forms have very useful appiioations in making rough calculations

of particle displacements in diffusion problems, and comes into practice
in leter chapters of this thesis.
| From Eq. 1.7, D =A\g/3. Similarly the mobility is given by

| g o= Aefuc coes 1.12

From these two relations

=2 2, =2
D/}l:OlI/}B :3‘5(!110/2) = 2uave/3 [ XN N ] 1.13
where u is the average eleotron energy, and is 2 function of &/ p.

ave
Tne numerical quantity, 2/3, occurs when a Maxwellian distribution is

assumed for the velocity of the electrons.
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2.4 Ambipolur diffusion

In many studies, the forces between charged particles can be ignored.
However when there are sufficient amQunts of charges of both sign present,
and one type is diffusing more rapidly than the other, the charge
separation thus produced may set up a considerable space charge field
Jocally. Such a field can alter the diffusion coefficients of the carriers
of both signs. The effect of this electric field is to retard the
diffusive -+ " ous of the electrias, and to enhance that of the positive
ions, sgch.that the flow rates of both types of carrier tend to become
equal. In the present experiment, however, where the studies are con-
fined to the region below breakdown, densities of electrons and positive
ions are so small that ambipolar diffusion may be neglected.
2.5 Back diffusion

Back diffusion is an important process ocourring when electrons or
ions are emitted from a source on the surface of an electrode into 2
region contaihing a gas. The emitted carriers suffer collisions with gas
_molecules, the result being that scme may return to the emitting electrode,
»The.effect was first observed during early experiments in which electrons
were released from & cathode by shining on ultra-violet light. If io is
the current collected at the anode when the system is evacuated (thus
making ié possible to assume that io is the ocurrent actually emitted from
the emitting electrode surface), and i is the current reaching the anode
in the presence of & gas, it was observed for a given voltage on the gap,

and in the absence of ionization, that i,/io was less than unity, decreas-

13-



ing fqrther as thoe pressure was increased. This pressure dependence
sugggsté& that the effect may be due to diffusion and theories based on
the concept of beck diffusion-were fofwarded in an attempt to explain
thé reéults.

One of these theories was that of J.J. Thomson(16’17) in which he
SUggested that the process is one in which the eleotrons are effectively
'reflected' back to the emitting'electfode by the gas, and depends on
,ﬁhe electrﬁ“fAhhving finite ini- ial energy as they come into the gap.
.vHis theoreticel eﬁpression for i/ioigives reasonsble agreement with
‘thé experimental results in hydrogen and nitrogen, but fails in the case
of the atomic gases. (Theobald(18)).

A ‘sophisticated theory for the diffusion of electrons moving out
" into the gap Tron a point on the cathode under the influence of a uni-
directional field was developed by L.G.H, Hmcléy(19), in which an
- expression for the electron density di;tribution in the gap was obtained
_from the solution of the steady state continuity equation for electrons
moving in the gas by a mixture of drift and &iffusion. The theory was
appiied successfully over the surface of the anode to explain Townsend's
measurements on the spread of a stream of elecfrons crossing the gap.
Long(z) has attempted to exteqd the theory into the region close to the
“emitting‘electrode, for the calculation of beck diffusion currents in
the special case of combined dc and uhf fields in the gep. (See Chapter 2).

ihe epplicability to the present experiment of Thomson's theory of

back diffucion, and Long's extension of the Huxley theory are discussed
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at length in Chapter of this thesis.

2.6 Diffusion limited lifetinme in uhf discharges
In'pure uhf discharges, the diffusion 1limited lifetime, given by

t /\:%KD,(1O) represents the average time during which an electron

a =
will remain in the gap before it is lost by diffusion.

| then a small dec field is -superimposed on the uhf field, and Edc<<Eu5
A2 in the above expression is replaced byf\i (13)(see Zq. 1.4), to take
‘account of the decrease in the lifetime of the electron by the introduc-
.tion of drift.

2.7 Drift and diffusion

Ip the absence of an electric field electrons in a gas diffuse
freely as described in §2.1, and there is no drift. Electrons traverse
straight peths between successive collisions with gas molecules (Tomsend(B))
(see Fig. 1.5a). 1In the presence of a field, drift and diffusion occur
simultaneously.. The motion of the electrons between collisions is now
perturbed so that they try to move in the field direction instead of the
' &irection.with which they initially move away from the collision. The
resultant effect iz that the paths between collisions become curved towards
the dirsction of the applied field, and there is a net advance in the
field direction. (See Fig. 1.5b).

The relative importances of diffusion and drift, particularly in

combined dc and uhf fields, are discussed in detail in a later chapter

of'this thesis,.



3, FPhenomena 2ssociated with the electrode surfaces

Since the earliest days of gas discharge physics, problems have been
encountered associated with the state of cleanliness of the electrode
surfaces.

| J. 3. whomson(zo) in his experiments in which he passed a beam of
.cathodc rays at right angles through an electric field placed between
two parallel plates, observed that the deflection of the beam by the
fieid decrenced. steadily with t-me as the beam was continuously applied.
He concluded tﬁat jons and electrons from the bean diffused to the plates,
causing charging, and thus reducing the effective field between the plates.
| In unidirectional discharges, there has been observed a narked
difference in breakdown potential for ciean and dirty electrodes,
(Lleweilyn-Jones and Davies(21)). But in uhf discharges, where the
electrodes play a far less important part in the discharge, there is no

(22)).

merked difference. (Llewellyn-Jones and lorgan

In the case of combined dc and uhf fields, the surfaces become
importent cgain. Ixperiments by Long(z) have lead to the conclusion that
during & dischorge in combined fields, the plates become charged up such
tﬁat the effective unidirectional voltage on the gep is reduced. It
was suggested that this charging process was made possible by the presence
of insulating layers on the electrodes and that such layers could be the
result of the action of discharges on molecules of grease present in the

system during the experiment,
Detailed work hes been performed on the nature of the contamination
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experienced in ultra-high vacuum plant. (Holland, Laurenson and Priest-
1and(23);_ Curisty'2*)). Tt was shown that certain silicone oils commonly
used in diffusion pumps produced vapours, which under electron bombard-
ment, polymerize to form permanent insulating deposits. Of the two
common silicone oils used in diffusion pumps, grade 705 was observed to
produce less than half the contaminetion than was produced by grade 704
under similar conditions.

Oxidation of the electrods . urfaces is another possible source of
the formation of insulating surface layers. However, Llewellyn-Jones(21)
showed that in the case of aluminium electrodes, the oxide could be
effectively removed by bombarding the surface with hydrogen ions.

In this thesis, more studies into surface phenomena and their
associated effects (with regerd to the present experiment) are described,
firstly by studying the time dependence of the current flowing across
thé gap in the absence of the uhf field, and then by measuring the

residual voltage produced in the gap, using the ellipsoid Voltmeter(ZB).
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CHAPTER 2

THE PROBLEM

1. Basic precticel aspects

The aim of the experiment is to provide information about the
‘behaviour of & swarm of electrons introduced into a gas stressed by
~ lnown parallel unidirectional and ultre-high-frequency electric fields.
Tﬁis is done using an apperatus similar to that used by Townsend in his
: experiments'for the measurement of'the jonization coefficient, . (See
Chapter 1, §1.7). Electrons generated thermionically are admitted into
the gap of a parellel plate electrode assembly through holes in one of
the plates, P,. (See Fig. 2.1). Onoe the elecirons are in the gap their
énefgy is enhanced by the uhf fiel&, Eu’ while they are caused to drift
across the gap to the opposite electrode, P,, by the unidirectional
| .field,anc. The chief measurable quantity is the {lux of electrons to
thé collecting electrode, end this is affected by tue processes of drift,
diffﬁsicn.and ionization whick.occur.in.the gas ., unctions of the
| nature of the gas, its pressure, the dimensions of the gap an:i. the
| magnitudes of the applied electric fieldé.
The voltéges. applied are
| a) V,, the do voltége’between the filament and'?1, required to sweep
elécfrons fron the filament towards the back of the holes through which

the electrons emerge into the gap.
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b)YV, (Edc)’ the do voltage applied across the gap to sieep the electrons
frog P1 to 192.

c) Eu’ the uhf field applied to the gap to increase the energy of electrons
in the gap.

The currents messured are

a) The current, i » from the filament which reaches the back of the
emitting electrade, P,. Of thic only & small fraction of the electrons
arriving stand a chance of getting through the holes and into the gap.

The actual curvent which is introduced into the gap this way depends on

- the gas pressure, the temperature of the filament, end ca '\."1.

b) i,y the current collected by the collecting electrode, P,.

" 2, Definition of amplification

Amplification is defined in the present experiment as the ratio of
the current collected by the collecting electrode, Pys with the uhf fiald
on, (:12), to that colleoted with the uhf field off, (120), the dc field
being kept constant.
| Amplification, & = i/i., cees 2.1
_ Throughout this thesis, the curves relating A with the applied uhf ficld,
Eu’ for & given value of gas pressure and applied de field, Edc’ are

referred to as ANPLIFICATION CURVES.

3. Previgus work
Investigations using the type of apparatus just described have
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previously been made at Durham by Nicholls(1) and later by Long(z).

Measurements of amplification were obteined and curves plotted of A
against the uhf field, Eu’ keeping Edc and pressure qonstant for a
given curve, It was originally expected that the curve would start at
A = 1 when Eu was zZero, then increase with Eu, getting gradually steeper
and eventually approaching infinity as ionization by collision increases
the current flowing to the collecting electrode. (See Fig, 2.2a). It
was hoped from such a curve to calculate values for the pre-~breakdown
high~-frequency ionization coefficient in the manner similar to Townsend
for avalanches in dc fields only. (Ch.1, §1.7). However it is not

possible to d¢ this satisfactorily because the experimental amplification

- curves do not follow the simple form described above. Instead, the

ourvés show an initial decreasg in amplification at lower values of Eu’
eventually increasing and rising above unity only when ionization gets
ﬁell established at higher values of E (see Fig. 2.2b). For higher
 values of Edc this dip is reduced in size, and vice-versa for smaller
values of Edc; Before accurate values of -the ionization coefficient can
be obtained from these curves, the dip must be accounted for. It has
been at least partially explained in terms of electrons diffucing back
to the emitting olectrode. The possibility thet electrons are swept back
to the emitting electrode by drift in the appropricte cycles of the uhf
field was considered by Nicholls, but no satisfactory conclusions could

be drawn. There follows a brief summary of the early theoretical work

performed in attempts to explain the shape of the amplification curves.
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3.1 The worl: of I‘Iicholls(1’26)(1960)

Consider the case of one-dimensional electron flow in the gap
under the influence of the combined dc and uhf electric fields when no
ionization occurs.

The equation for the current density vector in electrons per second
flowing through unit area is given by

F=nuB, - Ddn/dz cees 2.2
where n is the number of electrons per cc. at e distance z from the
enitting clectrode. (See Fig. 2.3). The first tern in this expression
is the contribution due to the electron mobility, u, and the second term
is due.to the concentration gradient of electrons in tane gap.

Uhen there is no ionization, and no electrons are lost by diffusing
radially out of the gap, 8 /32 = 0. Therefore, [ = C, a constant.
Then Eq. 2,2 becomes n u By =D 3n/d z = C and the solution for n is

n = no(euEdcz‘/D - e“EdCQ/D)/(1 - e“EdCd/D) ceee 2.3
inserting the boundary conditions that z = O when n‘= n and z = 4 when
n=0. (Putting B, =0 in this equation gives n = n (1-5/d), the
equation when @iffusion is the only loss process cucarring).

Substituting for n in Eq. 2.2 gives

M=u Edcnd/(1 - e-“Edcd/D)

‘ L NN ) 2.
> i Edc no ' 4

because e_”Edca'/D is negligible under the conditions of the experiment,

1f I is the current density across the gas to electrode boundary, it
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must be proportional to the current flowing through the galvanometer,
Gye (doe. :3.2). Then let ro be the current density flowing to the
collected electrode when the ubf field is applied, but with no ioniza-
tion.

Then, in the ebsence of radial diffusion, amrlification

b=ifig = ru/[';:p‘/uo cees 2.5

where the subscripts for it apply to the same conditions that were defined
for r .

Values for the mobility ¢ in hydrogen were obtained from Crompton
(27)

and Sutton )

and Nicholls plotted theoretical curves relating iz/ iy
to the ubf field when no ionization occurs, Theoretical and experimental
curves for a typical set of conditions ere compared in Fig. 2.4, Agree-
ment between .the two is fair, -

This theory suggests that the dip observed in the amplification
'c‘urves. is acsociated with the drop in mobility of the elsctrons as their
i'andoin energy is enhanced by the uhf field. The theory does not take
into account the behaviour of the electrons as they emerge into the gap,

nor of diffusion of electrons radially.

3.4.2 Calculotion of the jonization coefficient, Y , hencee(.

'Thé 1lifctime of the electron in the gap ia the comoined fields is
controlled by drift as well as diffusion, instead of by diffusion alone
as in the pure uhi' case. Thé new diffusion and drift limited lifetime
is vgiven by t4 =/\§/D_, where 1/A§ = 1A\ 2 + (Zs‘dc/z(D/u))2 (Vameri..n and
Bmwn(/i3 )).
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| 'Nicholls developed a theory to take account of the fact that in

: lﬁhe presence of.the dc field the electron may be in the gap for a time
shorter than the time during which, on the average, it will generate
one new electron, .

Lef tb be the electron;lifetime in a pure uhf digcﬁarge. Then one
new'electrbn.will be geneiated by an electron in that time.

Then, Pt =1 ceee 2.6
The lifetinc of the electron in the gap is now reduced to t, by applying
a small dc field, keeping E,, (and hencey) , provided that the do field
is small enough), constant.

A number of eleotrons, N, entering the gap at time t = 0 wiil on
the average leave at time td. Since each electron will produce on
average one new one in time tb’ the number produced by N initial electrons
in time t; is Nty /t,.

Then fhe total progeny of one electron initially entering the gap is

1 + (td/tb) + (td/t'b)z + eees otc,

Let N0 electrons enter the gap at the start of every time interval
of length ty. Then at any instant there will be Ng = N°(1+(td/t.b)+ ees)

electrons in the gap.
. X -1
1. €. Ng = NO (1 - t&/tb) . R sesce 207

If all these are swept to the collecting electrode, (ignoring losses

by back diffusion) ‘
N ‘/No = A, amplification.

From Zq. 2.6 | ‘
’ q) td = (A.1 )/A : .,. .e 2.8
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From the theoretical curves for amplification (Fig. 2.4) it is
seen that the effective current in the absence of collision ionization
levels off to a steady value at about the minimum in the dip of the
experimental curves. Thus it 1s possible to effectively remove the
 §§ck diffusion component from the experimental curve to give a curve in
which amplification is always greater than unity. These modified values
of A were used in the calculation of from the above expression.

Typicai curves of (A-?X/A against t; are shown in Fig. 2.5, The
method of Vammerin and Broin(13) was used to calculate td. (Prowse and
Nicholls(zé) also deduced values of td from their own measurements of
* breakdown stress in the combined fields, and these were found to be in
édod agreement with those of Varmerin and Brown).

These curves are straight liﬁes of slope { . From Y = Wel, where
LW is the electron drift velocity odrfeéponding to the mesn value of the
uhf ficld, values of @/p were calculated, giving moderate agreement
‘with those obtained by Brown(ze). Perfect agreement could not be expected,
because the theqny does not take into account those electrons generated
in the gap by collision ionisation,which diffuse back to the emitting
_eléctrode.

3.2 The work of Long(2’29)(1gﬁgl

- Consider a gas in which a steady state has beca attained between

iohization and electron drift,

The equation of continuity for a bounded region within the gas

may be written as




Von-20 3/3z +‘V-5‘3.=o veee 2.9
where 20 = “Ehc/b’ |
Any variation of the uhf field will alter /D, and also u in this
equation. The eXxperimentally measureable quantity is the current flow-
ing to the collecting electrode, and the current density, , is related

to the electron density, n, by the equation

[ =nwE - DVa cers 2,10
which is thoe sume as Bq. 2.2, except that now diffusion is considered

in three'dimeusions. The holes in the surface of the emitting electrode
are essentiall, point sources of electrons. Long assumed that the case
where the emitting electrode contains many holes (about 50 in his experi-
mental case) ic in fact the same problem as the case where there is only
one hole, and conducted his theoretical analysis accordingly. The problem
of a single point source on an infinite conducting plane emitting electrons

out into a gas uas been treated by Huxley(19).

62 reduces Eq. 2.9 to

The substitution U=ne

V2 . (wh-8%u=0 veee 2,11

Lef the point source be at the origin of coordinates, and let a typical
point in the inter-electrode space be defined by (x,y,2), where 2z is

direoted along the direction of the applied field, end also by r ande,

where r is the distance from the origin, and @ is the projection of r

on the emitting electrode. Then the electron density, n, at such a

point is given by




o b 1 1
(z22) & ,e 2
+v . L] ( ) + .".....} o000 2'1‘2
Y5 dr, 1 O
vhere r~ = ¢ mz, r:f = é2+(z-2d)2; r2 2;,.(z+2d)2, etc....

The constant 3 is proportional to the strength of the source., = Solutions
of this form con only be obtained if ( W/D - 02) is negative. If
positive the solution is of the sinusoidel form.

Long,fo'und it convenient to subdivide the various electron currents
flowing in fhe gap, thus;
&) i, the total current emitted from the source, which in this case
is the hole in the emitting electrods, P.
b) iy, the current flowing to P, by back diffusion. -
‘¢) i,, the current flowing to the collecting electrode, P,
d) the current due to electrons generated in the gap by collision ioniza-
tion.
e) the current due to the radial flow of electrons out of the gap, which
is negligible here,

there is no ionization, 3‘.2 + 1B =1 o? but when ionization

occurs, i2 + J.B is greater than :1.e because i2 and iB both contain electrons
which are created by ionization in the gap. Then, iz+iB = ie + WSvn. av,

where dV is an elementary volume in the gap, and V is the whole effective

volume of the gap.
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The gap transmission coefficient, Tg, is a convenient quantity to

describe the current reashing P2 in terms of the current emitted.

T= i3, = 1f(iyy - v, nav), veer 213
Over the conducting surfaces, n = 0 (Herlin and Brovm(m)), and the
current density is given by [ = =D dn/ ¥z, The expression for n (Eq., 2,12
is inserted into this relation and the current density flowing to each

electrode, M, oena 3 is calculated by insertingthe appropriate boundary

2
conditions, i.¢. z = 0 at P,, and z = d at P, The currents i, and iy
are obtained by integrating the current density over the surface of

- the corresponding electrode. |

2’r2

is integrated between the limits a and b, where g is the overall electrode

For 1 is integrated between the limits a and zero, and for :LB, I B

radius, and b is the radius of the hole in the emitting electrode.

"It can be shown that

nav = %’i_f% o8-8 _, ceer 2,14
Now substituting for i2, iB’ and van. dv we get

-ge-e)a) a -t (8-8)

+2b es 2015

-1 d
Tg =1+2(9+e)(-1+e
This expression is normalised to become unity when the uhf field is

zero, Then 6 :91 = Edc/z(D/u)dc where (D/u),, corresponds to the energy

supplied to the electrons by the dc field alone.
-.6vr .
Hence’ T = (1+ .g.-. e 1 )T . . esee 2016

gn 2b g
is/ie

‘Now, T, = /i, thus T = 3
] g 2/0 gn- 12 ieo
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If it is assumed that the number of electrons emerging into the gap
does not depend on the uhf field, i, =1i_ .

Then, T o 12/120 = Amplification, A. cere 2,17
'Ih qrderAto make theoretical calculations of A from Egs. 2.15, 2,16 and
2.17, valucs of (/D were used based on the measurements of Varnerin and
Brown(1)) in hydrogen. Values of /D for hydrogen were obtained from
measurements of the ionizing efficiency by Lelby(3 0) and Clark(12)

It is o interest to consider the case where ionization is negligible.
Then § = 4 .

-0(8,-0)

Then, Tgn > e 2,18
under the cxperimental conditions chosen,

Agreement between theory and experiment for the amplification
curves was good over the limited range of conditions tested. (See Fig. 2.6).
4. Influence of the previous WOrk.on the present study

In his theory for the shape of the amplification curves, Nicholls
does not tale in£o account fhe size of the holes through which the
electrons energe into the gap. The radius of the hole does appear in
the ex “=<sion derived by Long, but features unexpeotedly predominantly.
This can be seen most clearly by inspecting the expression for amplifica-
~tion in the cbsence of ionization. (Eq. 2.18).

Botl theories agree moderately well with experiment, with Long's
theory based on Huxley's work comparing slightly bettsr than Nicholls'

in the limited ranges of experimental conditions tested, However, neither

agreement is sufficiently close to render the theories conclusive. The
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present experiment sets out in the first place to test both theories
over a wider range of conditions in the gan, and for other gases as
well as hydrogen.

Despite the agreement obtained by Long with cxperiment, the import-
énce of b is slightly surprising. Eq. 2.18 indicates that as b is
decfeased, the fraction of electrons which are lost by back diffusion
also decreases. On the other hand, it might be expeci.u that back dif-
fusion would increase as b is decreased, in view of the greater area now
exposed to the back diffusing electrons. Experiments ¥here b is varied
are described in Chapter 6,.to show whether, in fact, there is any
dependence of the amplification curves on the hole size.

, Nicholls' calculation of the ionization coefficient were not alto-
gether satisfactory because the dip in the amplificetion curves was not |
fully explaineé., An attempt is made later in this thesis to produce &
more precite theory for the dip. In studies such as this, it is important
to know waich are the controlling meohanisms for the loss of electrons
from the gap, and a theoretical study is carried cut on the relative

predominances of drift and diflusion under various sets of conditions in

a later chapter,



CHAPTER 3

THE APFABRATUS

The apparatus used in the present experiment is essentially the
same as that used firstly by Nicholls, and then by Long. Certain
modifications have been made, however, in order to improve the
versatility of measurement, if required.

Preliminary calculations on the relative importances of drift and
diffusion (see Chapter 7 ) indicate that at long gap widths, for given
values of Eu and B o? drift is more prominent than at short gap widths.
(During the early planning of the present experiment, it was thought
that conditions in the gap for which drift was the controlling electron
ioss mechanism would considerably reduce the effects of back diffusion,
and thus moke it easier to explain the shape of the amplificatioa curves.
Later in this thesis it will be shown that this view is, in fact, an
6ver-simplification of what actually happens.) The requirement that we
should be able to work with longer gap widths meant that larger electrodes
1ad to be designed, which in turn involved modifications in the uhf

power supply.

Also, bearing in mind the problems of surface phenomena encountered
by the previous workers, a grease-free vacuum system was designed in an

attempt to remove at least some of the causes of these.
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1. Ihe electrodes

1.1 Ihe design of the electrodes
In the design of a new electrode system, the necessary experimental

requirements must be satisfied. The field in the gap must be uniform,
aﬁd it must be greater there than at any other point around either
electrode. This ensures that breakdown, when it occurs, is af the
region vhere the field is uniform (i.e. along the axis of the gap), and
not at the edges of the eleotrodes., A useful criterion for obtaining

a reasonably good uniform field'in the gap is that the electrods redius,
a, should be equal to or greater than the'électrode spacing, i.e. a > d.
Tb prevent breakdown at the edges of the electrodes, the electrcdes
must be properly profiled. Bearing this in mind, the design was based
.on the 120° fogowski profile(jz), corresponding to a maximum gap width
of 3 cms, (which is the largest value decided on'for the present experi-
ment), with a flat face of radius a = 3 cm. From the point of view

of the design of the new test cell, it was found necessary to round off
the back of each elecfrode more sharply than given by the Rogowski profile.
For this, e circular section of radius R was chosen, (See Fig. 3,1a). |
The problem now is to calculate the maximum field around the edge of the
electrode and to ensure in the final design that this is always less
than the field in the uniform field region of the gap. The following
is a very crudc calculation, but servés as a useful approximate guide

to the determination of a suiteble value for R
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It can be assumed that the field near the Hogowski part of the
profile will not give rise to any problems of unvanted sparking, but
at this stage no such assumption can be made about the field near the
back edge of the electrode, Precise calculation of this field presents
a veny'complicated problem in electrostatics. However some idea of the
magnitude of the field in this ;egibﬁ may be obtained from considering
‘the field near an infinite conducfing oylin&er of radius R. kSee Fig.
3.1b).

For this cjlinder, the field strength at a point P, distance s from

the axis of the cylinder is given by
E = s - ee s 01
P v : 5

where Q@ is a constant depending on the charge per unit length of the

cylinder.

And at the surfncé of the cylinder where the ficld is a maximum,

Emax = VR XXX 3.2

Now consider that there is an earthed conductor a distance B from
the axis of the cylinder. Then the potential difference between the

cylinder and the earthed conductor is given by

v, 2 '
V-R VB = P . d»s » ees e 503

“ 1n(B/R)

where VR is the potential at the surface of the cylinder, and VB
is ‘the potential on the earthed conductor. (Vﬁ = 0).

Then in Eq. 3.3, substituting from Eo. 3.2 for. G,
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VeVs

Emax = R/ | . cree 3k
This calculation is performed for an infinitely long cylinder. If
gnjthing, the field near the back of the actual electrode will be
‘greater than this owing to the additional curvature involved. There-

fore we may crudely deduce that for the electrode

.. E . > Vy/Rn(¥/R) - eeee 3.5

Now consider the gap system, with the opposite electrode earthed

(potential Vﬁ).

Then with & uniform field in the gap, Egap = VR-VB/d cees 346
“For br_eakddmn to occur only at the gap centre, along the axis

common +to both electrodes

>E'

Egap » max
Then, o
VR-VB . VR-VB
d R.1nZB7R5 .
~ Thus, m(B/R). > &R
- Or, - . B > Red'/R R N {

| The maximum gap width en\}isaged in the present experiment is 3 cm.
.Then, in Bq. 3.7 tryd =4 =3 cm, and R = amm/z - 1,5 cm. There-
f‘ore? from £9. 3.7 B > 11 cm. This &nequality holds for all values
of d less than 3 cm, provided that the value of R=d ma_’,‘/2 = 1.5 cm, is
used. |
Using this value of R, sparking will not occur at the edge of

- either electrode provided that all earthedconductors are further away
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than 9.5 em. from the edge.

ﬁummy electrodes, made of wood and covered with aluminium foil,
were used in electrolytic tankttests to check the validity of the results
obtained from the above calculations. The results of these tests did
not go so far,as‘to_veriﬂy the theory because the tank tests were not
sufficiently accurate, but they did not show any sharp deviation from
the conclusions dravm from the theory.

It was concluded that the proposed design with R= 1,5 cm is a
suitable one provided that gap widths above 3 cm are not used, and
that all extermal earthed conductors are placed more than 9,5 cm away

from the edge of either electrode,

1.2 Construction of the electrodes

In the previous work of Nicholls(1) and Long(z) the electrodes
used were mede of brass. The new electrodes were constructed of 99,9:;
pure aluminium, hollow as sﬁown in Tig. 3.2, with brass back plates.
The electrodes were turned roughly to the required shape in the lathe
and the final accurate profiles were obtained.by projecting the shadow
of each electrode onto a master curve, filing and polishing the eiectrode
until the shadow and the master curve coincided. The inside faces of
the electrodes were milied until the thickness over the plane region
was about .1 cm., Holes of diameter .034L cm were drilled in the flat
féde of the emitting electrode, countersunk on the inside so that each
‘hole is effectively a tube of length equal to diameter. To reduce the

likelihood of positive ions from the gap passing through these holes
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and striking the filament, causing unwanted secondary emission of
electrons, as well as damage to the filament itself, no holes were
drilled at tﬁe centre of the face in a region of radius about .2 cm.

The electrode shells are attached to the back plates by four screws
which arc spring loaded to enable fine adjustment of the orientation
of the faces.

The internal electrodes (i.e. the filament and the cathode plate
inside the emitting electrode) are supported by .. cm diameter twin
bore quartz tubing through which the various connections are fed.

(After preliminary measurements of amplification had been obtained
using these electrodes, the faces were gold-plated (vy evapontion) in
order to eliminate the possibility of effects dus to oxide layers.

Unless otherwise stated, all the results quoted in this thesis were

obtained using the gold-plated electrodes).

2. The pgap assembly and test cell
The test cell was designed with the following requirements in

mind:-~

a) The cell must be large enough to house the electrodes in such

a way that no egrthed condﬁctors are closer than 9.5 cm from the edges

of . them,
b) The electrodes must be easily demountable, many times if

necessary.

c) The system as & whole must have high vecuum properties and be
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g;eaée-frée.
' d) The . inter-eleotrode spacing must be easily variable.
e) Access must be made for the elements of the transmission line
"carrying the uhf power to the gap, and also for the leads to the various
qurrent meaéuring cirocuits and the filament power supply.

" f) The voltage in the gap is measured using a metal beed suspended(zs)
in the gap by a quartz fibre, so the axis of che gap must be in the
horizontal plahe. Provisioh must be iade for reising or lowering the
ﬁead out of ér into the gap as required. This instrument is discussed

in detail in §5.1 of this chapter.

| ‘fhe Pyrex glass test cell was built to the required specifications

by Quick-fit Visible Flow Ltd, All the demountable vacuum seals make
use of ‘viton' Ofrings, compressed between the ground glass ends of the
cell and the steel end plates. (See Fig. 3.3). Viton was chosen in
preference to more conventional rubbers on account of its better vecuum
and outgassing properties over a wider range of temperatures. It is
ppssible to bake such seals up to temperatures of 200°C if required.
‘Thevelectrodes are insulated from the earthed end plates of the
cell by PIFE insulating plugs, end are sitﬁated at the open end of a
A/) parellel wire trensmission line, each electrode stem being connected
to its appropriate branch of the line by means of sliding T-junction,
which enables gap width variation to be made. (See Fig. 3.3). The gap

width is variable by means of adjustable bellows in each end plete, and

can thus be controlled from outside.
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. The steel end plates are mounted on adjustable steel rails which

egable the electrodes to be lined up along a common horizontal axis.

3. The vacuum system

' Long(z) concluded that many of the difficulties experienced in
’nmeasuring the gap current were due to the formation of insulating films
on the electrode surfaces, and that such films directly resulted from
running & discharge in the presence of vapours given off by silicone
greases and oils. The experiments of ﬁaurensen, Holland and Priestland(zs)
confirm this vieﬁ.

' In the present experiment, it is desirable to eliminate silicone
vapours as far as possible. As a first step, the silicone grade 704 oil
in the diffusion pump was replaced by slicone grade 705(23). Immediately
on top of the diffusion pump was placed a glass cold trap packed with
copper foil. (See Fig. 3.4). Siliéone molecules or any other organic
impurities back streaming from the pump and striiking the copper surface
are absorbed, thus not reaching theAtest region of the system. Efficiency
'_of‘this trap inoreases with the area of copper exposed to the vacuum,

A similar trap vas placed close to the bellows pressure gauge.

The pipeline was constructed of 2 cm diameter Pyrex tubing, and
grease-free metal stop-cocks (tullard VIT-18P) were incorporated, keeping
the distances‘of the various parts of the system from the pumps as small
as possible to keep the overall pumpihg efficiency of the system high.

Pressure is measured in three ranges as follows:-

a). In the range 0.5 torr to atmospheric pressure, pressure is measured
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using the differential belloﬁs gauge(1’2’33). (See Fig. 3.4). The
pressﬁre in the test system is compared with that in an auxiliary
systmnChlfidch the pressure is measured accurately using an oil mano-
meter) by measuringl the deflection of the bellows. The deflection of
the'belloﬁs.is amplified by an optical lever system, and is easily

~ calibrated as indicated above. From the calibration, a senstivity was
obtained of 0,0525 torr/mm. on the scale of the optical lever,

It can be shown that the bellows gauge sensitivity is independent
of the initial tension of the bellows when in the null position (i.e.
equal pressures in both test end auxiliary systems), and also that the
fressure in thé test system, as measured by the gauge, is & linear
fUnétion of bellows displacement from.the null position. (See Appendix
1),

bj In the range 16-2 to 1 torr, pressure is measured by an Edwards
Pirani gauge. |

¢) In the range 107 to 1072 torr, pressure is measured using an
Edwards Penning gauge.

The glass is §utgassed by heating tape, with which the pipeline is
lagged, and the metal taps by built-in 240 volt meins heaters. ‘Thus
tempefatures up to 200°C are easily obtained, It is not possible to
cutgas the fest cell at this temperature because of the soft-soldered
" glectrical connections presént inside the electrodes. However the cell

can be safely outgassed at 10000, and this was done by the gpplication

of steam jJackety.



Spectroscopically pure (See Appendix 2) gas samples contained
in 1 litre glass flasks are obtained from Bricish Oxygen Co. Ltd, Gas
can be admitted to the system as slowly as required through e single
metal stop-cock. Before an experiment is performed,bthe test systen
is pumped out and outgassed until a pressure (with the pumps still

5

' running) approaching 10~ torr is obtained. A rate of rise in pressure

ol torr/second is tolerable for the purposes

of not greater than 5 x 10
of the present experiment.
- The system is flushed several times with gas before the actual

sample to be tested is admitted.

‘L. The ultra-high-frequency apparatus

L.1 Electron ambit considerations

A Previous similar experiments by Nicholls, and by Long were perforued
using high frequenoy apparatus that resonated at 106 Mc/second. The
eléctrode assembly is effectively a terminating capacitance at the open
end of a quarter-wave parallel-wire transmission line, and tuning to

the frequency of the oscillator supplying the power is achieved by
another varieble condenser in parallel with the main gap. With the

| design of the larger electrodes to cope with the longer gap widths
envisaged in the present experiment, tuning to a resonant frequency of
106 Mo/sec becomes impracticable as a result of the increased load on
thé end of the line. By decreasing the resonant frequency of the system,

it is possible to design a new line which will carry the electrodes and
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a suitably large tuning céndenser,lyet leave a conveniently long loop
at the closed end for.the reception of uhf power from the oscillator.,
Consider the possibility of operating at a new frequency of about 50 I/
second. |

rAt this stége it is necessary télconsider the electron ambit in the
’gap gt this new frequency (i.e. the distance moved in one half cycle
of the applied uhf field). Fig. 3,6_shows roughly how the electron
ambit (calculated from Townsend(E) drift velocity data) varies with E/p
at frequencies of 50 and 100 Mq/secondAin hydrogen. It can be seen for
both frequencies that below E/p = 50 v/cm.torr, and for gaps longer than
0.5 cm, the electron ambit can be regarded as small compared to the
gap width, Theréfore at a frequency of 50 Mc/sec, as at 100 Mc/sec,
electron removal is mainly by diffusion and so the diffusion theory of
~ breakdown applies for pure oscillatory fields., The limits for such
conditions are when a) the frequency is so low that the electron ambit
| isﬂcomparable with the interbeiectrode sjaoing and b) when the frequency
‘is so high as to be comparable with the collision frequency of electrons
with gas molecules. Between these limits there is little variation in
‘the‘breakdown field with frequenoy(8’3h). Therefore it is reasonable
to.aséume that the results obtained at about 50 Mo/sec can be directly
compared with the corresponding results of Nicholls and Long working at
106 Mc/secc, and that littlé difference will be expected.

" 4.2 Design and construction of the tuned gap assembly

_.In order iu keep the resonant frequency of the gap assembly constant
when the electrode spacing is varied, & tuning condenser in parallel

. _,,L!_O._



with the gap is adjusted to keep the total capacitance on the end of
the line constant. |
Let the capacitance of the test gap be Cg, and of the tuning
condenser, Cc.'
Let the respective gap widths be d.g and db’ and plate radii ag
and G,

The pernittivity of free space is approximately equal to that of

air, Then €, = €a5p? approximately.

ai
The total capacitance at the end of the line, C = Cg + C,. There-
fore, C = eo.w(r‘Z/ag . ai/dc).
And if ag = 2,
| 1/dg J,.1/d.c = G, a constant cees 3.8
The tuning of this system gets increasingly sensitive as d.c is decreased.
At s@all values of db’ very small deflections of dc‘from the resonance
position may cause very large fluctuations in the voltage across the

test gap. The sméllest comfortable value of d.c is typically about .5 cn,

below which tuning is too oritical to be satisfactory. Impose the

conditions that when d =35cm, mked . =.5cm Then when
g.max : c.min
d = 0.5¢cm, 4 = 3 cm., Therefore for the resonant fregquency

gemin c.max

corresponding to the constant total capacitance, C, tuning may be
comfortably.achieved over the whole range of dg required.

A line was built consisting of two limbs of 0.95 cm diameter copper
tubing, 15 cm apart, the closed end split by a mica condenser to insulate

the electrodes from one another during the application of the de field,
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and overall length about 40 cms. (See Fig. 3.3).

In an experiment to investigate the resonance properties of the
systgﬁ, a signal from a variable frequency generator was fed into the
line fron a loop loosely coupled to the closed end of the line, The
letage between the electrodes (which is & meximum for the line) was
'indicated by means of a rectifying bridge cap«itatively coupled to the
‘;Eranches of the line close to that end. The resonant frequency of the
system wds thus measured for various conditions of dg and db' The
family of curves in which the resonant frequency of the system is plotted
against 4 for varioué.valges of dg (See Fig. 3.7) is.an indication of
the tuning capabilities of the test system. From these curves, it is
ciear that the line constructed to the above specifications can be
conveniently tuned over all the required experimental conditions at
freqﬁencies around 50 Mec/second. |

" 43 The vhf oscillator

'An excisting free-running, tuned anode~tuned grid oscillator was
rebuilt to oscillate at the new required frequency. Two power tetrodes,
(Mullard QY3-65) are employed, and the anode voltége is supplied from
a 1000 volt pover pack, being smoothly variable by means of a Variac
. trensformer at the in-put of the power pack.

The lengths of the tuned elements (tuned quarter-wave, parallel-
wire transmission lines, constructed from copper tubing 0,95 cm in
diemeter and with limbs 7.5 cm apart) were adjusted until the device

oscillated at a frequency close to 50 Hc/second. Once this was achieved,
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subsequent fine tuning was obtained by fine control of the length of
the grid line, using a 'trombone'-type slide.

The complete oscillator circuit is shown in Fig. 3.8a. It is
housed in e sliding rack so that the whole éssembly may be raised or
lowered in order to vary the coupling between the oscillator and the test
load.- The oscillator is screened by aluminium sheeting, and the two
power tetrodes are air cooled by an electric fan.

| Over-coupling between the tuned elements occurs if they are placed
too close together resulting in 'double-humping' or frequency jumping.
To avoid this, the lines are set up at right angles to each other.
(See Fig. 3.68b).

The frequency of the oscillatér was measured using a set of Lecher
wires to which the oscillator is loosely coupled, and found to be

1,8 Mc/second.

5; Voltage measurement at ultra-high-frequencies

In principle, the method of measuring the voltage in the gap

is the same as that developed by Nicholls(1), but certain modifications
neve been made in which the apparatus has been simplified to some extent.
It is not possible to connect. & direct reading voltmeter between the
electrodes because the current flowing throﬁgh the voltmeter would de-
tune the test assembly. Therefore it is not possible to measure the
voltage between the electrodes directly. To overcomze this, an indicat-

iﬁg neter loose.y coupled to the open end of the line is calibrated in
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terms of the gap voltage by means of a suitable step-over instrument.

591‘The'ell;psoid.voltmeter

The ellipsoid voltmeter was developed by Thornton and Thompson(zs)
for the ebsolute measurement of high electric fields. A small metallic
eilipéoid suspended in the gap between two plane electrodes by a near-
torsion-free insuiating fibre oscillates about its axis of suspension
with a frequency which is a function of the eleotric field in the gap
(having initislly been set into oscilletion by external means).

The worlking formula for the instrument is
2 2
Ez = k(n - no) eos e 309

where n is the frequency of torsional oscill:tions of the ellipsoid

in the presence of an electric field,.E, and n, is the frequency in the
absgnce of the field. The constant, k, depends on the mass and dimensions
of the ellipsoid.

Thornton and Thompson showed that the torque acting on the ellipsoid
is proportional to the square of the applied field, and that the
instrument therefore gives true root.meén square values. Measurements
are.independent of frequency of applied fields, and therefore the device
mey be calibrated for the application of known dc fields (i.e. k
measured), and then used in turn to calibrate a2 suitable indicating meter
for the measurement of uhf fields. The ellipsoid voltmeter used thus
is a 'step-over' instrument between the Imown dc field, and the unknown
uhf fﬁeld, the vworking quantity being the frequency of oscillation of

the ellipsoid. -




Modification of Eq. 3.9 gives

.

k(n + no)(n - no)

2kn°(n - no) approximately for small applied

voltages.
Let (n - no) = , say.
Then,  F = 2kn fl.

Differentiating this, we get the semsitivity
anN/aE = (1/kno).E. ceee  3.10

The ellipsoid voltmeter is very sensitiﬁe if smsll chenges in field
. produce large changes in the difference (n - no). Thus it is seen -
from Eq. 3.10 that the system for a given k and a gets inoreasingly
sensitive as the level of E is increased. Altermatively, for a given
field and ellipsoid dimensions, the system may be made more sensitive
by de¢reasing the product kno, either by using & fibre of smaller stiff-
néss, and/or by using a less denselﬁétal for the cénstruction of the
ellipsoid..

| In the present experiment the ellipsoid tekes the form of &
Woodsmetal disé of dismeter about 0.5 cm, and is suspended from a fine
quartz fibre. At some point on the fibre is attached a small piece of
* fine iron wire about 0.2 cm long. The disc is set into oscillation
initially by deflecting this wire with a weak magnet,
N AIf was neéessary to design a grease-free apparatus for moving the
ellipsoid in ari out of the gap, For this purpose the fibre is suspended

from a bras%/gron plug which is capable of sliding vertically in the
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glass tube immediately above the gap. Thus the whole assembly may
bé moved in the vertical plane (for reising c lowering the bead), or
may be rotated in the horizontal plane (for varying the orientation of
the ellipsoid in the gep) by means of an external magnet, (See Fig.3.9).
- The ellipsoid voltmeter was originally incorporated into this
apparatus as anlaid to the measurement of the uhf field. However,
ahother important application has been devised for the measurement of
small residual voltages left in the gap after running a discharge. This
application is described in greater detail later in this thesis.

A 5.2 The uhf indicating circuit

The indicating meter takes the form of & full-wave diode rectifier
whose terminals are loosely coupled ospacitatively across the test line
as close the gap as possible. (See Fig. 3.10). |

The circuitry makes use of 0A81 silicon diodes, and is designed
such that the current flowing through the recitifer is small, and the
resistance of the circuit high, thué keeping the additional load on the
line to & minimum, &s well as protecting the diodes. The current flowing
through the rectifier is measured using a sensitive Scalamp galvanometer,
suitably screened and earthed. High-frequency tpick-up' is further

reduced by & system of radio-frequency chokes.

5.3 Calibration of the uhf indicating meter
and § (the deflection of the

The curves relating Ba(ca)jbration)
2,1/2
- %)

. . 2
uhf indicating meter when the uhf field is applied) with (no
are straight lines.

b




i.e.

1]

z 2_2\1/2
“&c(calibration) b(n -no)

@

Then assuming that the ellipsoid voltmeter is not frequency dependent,

2 2.1/2 g, h constants,
g(n”-n) /

Eﬁc(caliﬁration) is equivalent to the rms uhf field, Eu’ for & given
value of n,
Then, ) nu = (h/g). ¢ oeee 5011

5.4 Accuracy of uhf measurements
The accurecy with which the uhf indicating meter may be calibrated

iﬁ tems of the uhf voltege in the gap depends on the acocuracy with
which the freguency of oscillation of the ellipsoid can be determined,
The following standard experimental procedure is adopted.

The ellipéoid is set oscilleting in the gap. The clock is started
when the ellipsoid passes through the equilibriun position (observed
from above as it passes the cross-wire of the viewing telescope). The
clock is stopped when the bead passes through the same point a certain
whole number of swings iater, and n is calculated from the total time
and the total number of swings completed. The readings were standardised
as far as possible during a given calibretion by always timing over the
same number of swings. Also, care was taken to ensure that the
amplitude of the swings was the same at the start of each.timing opera-

- tion. |

Due to the errors intrbduced mainly in the starfing and the stopping

of the clocis, i% is not possible with the ellipsoid %o detect changes in

voltage of 1055 than about 20 volts. However, & satisfactory calibration
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of the ubf indicating meter may be obtained by plotting many points

on the curves of E end @ versus (n2 - n§)1/2, and

dc(calibration)
using a suitable statistical analysis to calculate the best straight
lines. Irom the calibrations obtained,it is pbssible to measure the

gap voltlage to within an acouracy of + 25 over the range required.

6. The current supply and measurement system

The. current suppdy and the measurement system is described in
detail by Long\?), Certein slight modifications only have been made.
It is necessary, in order to obtain satisfactory values of the
gap current, to stabilize the current emitted into the gap, and it is
assumed for the present that this can be done by stabilizing the
current, i1, flowing from the filament to the inside of the emitting
| électfodé. A trensistorized bi-stable circuit of the type designed by
olfendale) was modified by Long'?), employing phototransistors to
make it sensitive to impinging light. (See Fig. 3.11). The system
'is erranged so that when i1 reaches the required value, the spot of
gaivanometer G1 impinges on two bzlenced phototransistors placed close
together on the scale. These feed currents into & difference amplifier
which depend on the exact position of the spot, and hence on ige The
amplified difference signel is applied to the base of a high power
transistor placed in series with the filament supplying the electrons,

and'causes the current flowing through the filament, hence its tempera-

ture; to be var.ed automatically according to the position of the spot.
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Thus by suiteble arrangement of the circuit the spot can be 'locked'
onto the photoftransistors, and a high degree of stebilization of i1 can
be obtained below about 10”6 amperes. Above thic, small fluctuations
in 11 begin to océur as the filament is now running at a higher level
but these are not large enough to become superimposed on the gap

current, i

2
The galvanometer, G,, used to measure the gap current, i,, is

protected from the high current fiowin@ at breakdown by a similar type
of circuit., (See Fig. 3.12). Vhen the galvanomefer deflection reaches
a certain value the spot energizes the base of a phototransistor which
triggers a circuit operating a reley, which in turn short circuits the
galvanometer,

The currént measurement and dc voltage supply system are shown
in Fig, 3.12. Voltages V1 and V, are supplied by dry batteries, and

2
varied by mcans of potentiometers. Currents 5.1 and 12 are measured by
ga.lv&l.nome‘l:eJ:'s'Gr1 and G2. G1 has e maximum sensitivity of 7.5 x 10"8
amps/;:m, end C, a maximum sensitivity of 5 x 10710 amps/cm.

Carefui screening of all leads is arranged to reduce high-frequency

'pick-up' to & minimum,




CHAPTER L
LOPOTORENTAL MEASURGMENTS OF AMPLIFTC..TION

ey

Curves chowing the variation of amplification with the applied
uhf field hod proviously been obtained in hydrogen by Nicho11s(!) ana
Long(a), both iﬁnbn-grease-free vacuum systems. The following peregraphs
"deseribe new measurements of amplification made in o grease~-free vacuum
system, using larger electrodes and larger gap widths, and covering
a comprehensive range of Edc and pressures in hydrogen, nitrogen, helium

and neon.

1., Hethod of measuring amplifications
| Gas was admitted slowly into the test cell and the pressure measured
using the vellows gauge. The filament temperature wes monitored auto-
maticelly so that the curvent, i,, flowing to the back of the emitting
electrode vhen the voltage, V,, was applied was kept constant. (See
Chapter 3). The stebilization process was assumed to be operating satis-
factorily when the current, 120, flowing to the collecting electrode in
the presence of Edc and with Eu zero, maintained a steady velue. When
120 hed stabilized sufficiently, the uhf field was applied, and i2
measured. Stepwise increments of Eu_were applied, and 12 measured at
each step, until the system was close to breaking dowa., As a check on
the reproducability of the results, the readings were repeated with Eu

decreased agein ‘n steps, Actual breakdown was avoided after it was

observed in the early sets of measurements that e given amplification
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éu?ve could not always be exactly reproduced imuedictely after a break-
‘dovn had occurred. This may be explained in terns of charging at the
elgctrpde surfacgs, and is discussed in greater dctail in a leter chapter,
“A§ an errmsle of the effects of passiﬁg a high current in the gap,

Fig. 41 compores two families of amplification curves obtained in
ﬁitrbgen, one in which breakdown was allowed to occur at the end of each
run, and the otﬁer in whiqh oreakdown was carefully cvoided. The systema-
tic behoviour of the curves,és‘the pressure is varied is marked vhen
1'bigh curren’s cre avoided in the gap, but becomes considerebly disruéted
when brealdorn is allowed to occur.

- It hos not been poséible during the presont vork to obtain a value
'fbr izo vikich is absolutely steady. (See Chapter9 ). To account for
the drifts,in izU’ a cpgck on its value wes made for every two or three
' readings of iz, the frequency depending on the mxgnitude of the drifts.
(Seé»Preface){ | ‘

s _fNicholié(1) showed thét the shape of the amplification curves does
not'depend'appreciably on the voltage, V&, betueen the filament and
the emitting el:ctrode. A value is chosen, therefore, which is low enough
" to avoid breakdom between the filament.and the emitting electrode, (such
a breakdorm vould render the stabilization of i1 impossible), yet high
enough tblprovide a sufficient flux of electrons into the gep through
| the holes in the emitting electrode.
-'Ampiificatien, & = iz/iad, is plotted as o function of Eu for

various vclucs od Edc and pressure.
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2. Limitations on the range of experimental conditions

Restriétions'on the range of experimental conditions that can be
tested arc imposed by the limited capabilities of the apparatus used.
For instance, at pressures higher than about 8 torr (varying slightly
from gas to gos) insufficient flux of electrons is given off from the
filamént to provide a measurable current in the gap. At higher pressures,
the Flux of electrons can be increased sufficiently by increasing the
filament temperature, but this has the effect of_reéucing the sensitivity
of the stzbilization of 11. The maximum stable voltage that can be
generated at the gap using the present oscillator is about 400 volts,
so at gaps around 3 cm, the highest available field strength is of the
order of 130 v/cm.

Viith these limitations in mind, the measurements were confined to

the pressure range 0 to 8 torr in all the gases tested.

3., Notes on the gquantities to be measured
In the calculation of A, it is not necessary to obtain i2 or 120 in

absolute units, since A is the ratio of these two quantities. However,
" the galvenoneters G, and G, were calibrated so that the currents i,, i,
and 120 can be obtained in amperes if require&.

Currents i, ond i,, are measured in the units of cm of galvanometer
deflection, and may be measured accurately to the nearest QL5 cm. If the

current flowing in the gap is such that it gives a G2 deflection of 1 cm,

accuracy to with'a 55 can be obtained in the reading of 12. For most of
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the experimental results quoted below, accuracy is considerably greater
than this.,
Typically in the pressure range used, i1 is of the order 2 x

10’ amps, and i_. is of the order of 10~ amps.

20

The accurecy of the uhf field meesurements varies from about 4 5.
at 10 v/en to about ;1% at 100 v/em, The accuracy of measurement of
the applied field, E, ,varies from about g5iat 2 v/cm to about 11%

at 20 v/cm.

4, Experimental measurements of amplification

| During the following measurements of amplification, breakdown
was carefully avoided, for reasons already discussed. Therefore no
megsurements of the breakdown field are given. However, since the
breakdown conditions are of importance in interpreting the amplification
curves, measurements of breakdown stress were made independently of the
amplification curves, and are presented in Chapter 5.

4.1 Amplification in hydrogen

Preliminary measurements of amplification in hydrogen enabled the

dip in the amplification curves observed by the previous workers to be
quiékly re-established,

Extensive sets of amplification curves were obtained for hydrogen
in the pressurc range 0.5 to 8 torr, with velucs of Edc ranging from

0.7 to 70 v/cn. The experiments were performed at gap widths around 3 cm.

(See Figs. h.2, L3, bk, 4,5 and 4.6).
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_The goneral shape of the curves is described in Chapter 2, g9
The onsetAof ionization at higher values of L is clearly defined by
the corresponding increase in amplification. This rise, which is
continuous up until breakdown, is steep at low values of Edc’ but becomes

.1e§s steep for lafger values of Edc' The size of the dip decreases
with increasing Edc’ and eventually Edc may be increased to the stage
where the dip is removed altogether. At still higher values of Edc and
low Eu, amplification is not so strongly dependent on Edc’ and the
~curves for successive high values of By, become indistinguishable. (See
Figs. 4.2 and 4.3).

Families of aplification curves, plotted with B, fixed, and varying
the pressure from curve to curve, (See Figs. 4.k, 4.5 and 4.6), show
that below the onset of ionization amplification exhibits only a slow
pressure dependence, and such thut for a given value of Eu, an increase
in pressure produces a small corresponding increase in amplification.

4.2 Amplification in nitrogen

Amplification curves were obtained for nitrogen in the same way as
for hydrogea, for pressures.ranging from 0,5 to 4 torr, for Edc = 6.89
and 10,34 v/cm and for gap widths around 3 cm, (See Figs. 4.7 and 4.8).

The curves exhibit the same general characteristics as for hydrogen.

4.3 Amplification in helium
Amplification curves were obtained for helium in the pressure range
1 to 8 torr, with By renging from 1.89 to 18.9 v/cm, and gap widths

around 3 cm. (See Figs. 4.9, 4.10 and 4.11). The curves exhibit similar
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characteristics to those for hydrogen and nitrogen, except that the scale

of Eu is very much reduced,

Ll Amplificction in neon

Amplification curves were obtained for neon in the pressure range
1 to 8 torr, vith E;, renging from 1,89 to 18.9 v/cm, and gap widths
around 3 cm. (See Figs. 4.12, 4.13, and 4.14). The dip in the amplifi-
cation curve is only apparent at very low values of Edc’ and is removed
completely throughout the above pressure range when values §f Edc
greater than about 7 v/cm are applied. The pressure dependence of

amplifigation is congiderably more marked than in the cases of hydrogen,

nitrogen and helium,

5. General Discussion

The shape of the amplification curves at low values of Eu is
affected moinly” by the relative importances of drift and diffusion of
electrons in the gap. At higher uhf fields, the electron flow considera-
tions become complicated by the introduction of ionization, A later
chapter of this thesis sets out to examine theéretically the relationship
between drift and diffusion for various conditions in the gap. At this
sfaga ﬁt cuffices to describe briefly the main factors influencing the
shape of <the amplification curves.

.zea a pure uhf field is applied, the main electron loss is by
diffusion. .t Bdc is then superimposed, and gradually incresased, the

rate of lossc of clectrens by drift increuscs, and diffusion becomes less
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importent in relation to drift. As drift becomes more and more effective,
the dip in the amplification curve becomes smaller. At some stage,
as Edc is increased, drift may be expected to take over from diffusion
as thg doninant electron removal mechanism. Lventually, Edc may be
inoreascd to a value high enough to completely remove the dip.

:  It has been suggested(1’2) that the dip may be caused by the loss
§f eiectrbns by back diffusion, which increases as the energy of the
eleétrons is increased. (See Chapter 2). It is tempting to state there-
fore that the removal of the dip indicates the dimination of back
diffusion as an effective loss process, However, this may not be the case.
TFor instance, iflEdc-is high enough on its own to produce multiplication
in the injected electron stream, then as Eu is incfeased from zero, the
ionizaﬁion rate will start to incfease immediately. If the ionization
rate initially increases faster with Eu than tﬁe rate of electron loss
' by'back diffusion, the dip will be removed while back diffusion is still
going.on.

It is of interest to compare the emplification curves obtained for
the various geses. For elastic collisions between electrons and gas
atoms or molecules, the fraction of the electron energy which is lost
per'dollision is inversely proportional to the mass of the atom or
molecule strucki Therefore we would expect fo:; a given B/p that the
random. energy of the electrons is less in a light gas#than in a heavy gas

and hence the diffusion coefficient to be less. ¥his is an oversimpli-

" fication, howev.r, and is complicated by the occurrence of inelastic
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collisions. At low ¥/p, the frectionsl emergy loss of an electron per
collision, talzing inelastic collisions into account, has been shown(3’5)
to increase for geses in the order Ne, He, Nz, H2. Therefore the
diffusion coeificient should increase in the opposite sense, and if the
dip.in the amplification curve ig due to back diffusion, it might be
expected to be greater in the order Hé, N, He, Ne, This crude picture
does not agrée with the experimental results, and it is not possible
-fo conclude with any certainty at this stage that back diffusion is the
mechanisp causing the dip.

Later in this thesis more rigorous attempts are made to find a

theory which safisfactorily explains the shape of the amplification

curves.



CHAPTER 5

SCTRIC.S. 3TEAXKDOUN OF GASHS AT ULTRA-E-GIi-FREYUNCIES

In this study of the eventg leading up {0 breakdown in a gas under

. the influence of combined uhf and dc electric fields, it is desirable,

for completion of the picture, to obtain measurements of the uhf break-
down field corresponding to the conditions of gap width, gas pressure

and By encountered in the amplification curves. (see Chapfer L).

From fhese neasurements at breakdown, the aim is to obtain values of

the ubf ioniz tion coefficient for gases in the same experimental environ-
ment in which the amplification curves were obtained. These values will
be employed later in this thesis in the interpretation of the shape

of the amplification curves. (See Chapter 8 ).

4. Method of measuring the breakdown field

411 the measurements to be described in this chapler were performed
with no artiiicial source of electrons. The initiation of the discharge
thus depends on the appearance in the gap of a casual electron. With
this in mind, the following procedure was adopted.

Gas vas admitted into the system to the reéuired pressure, and
Edé and the gap width were sét to the required values, The uhf field
was iﬁcreased slowly in small increments until an instantaneous break-
‘down occurred. “he uhf field was removed, and the system left to recover
for a few minuies. The uhf field was again applied, and raised to a

value just belov that at which the first breakdovm occurred. This field
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was maintained for a feﬁ minutes to allow enough time for a casual

electron to appear, and if no breakdown occurrved during this time, the
field was further increased to that which caused the instantaneous break-
down previously.' If breakdown agein occurs instentaneously, the value
Just below this vwas taken for the breakdown field.

| Heasurements of the breakdown field were perforﬁed in hydrogen,

nitrogen, helium and neon.

2. Variation of the uhf breskdown field with a superimposed dc field

Typical results showing the variation of the uhf breakdown field,
B (r.m.s. v/cm), with a superimposed dc field, B, , are presented in
Fig. 5.1. The general shape of the curves is the same for all the gases
tested. At low values of B.,» B, increases slowly at first, then more
rapidly as Edc is increased further, becoming an almost linear function

of & ,Aof which the slope, for & given gas, appears to be independent

de
of pressure. This increase in the uhf breakdown stress may be explained
qualitatively as follows. As Edc is increased, losses of electrons by
drift are enhenced, and the lifetime of the average electron in the gap
is decreased, In order to preserve the balancc between the loss and
generation processes, required for breakdown, the ionization rate, hence
the uhf field, must be increased.

In this particular set of measurements, the results must be treated

with caution. Bach time o discharge is struck in the gap the.presence

of the applied dc field causes & large unidirectional current to flow
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in the gap, thus producing considerable charging at the electrode
surfaces. (See‘ Chapter @ ). Thus the effective value of E,, in the
gap at any time is strongly dependent on the discharge that occurred
while the previous point on the curve was being obtained. In view of

~ the uncertainty thus introduced, these measurements were not pursued

in detail,

3, Measurements of breakdown field at pure uhf

Heasuremenfs of breakdown stress were performed for gases stressed
by pure uhf fields, and curves were plotted showing the variation of
Eus/\ with pA , where A is the diffusion length of the gap. Experiments
of this type have already been performed in detail at Durham by Clark(12’37).
Here that wﬁrk is extended to cover the renge of experimental conditions
relevant to the present amplification measurements. For a given curve
the procedure adopted was to keep A constant, and to measure the
breakdown field for a range of pressures,
(Note:- A later chapter describes measurements which show that
there is no net charging in the gap during a pure uhf
discharge. Therefore the measurements of breakdown

stress at pure uhf are likely to be considerable
more reliable than those made in the presence of a dec

field, )

3.1 Breakdova in hydrogen

Measurements of treakdovn stress were obtained in hydrogen in the

pressure range O to 8 torr, with gap widths of 2,6l and 2.90 cm,

(See Fig. 5.2).

Tt is seen that for the whole range of pressure used, the curve
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of E A ageinst pA is unique for both gap widths. At the high pressure
end of the curve, Eus decreases uniformly with pressure, agreeing
extremely well with.Clark's measurements over this region. In the low
pressﬁre region, Clark's curves, obtained for smaller gap widths and

a frequency of 9.5 Yc/sec, branch upwards, while the present curve
continues.the dovnward trend. The reasons for this discrepansy between
Clark's and the preéent neasurements are discussed in §3.5 of this
chapter.

3.2 Breakdown in nitrogen

Heasurements of breakdown stress were obtained in nitrogen in the

' pressure range O to 4 torr, with a gep width of 2.90 cm. (See Fig. 5.3).
Over the full range of pressure used, Eus decreases uniformly with
bressure. Clark's measurements in‘nitrogen were obtained for conditions
of pressure and gap width that differ so greatly from these that no

fair comparison can be drawn with the present results.

3.3 Breakdown in helium

Measuréments of breskdown stress were obtained in heljum in the
pressure range O to 8 torr, with gap widths of 2,64 and 2.90 cm. (See
“Fig. 5.4). The breakdown field decreases uniformly with pressure down
to p about 1 torr.cm, below vhich it rises sharﬁ}y aggin. Over the
wholerf the above pressure range as far as can be ascertained from the
very limited range of gap widths»used, the curve appears to be dependent
on the gap width, Clark performed no breakdown measurements in helium.
However, compared with the results of Brown(jé) it is seen that the

present values of the breakdown field are considerably lower.
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3.4 Breakdowa in neon

Hleasurenents of breakdown stress were obteined in neon in the
pressure range 0 to 15 torr, with gap widths of 2.64 and 2.90 cm. (See
Fig..' 5. 5). .«t fhé higher end of fhis pressure range, Eus decreases
unifornly with pressure, but as the pressure is decreased, goes through
a minimum at p/\ about 6 torr.cm, then rising again slightly before
dropping sharply tol reveal another minimum at p/\ about 0.2 torr.cm,

after which it rises sharply a.gain.. As in helium, the curve appears to
| be quite sirongly deéendent on the gap width,

Clark's measurements in neon do not extend to such low values of

P , S0, again, no fair comparison can be made with the present results.

3.5 The diffusion theory of breakdown

The shapo of the Eus s P curves hag been studied in detail by
many workers, Prowse and Clark(12) showed that provided the only electron
removal mechonism is diffusion, and the only electron gemeration process
'is single-stege collision ionization (&), the curve should be unique
for a given gas, indépendent of the dimensions of the gap. Therefore
the @iffusion theory of breakdown at ultra-high-frequencies''®) should
apply.

| At breakdom, W/D = 1/A° eee 5
It is 'convenient to consider the ionization coefficient'/”\ , the number

of ionizing collisions that an clectron mekes in falling through a

potential of one volt.

o /E

Then, ‘7

1
“,E' E.

]
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| And at breskdown in uhf fields, meking use of Eg. 5.1 in Eg. 5.2
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Theﬁ providing that diffusion is the controlling electron removal:
mechgﬁism, % moy be obtained as a function of E/p from the EuaA , pA
curves, using cstablished data of otherlwonkefs for D/ .

The diffusion theory of ubf breskdown holds provided that

a) the electron ambit in the gap in one half cycle of the uhf field
is small compared to the gep width,

b) the clectron mean-ffee-path is small compared to the diffusion
length, A, of the gap, '

o) the collision frequency for impacts between electrons and gas
molecules is.large compared to .the frequency of the applied uhf field,
and

d) the waveclength of the applied ubf field is large compared to

the diifusion length of the gap.

If any of these conditions are not satisfied, the breakdown curve
will deviate from the uniqueness postulated by Prowse and Clerk, The
value of p A ét which this deviation occurs is strongly dependent on
the gap dimensions, and the frequency and magnitude of the applied field.
This‘is j1lustrated in Fig. 5.2 for hydrogen where Clark's curves are
seen to deviate from the unigue curve at higher values of p A than in

the present experiment.
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TABLE 5.1

'J!ABIJ_; SHQZINQ THE RANGE OF CONDITIONS OVER VHICH THE DIFFUSION THEORY

OF BREAKDOWN SHOULD APPLY

p < 0,052

p < 0.052

v - .Gas ~ Hydrogen Nitrogen Helium Neon
Eleciron ‘mbit Limit Bp <50 |Bp<50 |B/p<30 [Ep<20
‘Hean-free-path limit “p <0,020]p < 0.050|p < 0.060[p <0.12
Collision frequency p <o.ioup < o0.074

......

‘Wavelength of oscillation of field, 625 cus,

is far greater than , so diffusion theory

‘&ppliBS,

.......

PRI .

(3%)

Collision frequency data from Bro .

PP

lectron ambits calculated from Townsend drift velocity data

TPandom velocity data from Townsend data(5 ).

(5).



The conditions in the present experiments over which the -diffusion
h ]
theory of breakdown should apply are set out for hydrogen, nitrogen,

helium and neon in Table 5.1.

3.6 Application of the diffusion theory of breakdown in hydrogen and
nitrogen

For the limited range of gap widths tested in hydrogen and nitrogen
Figs. 5.2 and 5.3 indicate quite clearly that the E A, p/\ curves
are unique for each gas, and not dependent on the gap width, Therefore
the diffusion tﬁeory should epply safely over most of the conditions
tested, and this is confirmed by the conditions stated in Table 5.1.
_ Therefore using Eq. 5.3, the ionization coefficient 72 is calculated
as a function of E/p from the measurements of breakdown stress. (See
Fig. 5.6). Values of D/u for hydrogen are obtained from the data of

Varnerin and Brovam(13 ) , and for nitrogen from the data ofleas and I'}neleus(l"oz

The values of ‘7 thus obtained for hydrogen agree satisfactorily
with those cbtained by Leiby'?®), Prowse and Clark''?) and Vamerin and
Brom™3) and the values for mitrogen agree similarly with those obtained

- by Harxﬁ.son(ln).

3.7 Application of the diffusion theory of breakdown to helium and neon

The minimum in the breskdown curve for helium, and that in the
neon curve at the higher value of p/A , do not appear to coincide with
any of the limits to the diffusion theory mentioned so far., However
the minimum in the neon curve at the lower value of p/\ is very close

to both the mean-free-path and the collision frequency limit.
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From the limited amount of date obtained for breakdown in helium
and néon, it is clear that the breakdown curve is not unique, but is
dependent on the gap width, although we see from Table 5.1 that diffusion
ought to be the controlling electron removal mechanism over all the
conditions tested except at very low pressures. This leads to the con-
clusion that over the range of the present measurements, the diffusion
theory postulated by Prowse and Clark apparently fails. This suggested
. departure from the breakdown theory appears only under the present
conditions of lomy gap widths and low pressures. The theory was tested
succéssfully by Prowse and Clark for shorter gap widths and higher
pressures, i possible mechanism that would invalidate the theory would
be the emergence of an electron generatici process other than single-

' stage collision ionization, dependent on the dimensions of the gap.

One possible mechanism may be closely linked with the abundance of
metastable atoms formed in helium and neon. At high pressures, &
metastable etom hss a high probability of colli&ing with an atom of
impurity in the gas, and may, if the metestable energy of the impinging
‘atom is slightly higher than the ionization potential of the struck im-
purity, give up its metastable energy to ionize the impurity atom. (Pen-
ning effect). In this case, the net effect is simply to enhance the value
| of the single-stage collision ionigation coefficient, and does not
basically elter the theoretical argument of Prowse and Clark. But at lower
pressufes, the probability that the metastable atom will collide with

a sultable impurity is reduced, and it mey instead diffuse to the
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electrodes where it might readily give up its energy to a&ssist the
release of electrons from the surface of the metal. This effect will
be dependent on the gap dimensions, as well as the pressure and the
impurity content of the gas under test.

It it is an additional eleotron generation process which is ceausing
the departurc from the theory in the présent experiments, then so long
as diffusion is still the controlling elecﬁron loss process, the diffusion
theory of breakdown may be applied. The ionization coefficient,7 , is
then calculated for helium and neon from Eq. 5.3, and plotted as a
function of #fp. (See Fig. 5.7). Values of D/u for helium are obteined
fron the data of Reder and Bromn(*2), and for neon from the data of
I&ierdel(lé). It is seen that the calculated values of % are more than
an order of magmitude greater than any of the standard data published
for pure helium and neon, (Helium(hh’45); Neon(hh’BG)), and this is con-
sistent with the view that an additional electron generation process is
ocourring as well as single-stage bollision ionization. 7 is then a

measure of the total multiplication of electrons in the gap, taking into

account all generation processes.

If, on the other hend there is a loss procedure occurring other than
diffusion, the diffusion theory of breskdown does not apply. In this
case, the ionization coefficients calculated in the manner described
gbove are fictitious, and may not be used with confidence later.

3.8 Comments
The values of the ionization coefficient in hydrogen and nitrogen

obtained by the above method are reasonably satisfactory, and there is
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no apporent reason why these should not be used later in helping to
cxplain the shape of the amplification curves in those gases.

The values obtained for helium end neon must, however, be viewed
with caution since it is not certain that the application of the diffusion
theory of breal:down is valid in the range of conditions tested. This
needs to be investigated further, Breakdown messurements are required
over a wide range of gap widths and gas pressures, (and taking special
care to obtcin high gas purity), embracing all the conditions renging
from those uced by Clark to those used in the present experiments, in
order %o establish firmly the failure of the theory of Prowse and Clark,
and, (if successful), under what conditions this ocours., A possible
mechanism hes beenbsuggested to account for the departure from the theory,
but in view ofAth.e limited amount of data obtained, this cannot be

supported quantitatively at this stage.
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CHAPTER 6

EXPERTMINTS 90 TWVESTIGATE THE NATURE OF ELECTRON FLOW WITHIN THr HOLES

IN THE EMITTING ELECTRODE

It is seen from Chapter 2 that the theory developed by Long(z)
to eccount for the shape of the amplification curves is heavily depend-
ent on tac redius of the holes in the emitting electrode through which
the elcetrons cnerge into the gap, This chapter describes experiments
which viere nerformed to test this particular aspect of the theory, and
also to invostigate the nature of the flow of electrons down these holes,

All the mensurements were porformed in hydrogen.

1. Modifications to the apparatus

A 'new enmitling electrode was constructed of pure aluminium, as

close as possible to the dimensions of the one used for the other experi-
ments described in this thesis, (See Fig. 6.1). A large central hole
of diameter avout 2,5 cm was drilled in the flat face, and a number of
short brass plugslwere constructed to slide into this hole, and fit flush
with the face of the electrode. Each plug consists of a short brass
c¢ylinder, closed at one end, The closed end is pierced centfally with

a small circular hole, which, witﬁ the plug in position, constitutes

a single enitting hole in the electrode face,

2. Heasurements of amplification for holes of various sizes

The diemeter and length of the emitting hole were measured using
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a travelling microscope end micrometer gauge respectively, With this
plug in position, amplification curves were obtained in the usual wey.
(See Chapter 4). The measurements in this instance were confined to

hydrogen in the region below the onset of collision ionization, Wwhen

 sufficient curves had thus been obtained, the emitting electrode was

removed from the system, the emitting hole was enlarged and the dimendions

~ of the hole were re-~measured, The experiment just described was re-

- peated for this new hole size. Measurements were performed for hole

-

{

Y

radii b, renging from .017 to . 104 cm.

| This whole procedure was repeated for hole lengths, L, ranging
from .026 to .104 cm. Care was taken to ensure that from experiment to
experiment, the only quantities that were allowed to very were the
dimensions of the hole. 'All other quantities were maintained the seme

throughout ell the runs. i.e. & = 2,59 cm, E; = 7.72 v/om, p = 1 nd
. <

2 torr, V, = 75 volts, and i, = 410" amps.

The results of this investigation are presented in Fig. 6.2. From
these, it is not possible to detect a systematic variation in the shape
of the amplification curve with veriations in the hole dimensions. Vhat

small variations ere observed may well be accounted for in terms of the

- error introduced by the charging up of the electrode surfaces under the

influence of the gap current. (See ChapterQ ). Although these results
were obtained with only one hole in the emitting electrode, there is
no apparent reason why the same effect should not be observed when there

is more than one, as in the main bulk of the amplification measurements
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described in Chepter 4.

The results of this experiment therefore lead to the firm conclusion
that Long's theory for the shape of the amplification curves in hydrogen(z’
29) considerably overestimates the importance of the size of the emit~

ting holes.

3. IThe effect of the hole dimensions on the magnitude of the current
entering the gap

The current flowing to the collecting electrode in the absence of

a uhf field, i 0? is plotted as a function of the hole radius, b, for

2
a range of vaelues of the hole length, L, keeping Edc’ 11, V1, d and the
gas pressure constant. (See Fig. 6.3). The quantity that we would
like to kmow as a function of the hole dimensions is the actual current
.emerging from the emitting electrode, ie’ but it is reasonable to assume
under the above conditions that i is proportional to i,..
i.e. ig = S iy
where ig constant in this éase, depending only on d, Edé’ the gas
pressure, and the ﬁature of the gas.
| It is seen from the curves that i,,, hence i, increases approximately

as the square of the hole radius, b, although the accuracy of the
results, owing to the slow drifts observed in i, (See Chapter 9 ), is
not sufficient to allow this to be determined exactly.

It is reasonable to expect that, if electrons are lost to the wall

of the hole, the current emerging into the gap should decrease as the

-70-



length of the hole is increased., However, the curves show that the
current flowing to the collepting electrode, hence ie, does not vary
appreciably vith L over any of the range of b and L used. Therefore it
must be concluded that electrons are not lost to the hole wall on their
passage through the hole, This unexpected result has prompted the follow-
ing discussion into the nature of electron flow through a hole in the
emitting electrode,

3.1 Drift and @iffusion of electrons within the emitting hole

Electrons from the filament move towards the back of the emitting
electrode by drift and diffusion, controlled by the voltage V1. Those
electrons entering the hole may still be under the influence of V1, owing
to the penetration of V1 into the hole, This effect is steadily reduced
es the electrons move further into the hole. For a very short hole the
‘ electrons are s‘til;l, influenced by V1 when they emerge out of the far side,
by which time they are also under the influence of the dc field in the
| gap, and although some may be lost by radial diffusion to the wall of
~ the hole, the mzjority will be swept out into the gap. However for longer
holes, the ficld penetration from either side may not be as great in com-
parison, and there mé.y be a region within the hole which is field free.

In this region, the electrons are influenced by diffusion alone. The
chances now thet an eleciron will cross this f‘ield—freé region now depené.s
on the relation between the length and the radius of the region.

Duc %o the field penetration snto the hole, a redial component of

field may be expected within the hole, but this effectively disappears
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with the amis® field, Therefore the radius of the field-free region is
approiximately equal to the physical radius of the hole.

Viithin this field-free region, we may estimate the relative probab-
1lities that o) the electrons will diffuse to the wall of the hole, or
that b) the electrons will diffuse to the ends of the region. Those
that diffuse to tﬁe far end of the hole, will come under the influence
~ of the fiold in the gap, and this is the component that we are interested
in here, since these are the electrons which actually get into the gap.

. Diffusion in a cylindrical cavity is described by the diffusion

1ength,/\, given by

YAZ = @)F s (2.405/7)° vere 641
where the first term on the right hand side corresponds to diffusion
laterally, and the second term to diffusion radially out of a cylindrical
| container(1o).

in this case we'are concerned with a container of redius b and
length %; where Lo is the length of the field-free region inside the

hole, ‘he chance that an electron will be lost by diffusion to the wall

of the hole, compared to the chance thet it will diffuse to the far emnd

of the hole is given by o, where

2.1,05/b)%

(1/2) (/1)

sece fmm 6.1

The factor 1/2 appears in the denominator because we are not interested

in those elcctrons which diffuse back to the same end of the hole from
‘which they entered initially.
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Then, &= 1472 (5/b)° veer 62

From this we may conclude that radial diffusion is negligible only
for short holes where Lo is negligible. But as soon as the hole
&imensipns become such that there is.a field-free (or near field-free)
region within the hole, (i.e: I’o finite), diffusion losses to the walls
of the hole can no longer be neglected, and may be expected to increase
with the length of the hole.

Lo is ¢ {unction of L and 5, and probably V1 and B o? but, so far
attempts to dctermine this furnction rigorously have not been successful.
The folléwing crude theory provides an approximate condition for there
to be a ficld-free region inside the hole.

At o given point, P, on the axis inside the hole, the eleotric field
due to field penetration is a function of the solid angle subtended at
P ‘by the mouth of the hole. (See Fig.- 6.4). Assume that if the solid
angle subtended is less than w, then the field at 2 is negligible.:

| The solid angle subtended at the mouth of the hole is

ﬂ = (Area of mouth of hole)/x2
= Zrb%(bz + & 2), where & is the distance of P from

the end of the hole, measured along the axis, For the field at P to be

w > ¢
> 211'b2/(b2 +4d 2)
Then, S 2 > b2

Therefore for there to be a finite field-free region within the hole,

negligible

and hence for electron losses inside the hole to be appreciable
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(the factor 2 comes from considering the field penetration at 5oth ends
of the hole).

Frﬁm Lios rough criterion, it is fairly clear that, with at leust
some oF the holc configurations employed experimentelly, electrons vill
be lost %o the walls of the hole. But the experimental results (See rig.
6.3) ao not confirm this view. Therefore we must consider the possib-
ility tact there is some other mechanism occurring which is helping to
preven® cleciroan losses inside the hole.

3.2 The effcety of charging at the wall of the emitting hole on the
current energing into the gep .

Ignoring the effects of field penétr#tion, it is of interest to
consider the offects of charging at the wall of the hole on the current
emerging into the gap at the far end. Electrons flowing into the hole
mey, &g has already been shown, reach the well, and under the right
- surface conditions may become deposited there, Thus the walls may charge
up to a potential high enough to produce electrostatic focussing of the
electron strean within the hole. This becomes analogous to the operation
of the Tehneli cylinder, which is employed to concentrate the electron
beam of & cathode ray tube as it leaves the filament(hs). To operate
effectively, the wall of the hole must be raised to a negative potentizl
higher thon thot of the electrons as they enter the hole. Fig. 6.5
shoﬁs abnroximately the expected potential distribution along the a:is
of & chorged hollow cylinder (in this case the hole). The potential '

reacheg its highest negative value at the centre, dropping to zero on
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both sides, his distribution acts as a 'potential pass', having two
‘effects. Firstly, the effect is to concentrate electrons towéfds thé
axis by electrostatic focussing, being_strongest at tho centre of the
holg; Seconély,'electrons arriving into the hole meet an unfavpureble
potenfial gradient which slows them down, more so the nearer to the
centre of the hole that they get. Near the centre of the hole they are
moving in neer field-free space, and will reach thermal energies., This
has the effcct of decreasing the diffusion coefficient, assisting the
prevehtion of electron loss by diffusion to the wall. But the field-free
reglon is relatively short and once the electrons have diffused across
thlS, theyr find themselves in a faqourable potential gradient, equal and
opposite (in the absence of field penetration into the hole by the ex~
’ternaliy applied fields) to the gradient which caused them to slow down
initially, ‘o electrons now gain energy es they are driven down this
p§tential gredient, and the net effect when they arrive in the gap is
thatithcir enerpy is about the same as it was when they entered the hole.
Therefore the raﬁdom velocity of electrons on entering the gap should
be close to that corresponding to V,.

These effects rely on the presence of an insulating layer over the
wélls ol the hole, thus enabling the charging process to teke place.
| ﬂater exverinents do point strongly to the presence of insulating layers
on the electrode surfaces in the gap. Sohe of those measurements are
also consistent with the suggestion that charging is occurring inside
the emitting holes and actiﬁg so as to aid the injection of electrons into
* the gap.,v (See Chapter 9 ).
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CHAPTER
A THEORETTCAL STUDY OF THE RELATIVE IMPORTANCES OF DRIFT AND DIFFUSTON,
AND OF TME ELECTRON DENSITY DISTRIBUTION IN THE GAP

..fhe experimental amplification curves show that the dip in the

' cu;ve at low values of B is controlled strongly by the value of the
‘superimposed dc field, It appears that as Edc is increesed for a given
gas af & given pressure, the dip is decreased in size by the growing
effeetiveness of electron drift, This chapter sets out to investigate
theoretically the conditions under which drift takes over from diffusion
_'as the predoninant electron removael mechanism, and how this manifests
itéeif in the experimental results for hydrogen. A comparison is made
.witﬁ'fhe conditions under which the electron densitj distribution in the

gap chsnges from'fhe exponential to the sinusoidal form.

1. Drif't and diffysion

-vﬁlectrons moving in a gas in the absence of.én electric field des-
eribe motions of random walk, moving in straight paths between successive
collisions with gas mélecules. There is & resultant net flow of electrons
tqﬁards regions where the concentration of these particles is lower.

(Sée Chepter 1). The rate of diffusion inereases with the energy of the

 electrons.

In the presence of a ubf slectric field, assuming that the distance

moved oy the electrons in one half cycle of the field is small compared
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to tﬁe electrode spacing, the electrons gain energy as they oscillate

to and fro in the field., The paths between collisions now become curved
towards the direction of the electric force. (Townsend(5)). There is
no net displacement of electrons preferentially to either electrode.

The only clectrons which cen be lost by drift in the uhf field are those
which are closer to the electrode than the distance they would move in
the field in one half cyole,(31) :

In tio presence of a pure unidirectional field, the paths between
collisionc ore cgain curved, but this time such that there is a net
advance of clcctrons towards the anods,

B In conpined unidirectional and uhf fields, the electrons experi-
ence diffusion, drift in the uhf field and 4rift in the de field. (In
general througnout this thésis, the term 'drift', unless otherqise
stated, refers to the unidirectional component). Drift and diffusion
may be treated independently provided that the drift velocity is small
compared to the rand;m velocity. Then the system may be treated as one
in which simple diffusion occurs, With the drift motion superimposed.

In the present experiment, the main removal processes for electronsa
are diffusion to the electrodes (particularly back diffusion to the
éﬁitting clectrode), and drift to the collecting electrode in the de
Pield. Drift to. the collecting electrode in the uhf field is snother
likely possibility, but at this stage it is neglected in comparison with

the other two processes.

o different approaches have been used in order to better under-
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" stand the relationship between drift and diffusion for different sets

of conditions

1e1 Picto,fal

in the gep, and these are deseribed below.

resentation of an electron swarm diffusi snd drift-

ing in combined dc and ubf fields.

\

Po study the relative importances of drift and diffusion, a grephical

approach has been devised to describe the fate of a swarm of electrons

starting from a single point on the emitting electrode, and moving out

into & parallicl plate gap under the influence of combined dc and uhf

eledtric fields, In all of the gases tested experimentally and in the

rangé of 1 considered, the random electron velocity is at least one

order of megnitude greater than the drift velocity, thus allowing

diffusion and drift to be considered separately,

Under the action of diffusion alone, the average electron will move

" so thet after a time, ¢, it will lie on the circumference of & sphere

of radius (12Dtﬁw)t/2. This sphere is frequently referred to in this

thesis as the DIFFUSION SHHERE,

(Note:-~

It should be mentioned here that for electrons emitted
from & single point source, diffusjion is regarded as
three-dimensional, hence the use of the above formuls

in the present context. But for electrons emitted into
the gap through a slit, diffusion may now be regarded

as essentially two-dimensional, and after a time, t, 1/
the average electron will be displaced a distance (8Dt/x) "2
This is now the radius of & 'diffusion cylinder'. Going

e stage further, if electrons are emitted from & large
Tinite area of the emitting eleotrode, or a dense distri-
bution of peint sources, diffusion may now be regarded

&5 one-dimensional, and the average displacement of an
electron after a time, t, will be 4Dt/x)1/8, It may

be argued that this should apply to the present experi-
nents, where for most of the measurements there are a
large number of emitting holes in the emitting electrode,
However, it may be equally argued that the present distri-
bution of holes is not dense enough for this to be the
case, and that each point has independent emitting
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behaviour. Therefore such a system of discrete point

sources may be expected to behave essentially in the.

‘same way as & single point source and the three-dimen-

sional expression for diffusion of electrons leaving

the emitting electrode should be the most applicable to

the present case), '
When a unidirectional field is applied, the centre of the diffusion sphere
progresses in the field directionsat the unidirectional drift veloecity,
vg» S0 that after a time, t, it has moved a distance vyt into the gep.
It is assumed for the present that thef electrons attain this drift
velocity immediately on entering the gap, In the ngxt chapter of this
thesis, the précesses by which they reach this steady ;velocity during
the first few instanges of their 1ifetime in the gap are discussed in
greater detail.

For a given set of conditions (Eu, E.. and p) circles are drawn for
‘successive suitable time intervals Ato represent graphically the diffusioen
SPhere movin, through the gap in hydrogen, and increasing in radius
with time. (See Fig, 7.1). |

The drift velocity is célculated from Vo= Ede where i is the
eiectron mobility in the cdubined de a.f;d uhf fields. (See Appendix 3).

| The aiffusion coefficient, D, is calculated from D = 0.92Nc/3,
(Tt_:nrmsenc'l(.5 )), where ¢ is the electron random velocity, and A is the
meb.n-i‘me-pa’ch between collisions of electrons with gas molecules in
Vthe combined fields. The quantities D and v, 8re calculated using
.Townsend's data(5 ) for hydrogen. Since the aim here is to obtain only
an aepproximate picture of the eléctrqn behaviour in the gep, these data,
elthough obtained in slightly impﬁre gas, ‘are considered accurate enough
fbr th‘i.s purpose.
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A boundary may be drewn at & distance x from the emitting electrode
vsuch that electrons which have crossed this can no 1ong'ez; retum to
the emitting electrode by back diffusion, but become influenced meinly
;ne drift,
""hen the centre of the sphére reaches this boundary, the sphere

just ceases to intersect the electrode surfs.ée. If this occurs at time

t=1T,
| X:VaT;-u.EdcT. \ » eree 7.1
and
‘ X = (12DT/77')1/2 .. ) e o 702
From Zgs. 7.1 and 7.2, eliminating T,
X = 12D/(7r ‘J- Edc) ' L 705
it g- X = 3.8 D/“.Edc-

It is postulated that for drift to be the overall controlling electron
1ossl process, x is very much less than the gap width, d.

Then, - d@> 3.8 D/pt,l;‘do cees 1ok
This criterion holds provided that when the diffusion sphere has moved
clear of the emitting electrode, an electron on its surface will no
| longer; have a velocity in the direction that would return it to the emit-
ting electrode. In othér words, the velocity of the rear boundary of
the ' sphere wifh respect to the céntre must be at least balanced by the
velocity with which the centre is edvancing through the gap. |

The velocity of the rear boundary of the sphere relative to the
centre of the sphere is dr/dt, where

r= (120t/m) "2
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Then, ar/at = (30/mt) /2 *
whioh decreases continuously as t is increased.
An eiectron on the boundary of the sphere finally ceases to move
towards the emitting electrode when
vy 2 d/at

or, uE; y(30/mt)"/2

or, t ) 3D/1r1125§c» Y
Therefore vhen the centre of the sphere has advanced into the gap
further than the distence 5D/andc, electrons on the boundary can no
longer heve 2 component of velocity towards the emitting electrode. This
is smaller than the distance at which the sphere just ceases to inter-
sect the electrode. Therefore the over-riding criterion for which '

electrons on the averége can no longer be lost by back diffusion is

.given by Eq. 7.4

1.2 Electron lifetimes in the gap as limited by drift and‘hiffhsion

It is of interest to discuss the relative importances of diffusion
and drift in terms of the electron lifetime in the gap. The problem
~ of the electron lifetime in a gap subjected to the combined dc and uhf
fie1ds has alvoedy been treated by Varnerin and prom¢13), However in
the present attempt to obtain a simple comperison between the two pro-
cesséé, ve choose to consider drift and diffusion separately.

Let tho time for an electron to be removed from the gap by pure
diffusion be tD. | |

Then, ty = AZ/D ‘ veee 1.6
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10)

ahere 1/A° = (/8)2 + (2.405/a)?, from Herlin and Browa''®) and where
2 is the electrode radius. |

Let. the time for an electron to be removed from the gap by pure
érift be t'l"

}Th&n, tT = d/Vd, Where :Vd = “-Edct asee 707

Wwhen drift is the predominant removal meehanism; tD > tT.
When diffusion is the predominant ramoval mechanism, tT > tD.

In the critical case where drift and diffusion are equally important,

S
* Then, from Bsq. 7.6 and 7.7, /\2/D = d/p.Edc
or, dz/Dé = d/uEdc, where PN (Z.AOSG/a)Z
Therefore, = - é - :
ch'it x (D/u)(‘I/EdQ) LN ] 708
where clc rit'is'the critical gap width, for a given Eu, Ed,c and gas

pressure, at vhich drift tekes over from diffusion as the eontrolling
electron removal process, and vice-versa.
‘and 10.5 < & < 15.7 for the renge of gap widths a/3 <d g e.

Therefore for drift to be the controlling electron removal mechanism,

a> 45(]’/“)(1/%6) eees 1.9

Vaiues of D/u for hydrogen are obtained from the data of Varnerin and
‘Brom! '3,

é‘crit
femily of curves is plotted for a range of E, . (see Fig, 7.2). Drift

is estimated as a function of Ee/p, ‘where Ecze""Etzx“Eic’ and a

is expected to be the predominant electron removal mechanism within the
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shaded area of the graph,

143 Summary of the conditions for which drift is the controlling electron
removal mechanism in the gap

Summarising the findings of the previous two paragraphs, it is seen

that drift is the controlling electron loss process when

2) d >> 3.8 (D/u)(1/ﬁh§) from the diffusion spheres approach, .
and, b) 4 >$(D/u)(1/Edc), where 10,5 545_ 15.7 for a/3 < d < a,
from the electron iifetimes approach.

The assumptions in both cases are that

i) Diffusion and drift may be treated independently provided that
the random velocity is considerably greater than the electron drift
velocity, . ' . L

ii) A1l electrons start out from a point on the surface of the
cmitting electrode,

iii) There is no ionization in the gas,

" and iv) The electron ambit in a half cycle of the uhf field is small

compared to the gap width,
The two expressions a) end b) are seen to be similar in form, and of the

same order of magnitude within the limits of the initial assumptions. It
must be emphasised that they are intended to give only a picure of the
way in which the character of the electron flow changes with the various
‘gap conditions, and are not expected to be more than approximate.

The expressions obtained ﬁay be related to actual experimental gap
‘conditions. The curves relating d&rit with Ee/p for hydrogen (See Fig,

7.2) are used to decide, for a giveh set of 4, Edc and Eé/p, whether
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diffusion or drift should predominate.

Fg. (1); d=3cm By =20 v/cm.

Drift predominates for Ed/p < 45 v/cm/torr.

Lg. (2); d=2ecm E, =20 v/em.

de
Drift predominates for Ed/p < 25 v/cm/torr.
Lg. (3); d=2cm Ejp =5 v/cm.
Drift predominates for B /p < 3 v/cw/torr.

1.4 Application of drift and diffusion theory to fhe experimental measure-
ments

'In the amplification curves described in Chapter 4, it is seen that
arift should be the predoninant electron loss process at low valuesof

Eu and that diffusion should teke over at higher values, depending on

‘ Edc’

shown on some typical amplification curves in Ffig. 7.3a. It is seen for

the 5&? widfh, and the gas pressure. The change-over points are

very low values of By, that drift is not at any time predominant, even
for zero Eu. This is sensible since there is a miﬁieum value of Edc
below which even the thermal energy of the electrons is sﬁfficient to

- make dif'fusion ?he controlling loss process. &iventually, however, at
qgite moderate vaiues of Edc’ a drift controlled region in the curve does
not appear. There appears tb be no change in the shape of the curve near
the-chdhée—over point between the two loss processes. For a given
pressﬁre, as Edc is increased, the point at whicﬁ diffusion takes over

' js pushed steadily nearer to breakdown. It is of interest to examine

the condbions of diffusion and drift gt breakdown.
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Typical experimental curves are plotted showing the variation
of the uhf breakdovn field as a function of By, in hydrogen. (From Fig.
5.1). 0On the same graph is plotted the ﬁhf field at which diffusion
should take over-from drift as the predominant électron removal mechanism,
also as a function of E o+ for the same gap width and gas pressures.

(See Tig. 7.4a). It is seen that at low velues of E o’ diffusion is

the controlling loss process at breakdown. But, rather surprisingly,
(in view of the fact that the breakdown is controlled by the uhf field),
»dfift emerges as the controlling loss process at higher values of Edc'
Despite the uncertainty involved in these particular experimental break-
down measurcments (Sée Chapter 5, §2 ) this trend is very clear.

It must be remembered that the condition for which drift and diffusion
are equally important is caloulated only for electrons which start out
from the emitting electrode, and drift across the whole gap, But at
‘higher values of Eg/p, where multiplication is ocourriﬁg in the electron
"stfeama many electrons which are lost by drift do not have to travel
the full gap vidth., In fact at low amplifications, from Tomnsend's
picture of the electron avalanche, most of the new electrons are created
in a region close to the collecting electrode. In this casé, these.
elécfrons are even more Strongly influenced by .drift than those which
start off initially. At very high values of amplification, vhere the.

" electron density distribution is almost sinusoidel in form, the centre |
of the gap may now be regarded as the source, This being so, most of
the electrons which drift to the‘collecting électrode only need to travel

approiimately half the gap width. The net effect of these considerations
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is to increase the overall effsct of drift to greater than that pre-
dicted by the simple theory given in §1.1, 1.2 and 1.3. This effect

is indicated in Fig., 7..a. (See dotted curve).

2. ‘The electron demsity distribution in the gap

Closely related to what bas gone before is the consideration of
the electron density distribution iﬁ the gap Loﬁg(z) has discussed
 the conditions under which the electron demsity distribution in combined
dc and uhf fields changes from expongntial at iow ionization to sinusoidal
at ﬁigher ionization, If electrons start off from a point on the emit-
ting electrode, and ionicetion in the gep is small, there is an exponen-
tial Yise in electron density across the gap (from the simple picture of
the electron avalanche given by Townsénd).. This is4the case provided
that the emitting electrode remains the mein source of electrons. But
at higher levels of ionization, when the rate of ionization in the gap
’is'conaiderably greater than the rate of supply froh the emitting electrods, -
the gap itself now becomes the predominsnt source of electrons. The
denaity distribution now takes a sinusoidal form, deformed exponentially
"as a fesult of drift. |
For breakdoﬁn.in a cylindrical gap and with no injected electrons,

Varnerin and Browmn''3) showed that the electron density distribution is

: given by _ :
' n = B, eez.sin((w/d)z). Jo(k1p) vess T1.10

. where z is the axial and @ the radial coordinate in space. k, is a

function of the clectrode fadius, I is the zero order Bessel function
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- resulting from the consideration of radiel diffusion, andO:Edc/z(D/ ),
Therefore in tie present experiments where the rise to breakdown is
controlled by the uhf field, it is concluded that the electron density
distributioz_: in the gap should become sinusoidal at breakdowm. The
conditions under which the distribution changes from exponential to
sinuéoidal are now discussed.

In the simple case, neglecting attachment; recombination and
secondary clectron generation effecfs, the scalar electron density is

(2)

written as a2 function of drift, diffusion and ionization‘™’, thus:-

Vn-20.310/3z « (¥/D)n =0 R XY
Drift, being coﬁtrolled mainly be Edc , is thus asymmetrical in space,
lbeing a function only of 2. In order to transform this term into a
symmetrical space function, the transfom n = U e9 % is applied,
Thus AEq. 7.11 becomes 5 | |

v U"‘ 5’0 U = 0 es e 7.12

Whem 95:'2' = 92 - ¥/D.

Thé solution of this equation gives the electron density in the gap in

' 'U-space', which egsentially will be of the same form in real space.

When Y 2/D > 0, the electron density distribution in the gap in U-space,
and also.in veal space, is exponential, becoming sinusoidal when \72/1) < 0.
Thus, when y 2/D = 0, a critical condition is reached at which the
eleétrgn density distribution changes from one form to the other.

Taen, @%-wp | | ceer Tu13

also we have, v Wel - : ceve 1AL
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where \ iz the ionization rate, and V is the effective electron drift -
velocity in the combined fields.

~ Also, Vo= 3 ceee 1415
where ut ;s the electron mobility in the combined fields, and Ee is the
effective field given by Ei = Ei + Egc. (See Appendix 4).

Then, from Igs. 7.73, .14 and 7015,

2
<E§£> .= 4. D. EE 7.16
p p “ P LN I ) L J

Therefore for a given Qalue of Ed/P’ the corresponding value of
Edc/P may be calculated at which the change-over in the form of the
electron densitly distribution should occur, This is illustrated for

hydrogen in Fig. 7.5. Values of D/u are obtained from the data of
Varnerin and Brown(13), and values of o{/p from the data obtained from
the breakdowm measurements deséribed in Chapter 5 of this thesis. The
ourve thus obtained relating Edd/p and Ed/p divides the graph into two
regions, one in which the electron demsity distriﬁution is exponential

(shaded portion), and the other in which it is sinusoidal.

2.1 Application of the electron density distribution considerations to
) the experimental measurements -

As in the case of diffusion end drift, the amplification curve may
be again divided into two regions, one in which the electron density
distribution in the gap is exponential, and the other in which it is
sinuspidal. The change-over points are marked on some typical experi-
mentai amplification curves in.Fig. 7.3b. TFor all values of Eg ., the

distribution is'exponential at low K » becoming sinusoidal at higher
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values. Thec change-over point moves steadily closer to breakdown as
Edc is increase@; Once again it is of interest to examine the conditions
" at breakdown,

On the same graph as the typical»éurves relating the uhf breakdown
fielﬁ with B, (See Fig. 7.4b) is plotted the variation of the uhf field
for which the distribution changes from exponential to sinusoidal,

The indications are clear that although the change-over point moves
' closér and closer to breekdown as Ehc is increased, the distribution
always becomes sinusoidal at or before breékdown. This confirms the view
taken by Varnerin and Brown(13), (See Eq. 7.10) and does not fail within

the range of Edc examined, : .

3, Comments

There does not appear to be a direct simple relationship between
A'the'change-over from drift to diffusion controlled electron loss and the
change-over from the exponential to the sinusoidal electron denaity
distribution in the gap. A more rigorous mathematical treatment than
has 5een performed here is required if such a relationship is to be
bfound.

This study, elthough it has not gone very far towards helping to
explain the shape of the amplification curves, has yielded some
~ interesting general information about the behaviour of electron swarms

subjected to the combined uhf and de fields.:



CHAPTER 8

THEORETICAL PREDICTIONS FOR THE SHAPE OF THE AMPLIFICATION CURVE

1. Inspection of Long's expression for Amplification
Of the theories so far produced to explain the shape of the ampli-

(1’2’26’29), neither was tested sufficiently to enable

fi&ation curves
any definite conclusions to be drawﬁ-as to their validity., The theory
put fbrﬁard by Long(2’29) based on the Huxley theory for lateral diffusion
of carriers in a gas subjected to an elestric fieldl'?), is the more
rigorous and agreeﬁent with the experimental fesults in the limited range
of conditions that he examined was encoursging. As described in Chapter
by exéerimental amplification curves have since been obtained for a
comprehensive range of gap conditions and these form the basis of a

| fhorough inspection of this theory.

Long's expression for amplification when ionization occurs in the

gap is_given by (See Chapter 2, Egs. 2.15, 2.16 and 2.17)

-6
A = ( 1 + 2% e 'b) L N 8.1
(1-2(0.0)01 - LN +§g o~tb e-(é_:t).d)
. B u
where f: (92 - %’ )1/2, 28 - _g_c__ , & is the electrode spacing, and

b is the radius of the emitting holes.

Clearly the calculation of a large number of theoretical amplifica-
tion curves from this expression would be an extremely laborious process,
and a computer progremme was devised to enable the calculations to be

more conveniently performed. Once the programme had been compiled, the
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bperation was very quick, and fifty-four theoretical curves for hydrogen
with over ten points on each curve were obtained within the space of one
hour. Thus a compafison with the present experimental results over a

wide range of conditions is possible (See Fig. 8,1). Values of D/p were

' obtained from the data of Vaernerin and Brbwn(13) and values of % from

i the éata of Leiby(Bo).

- The theory shows clearly the dip in the curve at low values of Edc’

- and the.eventual disappearance of the dip at higher values of Edo’ However
the magnitude of the dip is not predicted accurately, the experimental

dip being always considerably larger than the theoretical dip. The agree-
ment is worst at low values of Edc’ improving slightly at higher values

of Edc;
Tt is therefore clear that the theory put forward by Long, although

Also the rise to breakdown is less rapid in the experimental case.

promising in many aspects, does not fully describe the processes occurring
. in the electron stream. It is therefore necessary to discuss the possible
weaknessés in the theory. To do this, it suffices to consider Long's
,expr93510n for amplification when no ionization occurs.

i.e. Az o(6-8) veer 8.2
it can be seen from this that amplification contains a very strong
dependence on -the hole radius, b. It was this strong dependence that
prompted the experiments in which emplification curves were obtained for
f’different.sets of hole dimensions. (See Chapter 6)., These experiments
_show clearly that amplification is not strongly dependent on the hole

damen51ons, and in fact show that there is no systematic variation in

the shape of the curves with b. Therefore it appears that the presence
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~ of b in Long's expression for amplification is much overestimated.

It is of interest to examine the way in which b would need to vary
in 'ﬁrder to bring the theoretical and experimental amplification curves
into agreement. The following test was performed for hydrogen. Using
the pi‘ésent experimental results and values of D/ obtained from Varnerin
and'Broﬁn(13 ), the value of b required to make theory and experiment agree,
say B.,, was calculated as a function of E

de
" below the onset of collision ionization. (See Fig. 8.2). The disagree-

for various values of B Jp

" ment between the theoretical and the experimental results is clearly
illustrated by these curves. At low values of Ed s B 1is over an order of
nmagnitude greater than the actual physical radius of the hole, decreasing

steeply as Edc is increased, tending to converge on the actual hole

raaius, b, at high values of E, .
31011 g:.ves the closest agreement with the experimental results. The cal-

It is in this region that Long's expres-

culations were perf’ormed for E e/p 5, 10 and 12.5 v/cm. torr, and for
pressures, p = 1, 2, 3 and 4 torr, and it is seen that there is no system-
atic variation of B with Ee/P or p. Agreement between experiment and theory

below the onset of ionization is therefore expected if we use the expres-

sion

e';B(e"e) cees 8.3

. A=
where.B‘he.y be regaz;ded as a 'virtual hole radius' which is & funotion of
By, but not of Ee/p or p. |
 This as ;sumes that the rest of Long's argument is valid. However,
attenpts fo derive & physical explanat:.on for the quantity B have not been
,success;f‘u_l. |
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The hole rodjus is introduced into the expression for amplification
(See Rq, 8.1) during the calculation of the current flowing back to the
surface of the emitting electrode (See Chapter 2, p27). Huxley's original
theory, on which Long's work was based, was derived partly to explain
Tovnsend's measurements on the spreéd of a stream of electrons by the
time they have reached the collecting electrode. At all times he considers
conditions in which electrons are in eénilibrium with the field in the
g8, aﬁd that a steady state exists., This is a reasonable assumption
close to the collecting electrode, provided that the gas pressure and gap
-width are large enough to enable electrons to suffer a sufficient number
of collisions with gas molecules in the gap. This is not so obviously
true close to the emitting electrode, and Long's extension of Huxley's
theory for the calculation of the current flowing back to the emitting
electrode doed not take into account the possibillty that many of the elec-
trons in the region c¢lose to the emitting electrode may not be in equil~
ibrium with the field.

It would appear that there is no obvious simple modifiocation that can
be made to Long's expression for amplification in order to bring theory
and experiment into agreement, end it might be advantageous to consider
the possibility of another approach to find an explanation for the shape

of the amplification curves,

2. A theoretical study of electron.flow in the gap in the presence of

diffusion, drift and ionization |
Flectrons entering the gap through the holes in the emitting electrode

have & mean random energy which probably does not correspond to the
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equilibrium value in the gap. These electrons come into equilibrium
with the combined dc and uhf fields after suffering a number of collisions
- with gas molecules. By this time they will have advanced a certain finite

distence into the gap under the influence of E, , while some, by virtue

dc?
of their initial energy, may be ‘reflected!’ (dr 'vack-scattered!) back
to the emitting electrode, and lost. Once the remaining electrons have
cdme into equilibrium, they move and behave according to the steady state
conditions in the gap. Some may still be lost by returning to the emit-
ting electrode by diffusion in the steady state, but the rest will reach
.the collecting electrode (ignoring losses by radial diffusion) and so
- contribute to the unidirectional current flowing in the extermal gap
circuit. If the effective field in the gap is high enough, collisions
between eleotrons and gas molecules may produce ionization. Some of the
-new electrons gensrated near the emitting electrode may be lost by back
diffusion, but the majority which are generated well out into the gap
will fib% to the collecting electrode, and so contribute to the unidipec-
tional gap current, 12.

~ So far we have considered a'simple picture, in which the drift motion
‘of the electrons is unidirectional, while the uhf field serves only to
increase their random energy above that corresponding to just the pure dc
field. Hbﬁever, electrons have superimposed on their random and dc drift
motions & uhf component of drift, The main effect of this is to introduce

into the loss processes at the emitting electrode a time dependence which

periodically enhances and reduces these losses.
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- Consider the electron density distribution in coordinates of space
and time. In one dimension this is given by the function f(x,t), where
this i5 an error function of the type derived for diffusion by Einstein('?),
(See TMig. 8.4a).
| The probability that an electron starting off at x = 0 at time £t = 0
mll have a position between x = X and x = - at tims, t, is given,

provided that f(x,t) is continuous in x and %, by
x N
gf(x,t) ax
-l

S::f(x,t) dx

where the demominator of this expression serves to normalise the expression

sese 805

to unity. This means that if X = +®, the electron will bave unit prob-
ability of being within the region considered. The position x = X may be
considered as a boundary such that all electrons which enter the range X
to =00 are lost to that boundary,

T};en Eq. 8.5 expresses the instantaneous probability that an electron
will be lost at time t.

Now let the position of the boundary x = X also be varying continuously
with time and consid.ex;.' a small change in X, dX.
If the probability of an electron being in the region x = X% x =z -9,
given by Eq. 8.5 does not vary appreéiably as X changes by dX, then the

probability that an electron will be removed during the interval in which

. X is changing is given by
X
( Sf(x,t) dx) dax
—ob
XX 8.6

-0

YL
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where once again the denominator serves to normalise the expression to
unity, this time taking into account all possible positions of the
boundary x = X, Then the tatal probability that an electron will be re-

moved whlle X changes from 0 to - is given by

S Sf(x,t) ax ax

S Sf(x t) dx ax
, ~0b
And if we substitute X =

cees 8.7

vdt, assuming that the boundary is moving with

a velocity Vd,in the direction of x negative, Bq. 8,7 becomes

.

ZS xf(x,t) dx dat

This represents the probability in the one-dimensional case that an electron

LI R 8.8

starting off from a point x = 0 will be lost to the boundary which is
receding from x = 0 at a velocity Vg In the present experimental case
we must consider the three-dimensional spacial distribution of electrons,
but using the above rigorous approach, this presents severe mathematical
problems. However, these may be simplified considerably by comsidering
the fate'of the average electron, To do this we refer back to the spheres
of diffusion, (See Chapter 7). In form the approach is the same as that
just d.escribed‘, except that it is now more convenient to consider the
bdﬁndaxy as fixed, and the centre of Athe electron density distribution
function moving through the gas with a velocity Y3 in the direction of x

 positive.

The average electron after a time, t, will lie on the surfaece of a
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sphere of radius (120t/m) "2, the centre of which is moving through the
gas with a velocity vge It is seen that the sphere is continuously in

contact with the electrode until a time T given by

T = 12D/wv§ eeee 8.9

after which it does not intersect with the emitting electrode again,
At a time, t, using analogy with the previous argﬁment, the instan-
toneous probability thet en electron will be removed by back diffusion is
the ratio between the surface areaAof the sphere intersected by the emit-

ting electrode to the total surface area of the sphere. (See Fig, 8.4b end

8.4¢) '

ice. p(t) = ab/at
. It mey be shown that this is

p(t) = (r=~x)er ceee 8,10
where x is the distance now that the centre of the sphere has advanced
through the gap af'ter a time, t.

(¥g. 8.10 is directly analogous to Eg. 8.5).

Hore precisely, this should be written as o(E t 3 where the denom-

inator normalises the expression to unity over all possible conditions,
and gq(t) is the instantaneous probability at time, t, that the electron
will survive in the gap.

Trivielly, p(t) «q(t) = 1
By analogy with Eq. 8.6, the probability that an electron will be removed
by back diffusion in a time interval dt, provided that dt is small enough,
o given by —o(t) dt | evee 8.1
o8 + a(¥)) as
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vhere T is the total time during w‘hicl-x. the sphere is in contact with the
enitting eiectrode, It is noted that this finite time replaces the
infinite time over which the integral must be performed in the more rigorous
case, but this is a result of considering only the average electron, Once
again, by analogy with the more rigorous case, the total overali prob- |

ebility that an electiron will be removed from the gap by back diffusion

is given by ST(t) "
p
P, = =
§ (o) + at))at
.
t) at
= T eese 8,12

(r - x)/2r

1 _ 1 1/2 /2
3 5 vd(fr/12D) t

me Eq_o 80 10, p(t)

i

S S | 1/2 /2
Therefore, P =5 = 3 Vd('ﬂ‘/12D) T

And substituting for T from Eq. 8.9,

- | P, = % veee 8,13
In the absence of a dc field, the diffusion sphere does not advance
through the gep, and all of the electrons in the swarm starting off from
the emitting electrode will be los‘b the emitting electrode except for the
few that mig_ht diffuse to the collecting electrode. This possibility does
not appear in the above solution because when Edc is zero, T becomes in-

finite, and the analysis is meaningless. Therefore the condition must be

added th_at Edc must take finite values.,

The discovery that the probability of back diffusion loss is constant,
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independent of the.fields in.fhe £p, is at first surprising, since, for
e given_Edc, we might expect the loés to increase as the random energy
of the electrons is increased. However it is fair to say that as the
random energy, hgnde the diffusion coefficient, is increased, the increased
chance of loss by back'diffusion is balanced by the inoreased chance of
-escape,_and the net resuit, given by Eq. 8,13, that back diffusion loss
ié independent of the electron energy is not outrageous.

How referring back to the elementary slice of gas considered
initially (See Tig. 8.3), for N_ electrons entering, the number lost by
back diffusion is.

ay = N p(t) &t/ T eree B4

Tﬁen.from Zgs. 8.4 and 8,14, the net electron gain is

daN = dNi - dNB

t) dt .
N, (y at --P-(-T)——) eeee 8.15

[i]

The total gain-over the whole gap is obtained by integrating the ioniza-
tion term over the average lifetime of the eleotrons in the gap ( T) and
the back diffusion temm over the time during which the diffusion sphere is

in contact with the emitting electrode (T).

T
N T
Then, S %Ii = \pS dt - _g EL%.LQ& provided that
. N, X ° °
>» T
%ence, N’ = NO e(wt - % ) ’ seece 8016
Where.Ho is the number of electrons which start off into the gap (in this

case representing those which survive in the gap long enough to come into

eqﬁilibrium) and N is the number arriving at the collecting electrode. This

J[L¥T  -1/6) . veer 817

leads tO, . i= iO
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i includes the current due to electrons flowing to the oollecting electrode
ond also that due to positive ions flowing to the emitting electrode,
Diffusion of positive ions is neglected in comparison to electron diffusion.
Provided that drift is the controlling electron renoval mechanism (See
| Chapter 7)
T > T
ond the electron lifetime may be most satisfactorily calculated from

T-= d/vd, where d is the gap width,

2.2 Losses of electrons by back scatter to the emitting electrode before
they have come into equilibrium with the field

It is now of interest to calculate i the current due to electrans
which survive in the gap long enough to reach the equilibrium energy.

The fbliowing discussion is based on the theory of J.J. Thomson(17) for
the back scatter of electrons to the emitting electrode by virtue of their
initial rendom energy on emerging into the gap. (See Fig, 8.5,also see
Chapter 1 §2.5).

The back scatter process occurs in a thin slice of ggs close to the
surface of the emitting electrode, and outside this slice electrons may be
fegarded as in equilibriuﬁ with the combined fields in the gap. Let n
be the density of electrons at the point where they are just in equili-
brium with the field. Then the‘current density at thet point is given by

‘ ¥, = neVy eees 8,18
Consider a soufoe of electrons on the surface of the emitting electrode,
which emits electrons at a rate of n, per second per cm2. Then the

current density of electrons starting out into the gap is given by

s ceee 8.9
22 SEP 1978

BECTION
LigrARY

J=ne

i
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The curfent densiﬁy'of electrons returning to the emitting electrode by
| back scatter is galculated from kinetic theory ag—ne?d/a, assuming that
~the electrons emerge into the gap with a distribution of energies which
is approximately Maxwellian,

Fo is the random velocity with which the electronsemerge initielly
into the gap., Then the current density of escaping electrons is given by
j.oo= J- ne?d/a =" nevy , eees 8.20

(o]
And eliminating n from Eq. 8,20

o Ma 8.21
J fvo 4.hyd$
— io »
‘_I— s assuming the absence of radial diffusion within
o .

the slice, where i, is the total current leaving the emitting electrode.
Then, | big vy
io = W) . XN 8022
Therefore in Eq, 8,17, the current flowing to the collecting electrode is

given by
bi, vy JwT - 1/6)

i = 0+ bvy)

. 2.3 Calculation of the finite distance trevelled by the electrons before
they come into equilibrium with the field

2o 8023

So.fér we have oconsidered that electrons have been in equilibrium
with the field during their whole lifetime in the gap, This, in fact, is
not true'sihce elcctrons entering the gap with energy which is not the
equilibrium value in the gap must travel a finite distance before coming
into equilibrium. Then the point in the gep beyond which we have so far
cénsidered steady state diffusion, drift and ionization to be applicable
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uust now be moved out into the gap a distance s, where s is the thick-
ness of the slice of gas within which electrons come into equilibrium
ﬁith the field (See Fig. 8.5). The effect of this on the ionization part
of kg 8.16, assuming that there is no appreciable ionization within the
slice itself, is to make it integrable not over the whois gap but over
the distance d-s, which will not meke much difference provided that d>>§.
If it is assumed that within the slice, the only loss process occur-
ring is back scatter, and that there is no radial diffusion, the diffusion
. sphere referred to in §2.1 may be approximately regarded as starting from
the point x = s af time t = O.
‘ | vdt+s
(12Dt/n)1/2.

{ind when the sphere just cuts the emitting electrode,

it

Then, at time t, X

and, T

2

2 £ (2VS - H)t + 8 = O avsee 80210-

v2 t

d
vhere H = 12D/mr
méa,rly Eq. 8.2} has two roots, t, and t,, one at which the sphere first
cuts the emitting electrode, and the second at which it ceases to out it.
In the simple case (See §2.1) where the sphere starts off with its centre
at 2 = 0 at t = 0, let the distance moved by the centre of the sphere
before the gphere has moved clear of the emitting electrode be Y.

Then if s << Y, it can be shown that t, >> t, and that t, ~T. The
probability that an electron will be lost by steady state back diffusion
during its lifetime in the gap given by Eg. 8.10 must now be modified to

include s,
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t.
L‘p'(t) at

Then, p! = € - s e 8.25

N WO YONES

where p'(t) = (r-vdt-s)/2r and p"t) + q'(t) = 1

T T

If = f< Y, B = (‘Jop(t) - -J.o'é% at)/T
- 8
= - Y '
-% =P, (Sec Eq. 8.13) eees B8.26

Therefore the finite thickness of the slice of gas within which the
‘ electrons come into equilibrium with the field does not appreciably affect
| the total probability of loss by back diffusion provided that s << Y.
It remains to perform an order of magnitude calculation of s, and
- to compere it with typical values of Y, Consider the simple case in
| which the effective field on the gap is unidirectional. Then the value
thus obtained for the value of s will be an upper limit on the value that
should be obteined when the effective field has an oscillating component.
The rate of change of éleotron energy by elastic collisions in.the'a gas
(47) and Cravath(l*s) as
F a?y?
Sdx T E
assuming that the energy of the gas molecule is negligible in comparison

is given by Compton

[N X ] 8.27

to the electron energy u, where u- is the electron energy after travelling

a distance x from the electrode, £ is the field on the gap, and & is given

by
a2 - 5.52%.;‘32- vee. B.28

where the frectional eleotron energy lost per elastic collision is 2.66 m/M,

and vhere A\ is the electron mean-free-path, and m/H is the ratio of the
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masses of the electrons and gas molecules. 4t equilibrium, g—ﬁ': 0, and

v 22, . .
D=z a uT/ E, where Up is the terminal electron energy et equilibrium,

Therefore .
T ? - uT = L'/a seeee 8. 29
. : 2 :
Therefore, in Fa. 8.27, & = 2 (uf - f) veee 8,30

Then integratmg to obtain the distance the electrons must travel before
reaoh:.ng a certain energy u,

: 4 u 4 ug u, = up
X = 2& 11’1 {(u - uT ) (uo + uT )} LR W) 8031

where u_ is the energy with which the electrons start into the gap.

The results of Chapter 6 lead to the conclusion that u  is probably
greater than Uqe |
| ihen, u = ¢,UT
and, u = (3uy, where $ and f3 are both gréater than unity.

- A .1\ B =1 A
Therefore, x = 5= 1n (¢ )({341) : eoee 8432
“hen, u is nearly equal to ug, say @ = 1.1, then electrons may be regarded

es almost in equilibrium with the field.

. .1_
. &nd B < 2& 11‘1 21 . . LN ] 8033

depending on the magnitude of f3.
Putting in typical values for hydrogen at & pressufe of 1 torr,
Cice. /i~ 1/4000, ~ 102 cn,
| | s < 0.10am-

3o far we have only considered elastic collisions between electrons
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and gas moiecules, with the result that s is too iarge to ignore in com-
parison to d and Y. |

However, electrons are emerging into the gap with energies corresgpond-
ing to V,, and at 1 torr, this corresponds to E/p of the order of 100 v/cm.
torr. Kleotrons entering the gap are therefore certain to suffer.ineiastic
collisions while coming into equilibrium. The value of g given by =q. 8.28

is related to the fractionsl energy lost per collision, G, by

a2 = 2 /N ~ ceer 8.3k
For inelastic collisions, at reduced fields approaching 100 v/cm. torr,
¢ may be estimated from Tomsend's data>??) to be of the order of 107"
for hydrogen. |

Then, an~il

flow, we deduce that, s < 0,030 cm
For the range of conditions examined experimentally, the distance, ¥,
moved by the centre of the sphere before the sphere ceases to cut the
emitting electrode, ranges from about 0,30 to 7.60 cm. It is therefore
‘reasonable to assume for hydrogen that s << Y, and that s << d, and that
the finite width of the region in which the electrons come into equilibrium
with the field does not seriously affeoct the arguments made previously
based on the assumption that the electrons come into equilibrium within
an infinitesimslly thin slice of gaé near the emitting eleotrode.

gimilar conclusions hold for nitrogen, helium and neon.

2.4 The effects of uhf drift of electrons

So far a simplified picture has been presented, in which electrons

drift steadily across the gap with a uniform drift velocity “Edc’ where
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Fig 8.6, The effects of uhf drift.of electrons,




# is the electron mobility in the combined de and uhf fields, The
presence of the uhf field serves only to i.ncfease the random electron
Gnergy.

Now it is of interest to consider the effeot of the uhf motion of
electrons, Firstly consider the effeots at points in the gap away from
the surface of the emitting electrode where eleotrons are in equilibrium
with the combined fields. The drift velocity of electrons in the gap

in the combined fields should be written as

vV, = M (Edc + B cos wt) . ees 8.35

d
where w is the angular frequency of the applied uhf field and R is the
pesk velue of this. field. VWhen the applied uhf is such that it tends to
sweep electrons back to the emitting electrode, back diffusion is enhanced.
' Similarly in the opposite cycle of the field, back diffusion is reduced.

- The instantanecus probability that an electron will be removed from
the gap by back diffusion must again be modified from that given by Eq. 8.10

to give

p'(t) =3 - &£ (5, +E_ cos wt) eV 2/1m)V2 ... 8.36

p(%) - uz‘m Y2 cos wt (7r/12D)1/ 2

(See Fig. 8.6)
Cleafly p''(t) should not take values greater than unity, although for
certain values of t and Eo the above expression does take such values.
At low values of t end high valuss of Euo’ for instance, it may be seen

that for finite periods when the uhf field is sweeping electrons towards
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‘the emitting electrode, the diffusion sphere lies completely within the
houndaiy of the emitting electrode. Therefore it must be concluded that
.A '"(%) is not a continuous functlon of t, and therefore the analysis for
the calculatlon of the total removal prnbablllty as used in §2.1 cannot
bg used agein here, and some crude assumptions must be made. The curve
of p(t) is the envélope of p'*(t), and provided that the frequency of the
applied field is high enough so that many cycles of the field occur before
the diffusion sphere has moved out of ;ange of the emitting electrode, we

f

.,
Sp(t) at ~ S p'*(t) at cees 8,37
° P

and that the total probability that an electron starting out from the

may deduce that

emitting elec#rode will be lost by back diffusion will still be very close
to 1/6 as derived from the simple approach, Rough calculations of T
indicate that over the range of experimental conditions examined in the
present study, T, contains between about 10 and 600 oscillations of the
uhfffieldQ |
| Therefore Eq. 8.37 is a reasonable approximation,

ﬁow'consider-the effects of uhf motion of electrons close to the
surface of the emitting electrode before they have come into equilibrium
with the field on the gap. ILlectrons are initially squirted out into
the gap with energy which appears to be almost invariably greater than
the equilibriun energy in the gap for the present range of conditions
considered. Therefore the effect of the uhf field while the electrons still
have this high energy (and the drift Qelocity away from the emitting

eleotrode associated with it) is not likely to cause appreciable electron
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loss back to the emitting electrode. The sweeping of electrons in the uhf
field is only likely to become apprecidble when the electrons have reached
»eqpiliprium with the field, and we have already deduced that this is not
sufficient to greatly affect the eleotron loss back to the emitting

' elecgrode,

Attempts to derive a more rigorous solution for the effect of the
uhf field have not been successful, but it appears to be a reasonable
conclusiqn that such effects are negligible compared with the processes of
back scatter and back diffusion already fully desoribed,

2.5 Amplification

It has been shown above that the offects of the finite distance
travelied by the electron before coming into equilibrium with the field,
and the effects of the uhf motion of the electrons do not have an appreciable
effect on the current flowing to the collecting electrode.

This current is therefore given by Eq. 8.23.

Vhen there is no uhf field present, this current is

b B B |
—220 20 do o(WaoCtoom V6 ... &.38
(7 )0+ bhpo8ac)

20

and similarly for the current flowing to the collecting electrode when
thore is & uhf field present, replacing the suffices 20 with o
Then, Amplification, A4 = 12/120
_ Loty (V) 5 o By ) (W,Tom ¥y Cop)
T 0 ((7.), 508 20 20
e20"20 M 0’2727 de vees 839

vhere ie is the current of electrons emerging initielly into the gap with
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initial random velocity \70.

Assuning that the current emerging and the rendom velocity initially
do not depend on the fields in the gap, and that the initial randon |
vcloc:.ty is large compared to the equilibrium electron drift velocity in !g
the gap, Eq. 8,39 reduces to

v.T

- T
A - p& . e 2 2 VZO 20) o._oo an

¥20
T drift in the controlling electron removal prooess, the electron life-

time in the gap may be given by

t = d/“Ed.Q se0s 8.2‘-1
Also, we may write, :e(uEe evee Bal2
.
Then, vt =92 4 veer Bub3
'de :

Therefore Eq. 8,40 becomes

S _

A=-2 e(dzEe/Edc °<20)d _ eees Oobl
20 .

(It is of interest to note that this expression in the absence of ioniza-

tion is identical to that derived by N:.cholls( 26), although the two
theories are quite different).
Theoretical amplification curves obtained from Eq. 8.4l are compared with

typicel experimental curves for hydrogen, nitrogen, helium and neon in

Figs. 8.7, 8,8, 8.9 and 8.10. The electron mobilities are obtained from

the drift velocity data of Bradbury and Neilsent®925%:51) | ana the

jonization coefficients from the measurements made using the present ‘
apparatus, (See Chapter 5). General comparisons between theory and
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end experiment are made in Teble 8.1.

The general agreement between theory and experiment is very
.encouAmging, the theoretical c;irves exhibiting most of the trends observed
esxperimentally. The poorest agreement is in neon where the predioted rise
o breakdown is considerably faster then in the experimental case. The
most likely sowrce of error in all the gases is in the calculation of
the lif'etime of the electrons in the gap, where we have assumed that the
clectron flow across the gap is drift controlled.

Vhen arift is the controlling loss process, the lifetime of electrons
a3 controlled by drifdt, tT’ is less than that for electrons controlled
vy diffusion, ty. (See Chapter 7).

Ai’hen, T~y = vy <ty
But in cages where diffusion is the more important eleotron removal
process we should instead use the relation

T~y < < vy cons 8.l+5
_ Using the expression T= /vy when diffusion is beginning to become
important is likely therefore to give values of amplification which are
too large. This may be one of the major sources of error at high Eu in
cases where the predicted amplification is higher than the experimental
values, particularly in neon where diffusion is more prominent than in the
other gases examined.

"Another source of error particularly below jonization may be in the
colculation of the current, 10, which escapes initial loss by Thomson-type

back scatter. Thomson's theory(ﬂ) has been shown only to work well when
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the rendon energy of the electrons on emerging is not much &ifferent from
the emma.brién velus in the gap. Other errors are likely %o be intre-
duced by assuming that the current emerging into the gap and the initial
rundon velosity are infependent of the field in the gap, Nevertheless,
the ew,nenm results give considerable snppert %o the M presented

hore.
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COMPARTS! BETWEEN THEORETTCAL AND EXPERIMENTAL AMPLIFICATION CURVES

[

Low Edo | Low Edo _ High Ed,o High Edc
1. L?w Eu_ High Eu Low Eu High Eu
o .} .igreement Agreenment Agreement | Agreement
Hydrogen | . - Fair. G‘c::od~ Good Rir
“iﬁ < 1 ;AE- ~ 1 f_’l_‘.~ 1 ﬁT— < 1
. by A g
e .Dmement Agreement Agreement | Agreement
 Nitrogen .. Teir Fair |}  Pair . Feir-
f-T- < 1 ﬁl‘_ > 1 ;A-?- <. 1 ;A?- > 1
iy Ay - %
Agreement | Agreement Agreement | Agreement
Helium ‘Fair Fair Good Fair
. i Ap Ay Ay
o= > 1 - > 1 - 0~ 1 -— > 1
Ay Ag E Ag
| Agreement | Kgreement Agreement | Agreement
N N Poor Poor Good Fair
eon
&,
-2 < 1 :A_‘T_ > 1 ﬁ?, ~ 1 ﬁ > 1
Ay = | % g

.......

Ay . Predioted Theorstical Amplification
Ap ~ Experimental Amplification

See Figs. 807, 8085 8.9 and 8.10.



CHAPTER 9

THE STUDY 02 LONG TIME CONCTANT PHINOIFRNA ASSOCIAT:D WITH ELECTRON FLOW

T THE GAP

It vas noticed during preliminary measurements of amplification

that 159

absence of the uhf field, does not remain constent, despite the stabil-

the current flowing to the collecting electrode in the

ization of the current to the back of the emitting electrode, The
variations observed wers not of the nature of random fluctuations, but
appeared to be a function of time, long time constants being involved.
Long(z), having observed similar effects, conoludéd that these variations
resulted from the §harging up of insulating layers present on the electrode
surfaces, It was suggested that such insulating films could occur as
 the result of the decomposition of organic grease molecules under electron
bombardment., - This has been shown by Laurenson, Holland and Priestland(zj),
and by Christy(zh) to pe a possible mechanism. Hdwever in the present
experiment, a great deal of trouble has been taken to avoid the presence
of grease or.oil vapours in the system, end yet the drifts in 120
persist. In a further attempt to remove these drifts, the aluminiun
eiectrode surfacas.were gold-plated (by evaporation), and although there
was & marked improvement, the situation was by no means remedied.

Further experiments have since been performed in order to investigate
" the causes of the present drifts in 120, and are described in this

chapter. (Constant reference is made to Fig. 2.1 throughout this chapter).
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1. Variation of with time, V fixed

The current flowing to the collecting electrode, 120 was measured

as a function of time, with & unidirectional voltage, Vz, applied to
the gap such that Pé is positive with respect to P1. This was done

for various sets of conditions, and typical results are shown in Fig.
9. 1. If is seen that the results do not differ greatly in form from
thoée obtained by Long(z). ‘Time zero was taken when i1 first became
stabilized. Theitrends exhibited by the curves were fairly consistent
from one curve to another, |
| As:t increases from zero, i20 starts from & low value, rising quite
~ sharply to a peak value (of the order of twice the magnitude of the
initial current) after a time of about 5 to 10 minutes, after which it
decre;sé; steadily, showing no signs of levelling out, even after 2 hours.
Consider firstly the condition in which we assume that the stabil-
ization of i, is a ‘true indication that the current, i, emerging into
the gap is constent, Of the current emerging, e fraction, iy, will
return to the emitting electrode, P1, by back diffusion, and in the
presence of an insuleting film will form a negatively charged layer there.
-The remaining fraction, i20’ flows to the collecting electrode, P,, and
in the bresence of an insulating film, will form a negatively charged
layer there, It is assumed for the present that the charging retes for
a given current are equal at bdth electrode surfaces.
e iB is initially greater than izO’ P1 mey ‘charge up more negatively
than P,. Thén there is.generated in the gap a& net residual voltage in

2
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walls of the hqle, assuming that all eiectrons entering the hole reach
" the wall, is of the order of i17rb2/A221rbL, where L is the length of the
‘holéz The flow of elecirons out of the hole into the gap is controlled
'by the amount of charge residing on the well ofthe hole. Then if
the tine constant of the increase.of the current coming into the gap
is T,, then o |

T, ~ FA2TBL/imb° ' veer 9.2
vhere F is a constant depsnding on the nature of the inside surface of
the hole, assuming that this is the same as for the electrode surfaces
in the gap. '
2A2_I’(igo'is)

Then’ T1/T2 ~ A1b 11 oo 9.3

- Putting figures into this rough expression, we are required to estimate

A{, A, and (izO-iB).
Typicelly, try A, = 25 cn?, A, =5 on?, (1,5m1p) = 1078 amps. Also
i, = 6.10‘7 amps; b = 0,02, L = 0,04 cm,
Giving, '.1"1/'.(.‘2 ~ 1/75. The values of T1/T2 estimated from the experi-
'menﬁal iygs © curves indicate reasonsble agreement with this value,
affording support to the theory.
2. Jariation of i, with applied gap voltage, V, |

It was hoped fhat measurements on the vcriation of 120 with the
applied unidirectional voltage, V,, would enable the residual voltege
l‘generated‘in the gaé to be estimated with & reasonable degree of accuracy.
The ekperiments'were performed at low pressure, with the systen con-

tinuoﬁsly pumped, thus reduoing the effects of back diffusion which are
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not of interest in this particular study, Curves showing the variation
of 120 with V2 are given in Fig, 9.4, It was shown experimentally that

the yalues of 120 for which Vé was taken increasing stepwise from zero

agreed gquite well with those in which V, was started from a higher value,
and was decreased in steps, thus tracing back down the curve, This is
a satisfactory check on the reproducability of the results., Results were

2 to 10-3torr) and

obtained at low pressures (backing pressure around 10~
fgg_gap Viitne of 0.5 and 3.2 cm.

At high V2 all the electrons emitted are swept to the collecting
electrode, neglecting the few which, at this low pressure, return to
the emitting electrode by Thomson-type back scatter.(17) Neglecting
collisions with gas molecules, provided that the field is tending to
sweep eleotrons towards P2, izo should be constant independent of V2. As
V, is reduced, a poiﬁtAis eventually reached where the field in the gap,

2
given by Vg = V-V, is zero. (Experiments described in the previous

2 f
paragraph show that the electrodes charge up with the passage of 120 such
that the residuel voltage V, is opposite to V2). Now there is no field
tending to sweep the electrons te the collecting electrode, so the only
transport mechonisms to that electrode are diffusion, and the drift
velocity with which the electrons are injected into the gap. The electrons
are emitted into the gap with o distribution of energies, so when V2 is
just less then Vf, some of the lower energy electrons will bé returned to
the emitting electrode in the now unfavourable field,'and a reduction in
iy will result. AsV, is reduded further, some of the higher energy
electrens will be returned to P%, causing & further reduction in i20.
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BEvontually, if Vf is high enough, V2 may be reduced to the point where all
' the emitted eleotrons are returned. to P1. These returning electrons are
not registered in the current measuring circuit, since they are cancelled
out by emerging electrons, Thev applied voltage should equal the residusl
voltage when electrons gtart to be returned to P, by the field, That is
at the point where 120 starts to drop appreciably from the. steady value
observed st higher values of V2~.

In the experiments at the shorter gap width of 0.5 cm, (Fig. 9.4a),
the curve does follow this pattera, exhibiting a steady value of 5.20 above
a certain value of Vz, and dropping off near the critical point in quite
a marked fashion, From these results, bearing in mind what has gone
before, it is possible to estimate with some degree of confidence the
magnitude of V. The values of Vf obtained from the curves range from 8
to 18 volts, Great reproducability is not expected in these results,
since so much depehds on the previous history of the system.

In the experizﬁents using the longer gap widths, the curves are not
| so satisfying. The value of 120 does not reach a steady value at higher
'V2,'_ but continues a slight upward trend as V2 is increased. As before
the curve drops off quite sharply as V2 is decreased below the value of
Vf, but owing to the upward trend of i20 at higher V2, it is difficult
té estimate the exact point at which electrons start to be swept back
to the emitting electrode. Attempts to do so give values of Vg in the

range 16 to 24 volts, but we cannot expect accuracy to be as good as in

thé case of the shorter gap width, The variation in 120 at higher values
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- of" V may be explained §n terms of collisions which ere now more likely
to occur between eleetrons and gas molecules at this lenger gep. In fact
the probability of collision is 1ncreased 6-£b1d There iz the changs
nov of some ionizing collisions and of back d1ffusien, Whichever of
these ;s the case, inerggaing‘Vé will cause an inorease im i,q.

At the longer gap width, snd low V,, the curve dreps such that i,
takes necative values. 'This is not the case at the shert gap width,
go it is faiﬁxy clear that this effect als§ is tﬁe:reéﬁlt'af eollisions
‘betwoen electrons and gaé molecules. This effect is diseussed in greater
detail i s later paragraph.(See §3.3).

This method of est;mating the residusl polarlzzng Voltase in the gap
after the electrode surfaces have been chamged up is open Bo the follow-
ing criticisms. |

a) During e given run it is mot poséible to acco&ﬁt for the variation
'  in Vé caused by the continual passage of @ ¢urrent acress the gep, It
would be more satisfactory to devise a méthod of measuring these voltages
in which no current is pessed in the gap., |

b) It is difficalf 4o estimete the exact point at which the effective ‘
£ield in the gp should be zero, (i.e. V,=V,), owing to the finite energy
distribution of electrons coming into the gap, and to the effects of
collisions in the gap between electrons and ges ﬁélecules,<ggrticular1y
at longer gap widths. | ' _

The results are therefore only approximate, and need verification
by another method. One such method is described in the next chépter of

this thesis.
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3 Yariotion of i, with %ime, with sero applied voltage

¥hen the applied voltage is zero, the only voltage remaining in the
gap is the residual voltage on the electrode surfaces, Vfw Measurements

of the current to the collecting electrode, i 0? were performed as a

2
function of time in hydrogen for contrasting sets of conditions in the

gap. Typical results are shown in Fig, 9.5. Zero time was taken at the

moment thet i, became stabilised.

1
3.1 Iho results

a) Plates charged initially with a pure uhf discharge

The platcs are charged by the ubf discharge such that there is no
net residuel Voltagé generated in the gap. i.e. Vf = 0. At a pressure
- of 0,37 torr, and for & small value of i,, i,, takes & positive value,
increasing initially with time as the walls of the emitting holes become
negatively charged, and the holes become more efficient emitters of
electrons. Vhen the holes reach their peak transmission efficiency, 120
levels off, and begins to decrease, indicating that i,, is charging up
fhe filnm on Pé more rapidly then i, is charging up the film on P1. The
curve levels out as the steady state condition is approsched. At the
. same pressure, but with a higher 11; the holes reach their peak effic-
jency more rapidly owing to the increased rete of charging within the
holes. At low pressures, there is no initial rise in 120, indicating that
the holes reach their highest transmission efficiency almost immediately.
This auggests that at this low pressure, there is virtually no electron
loss within the holes even without the Wehnelt cylinder effect, which is

reasonable in view of the low probability of collisions between electrons
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and gas nolecules within the holes, -

b) Plates charged with a dc voltage superimposed on_the uhf discharge
such that Pq becomes charged negatively with respect to P2

The plates are now charged up so that there is a residual voltage

in the gap tending to sweep electrons to the collecting electrode, Pé'

The results have the same form as those just described, except that i20

now takes higher values,

c) Plates charged with a dc voltage superimposed on the uhf discharge such

that Pé begomes charged negatively with respect to_fq

The plates are now charged up so that there is a residual voltage

in the gap tending to sweep the electrons back to the emitting electrode.
For a pressure of 0,37 torr, and & low value of i,, 120 takes
| initially & small negative value, dropping to a larger negative value
as the holes in the emitting electrode become more efficient transmitters
of electrons, Then 120 increases, tending to level out to a smeller
negative valﬁe after about 20 minutes, For a higher value of i1, the
holes reach their maximum transmitting efficiency more quickly. 120,
stdrting off negatively, inoreases steadily, becoming positive after
about 6 minutes, and tending to level off at a small, positive value
. after about 20 minutes. At lower pressures, iy, initially takes & high
negative value but rises to a smaller steady negative value after about
20 minutes.

The implications of these negative values of 120 are discussed in

detail later in this section. (See §3.3).
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3.2 Yo compere the charging rates at the two electrode surfaces

Uhen & pure ubf discharge is run in the gep (See §3.1a) there
should he no net residual voltage in the gap afterwards, Vhen the
current is then switched on, those electrons which get to the collecting
electrode can only get there by diffusion. A considerably larger pro-
portion should be lost by diffusion back to the emitting electrode,
particularly at the long gaps discussed in this experiment. This cer-
tainly applies to the higher pressure examined, and would be expected to
apply in the lower pressure cases, provided the mean free path is short
enough for slectrons to make a number of collisions during their life-
time in the gap,

But the results (See §3.1a) show that the system behaves as though
P2 is charéing up under the influence of 120 more rapidly than P, is
charging up under the influence of i, (See §1) despite the fact that iy
must surely i)e greater than i 0 in this case, Ve must congider therefore

2

the possibility that the surfaces at P1 and P2 charge up at different
rates for the same current reaching them. It is convenient to define
'the quentity 'efficiency of charging.' Let the efficienoy of charging
at PJ| be €4 and the efficiency of charging at P2 by €59 such that the
charging rate at P‘i under the influence of iB is given by iBe1, and that
at P, under the influence of i, is i,y¢,. '
In all the. experiments, except those in which P, was initially charged

up positively with respect to P, (where electrons which get back to P,
o got there by drift), the experimental evidence shows that P, charges up

more rapidly than P,. (From §1).
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Then, 12062 > 1361 coee Db

and, whén equilibrium is eventually reached,
» 12062 = JBE‘I . (R N 90 5
In the cage where ¢, = ¢,, 1, = ip, 8t equilibrium (as assumed in §1
1ier). v . .
earlier). Before equilibrium is reached, ij < i20€2/61. The fraction

of the electrons which reach P, is given by,

from Bq. 9ol
Thomson's expx'ession(17) for the fraction of the electrons leaving the
cathode which arrive at the anode gives

inie = L‘- VJ(VO -+ l{.Vd) eve e 907

where v, is the drift velocity of electrons in the gap, under the influence

a
of Vj, end \'ro is the random velocity of the eleotrons as they emerge into

the gap.
Then from Egs. 9.6 and 9.7, ignoring ionization occurring as a result of

the initial electron random energy.

wof/(V + bvg) > eff (e 4ep)
Whence, V_ < l..vdez/e,‘ vese 9.8
And at equilibrium, v, = zwa_ez/e1 : cere 9.9

If it were possible to estimate € and €59 and the equilibrium value of
Vf, it would be possible to caloulate the velocity with which the electrons

emerge into the gap. So far insufficient information ebout the nature of
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the surface f'ilm; involved has been obtained to enable such a calculation
to be perfoxﬁed. It has, however, already been suggested that the random
ene'fgy with which electrons emerge into the gep is approximately that
corresponding to V,. (See Chapter 6). 'V1 is of the order‘ of 75 volts,
resulting in & field inside the emitting electrode of about 100 v/om,

soat the sor_ﬁ of pressures used in these experiments, it can be seen that
the random velocity of emerging electrons is high. In comparison,

rough measurements of V,, indicate that it is of the order of 10 volts,
resulting in a field in t_.hé gap of about 3 v/cm., The drift velocity
corrg¢sponding to this is clearly very small in comparison with w';o. Theref

fore we may crudely deduce from Eq. 9.9 that

6'2 >>> 61

3e3 Invest_:.@t;on of the variation of 120 wheg Pl is initially charged
up _positively with respeat to P2

YJh_en the initial charging up operation is performed such that P, is
made positive wi,th respect to P, (See §3.1¢) electrons which emerge into
.the gap enter a residual field which tends to sweep them back to the |
émitting electrode. Under these conditions, very few electrons are
vexpecte'di to reach _P2. Electrons which enter the gap with very low energies
are almbst immediately controlled by drift, returning them quickly to '

_ 151 . Those entering with higher energies may reach P2 if the pressure is |
so low that there are very few collisions with gas molecules, and the A
adverse Vf is small. But in general, pazticularly at the pressures the
present experiments have been concerned with, increased initial energy

:mcreases the eff:.ciency of‘ the back scatter process, according to the
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Thomson theogy(17) and thus reinforqés the electron flow back to EH'
Therefore we conclude that electrons have very little chance of reaching
the collecting electrode, |

E}gctrons returming to P1 do not contribute to the net current
fldwing in the gap aince their current vectors are cancelled out.
It has becn shown that electrons probably emerge into the gap with high
rendom energy, sSo some ionization in the region close to the emitting
hole is likcly, and new electrons thus gbnerated are swept back to P1 gg
contribute to a negative current (- 20) in the external gap circuit. As
P1‘thus becones steadily charged up under the influeﬁce of this ioniza-

f

Py Bventually, Ve is reduced to the point where electrons start to

reach P, by diffusion. Positive values of i20 are registered in the

tion current, Vv, is reduced, and hence so is the current flowing back to

2
~ external .gap cipcuit when the current flowing to Pé becomes greater than

that due to the electrons generated in the gep by ionization which flow
back to gq. The éharging process continues until P2 becomes negative

enough with respect to FH to sgtisfy the equilibrium.condition, ch1 =

Thé rate of rise of 120 when it is still negative ;s controlled‘by

| the éhargsng efficiency at P,, €, Oncé electrons start to reach P,, this
rate qf rise now depends on €, and €pe As shown in the previous para=-
graph, €, is almost certainly a lot Smaller than €55 but when 120 is -
negative, so few electrons get to sztbat charging at P, is not having

to coupete with the charging at Pé, so.the change in Vf, and hence 120

.might be quite'rapid, as is shown to be the case experimentally.
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B.A.ngnarison of the results

It is expected from the above arguments that the steady state
- cﬁndition for the gap should be the samé for a given gas and pressure,
regardless of the initial electrical state of the electrodes, and that
all the curves should eventuglly converge on the condition, 5361'= i20€2'
'The raetes at which the curves converge will not be expected to be the
sime, since in the different experiments,.equilibrium is not necessarily

brought ebout the charging at the same electrode. For instance, the
curves referred to in §3.1a and 3.1b are controlled by charging mainly
at the surfaece of Pb. But in the curves referred to in §3.1c and in
§3.1.3, theerly part of the curve is controlled by charging at the sur-
face of P,. |

Cnly when there is a fairly high current flowing in the gap do

‘the experimental results support the theory that the curves should
-approa.ch a cormon equilibrium condition, regardless of the state of charg-
ing in the gap initielly. At the lower currents, the charging processes
are slower, so the curves would be expected to converge on the equilibrium
condition more‘slowly, which may:account for the fact that the equili-
brium is not reached in the duration of these particuler runs. It may

be concluded that the expérimental results afford reasonable support to

the qualitative arguments forwarded.

" L. Conclusions to Chapter 9
A1l of these results confimm the view that charging occurs at the

surfacesof the electrodes during the passage of a current in the gap,
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suggesting that insulating films are breéent. In the present experiments,
the form:tion éf filﬁs due to the presence of grease is eliminated by
_ the use of a greaSe-free‘vaouum system, and the effects of oxidation at
the electrode sgrfaces are eliminated by the use of gold-plated electrodes,
“he most likely remaining possibility to produce the effedts observed is
tﬁe formation of layers of gas at the surfaces of the electrodes, The
: expe;iﬁentai evidence suggests that the charging rate is not the same at
the two electrodes, and that the colleoting electrode charges up more
efficiently than the emitting electrode, One reason that the surfaces
| of the two elecfrodes are not»electricaily similar is that during the
~ running of the filament, the emitting electrode, P,, is at a higher.
. témpérature than the collecting electrode, P,. (On occasiens.when the
emitting eleofrode was removed froﬁ the test cell'in order to replace
-the.filament, it was observed that if the filament had been running just
- _pré#iously, the electrode was quite warn), Thus we expeot the efficiemcy
of outgassing at the émitting electrode to be greater than that at |
"the collecting eleotrode, and hean the edsorbed gas layer at the emit-
tihg eiectrode surfacé to be thinnéf,-reéulting in a smaller degree of
 insulation, Therefore the effect of heat at the emitting electrode will
fesultminva smaller charging efficiency there compared to the collecting
-‘électrode, which, in general, is‘not subjected to such effects.
measurements:of the residuasl gap voltege by plotting thé variation
.of 120 vith the externally applied voltage, Vé, are not very accurate.

During & perticuler run, Ve is likely to change under the influence of

=129~



120

. of measuring the residual voltage in the gap without nceding to pass

vhich is passing continuously. The nezt chapter describes a method

a current in the gap.

' In all of the arguments put forward in this chapter, we have been
concemed only with the variation of Ve when there is & current f'lowmg

" in the gop end have not considered the possibility that the voltage across
the surface film might decey by the passage of a current through the film
jtself. Later measurements however, (See Chapter 10) indicate that in
the absence of & current flowing in the gap itself, there is little varis-
tion in the residual voltage in the gap., This suggests that the voltages
genemted acroés the films decay with time constaﬁts which are large
compared to the other time sonstants discussed in this chapter.

If more were known about the neture of the films on the eleetrode
surf'aces ’ and Vf. at equilibrium could be measured accurately, it has been
shown that 1t might be possible to caloulate the rendom velocity With
vhich the electrons emerge into the gap, making use of the equilibrium‘
condition betveen i,q end iy (See Eq. 9.9). This oould be done, for
instance ,4 if the films at the two electrodes vwere known to be electrically
similar i.@., €, = €y

Then at equilibrium, %'ro = b vy Vg being calculable from V, and
- the gas pressure. | |

As seen from the Chapter 8, the measurement of v would assist

greatly the understanding of back _d:xfffuszon processes and of electron

f.low‘ through holes.
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CHAPTER 10

THE DEVELOPMENT OF THE ELLIPSOID VOLTHETER FOR THE MEASUREMENT OF SMALL

RESIDUAL VOLTAGES IN THE GAP

1. Introduction
{Sce Chapter 3, §5.1). The ellipsoid voltmeter, originally developed

by Thormtoa end Thompson(25 ) for the absolute measurement of high volt-
’age_é boetween parénel plate 'electrodes, is not sénsitive enough in its
origina:!. form for the measurement of sméll voltages. It has not been
possi’bie during the present work to develop a system which wili accurately
measure fields less than about 20 v/cm, using the instrument in the
or&hod_.ox fasnion. | |

This chapter descrii:es aftanpts that were made to extend the range
. of the wor}ing of the instrument to the measurement of the small residual

voltages Genera.ted in the gap.

2. Adaption of the elligso:.d voltmeter fgr the measurement of small
resz.d.ual gg;g voltages

Consider the presence of a small residual voltage on the gap, Vf,

too small to measure with the ellipsoid voltmeter used in the orthodox
fashion, "Also conéider a unidirectional voltage', VE’ epplied externally
to tile ge.p. Initially let the two voltageé reinforce one another.

| 'men', (v +vf.)2 - K(® -2nd) veee 0.1
where n, is the frequency of oscillation of the ellipsoid in the two
fields a.nd n, is the frequenoy il the absence of a field.

Now VE is reversed o tha.t it is in the Opposita direction to Vf.
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2 2 2 '
Then - = -
1o, (VE V,I_.) = I{(n2 no) ceer 10,2
wliminating n o between Zgs. 10.1 and 10.2 gives

2 2
WV Vo = K(n1 -n2)

Thercfore, | | K.or.2 2. ,
‘ . Vf. = l;.VE (n1 - n2) [ X N 10.3

. ,The'm, v £ is proportional to(n? - ng) for a given K and VE‘

E
_ ning e pure ubf discharge in the gap) and K is obtained from the slope

V2 is plotited es a function of n2 _(aésuming thet Vg is made zero by run=-

of the straight line thus obtained, The fact that the curve tums out
- to bé & streight line is confimrmation that Vf. is in fact zero. If required,
n_ may be obtained from the intercept on the u® axis.

It is scen from the above expression that fira given residual volt-
agé on the gap, the greater the value of VﬁE’ the greater the difference
in the ellipsoid frequency when V; is reversod. Therefore, high
sensitivity in the measurement of Yf. is obtained when a high value of VE
is used.

3, Zuporimental considerations

The basic experimental system for the ellipsoid voltmeter, and the
method of measuring the 'frequehcy of the torsional oscillations are
described in Chapter 3.

| Hydrogen was admitted into the system at a pressure of about 5 torr,
X and the electrodes were chargéd up by rumning a discharge in the gap.
The' externol voltage, VE’ was applied to the gap, and the time for

10 swings vas measured. Using a Leybdd clock, and carefully observing
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the oscill:tions as the ellipsoid passed through its equilibrium

position, the time for 10 swings-cduld be measured to better than 1/ 5ta

secona-, The extermal voltage was then reversed, and the reading repected.
- Thus n, and 1)
It takes cbout threc minutes to obtain a single value of V

hence (n% - ng) were found, and hence V, from Ig. 10,3.
£ Thus. it is.
possible to plot Vf. 8s 2 function .of time.
It is expected that the error in Vf. for & single reading is quite

large. So much deponds on the accuracy with which the time for the
40 swings can be measured, errors being introduced at the starting and
the ctopping of‘i;he clock. However if many values of Vf are obtainod over
o period of time, much of this error ogxi be accounted for.

" Certain modifications were made to the original ellipsoid voltmeter
syston, in a.n attempt to reduce some of the sources of systematic ervor.

" Tho nﬁgnet supporting the ellii)soi-d' assembly exerts a force on *t;he
.':ma.ll picce of iron wire placed on the fibre between the ellipsoid and the
" support (See page 45 ) constvraining the motion of the wire, and hence of
the ellipsoid. This does not seriously affect the c'alibration.of the uhf
iixdiéating; metoi's (See Chapter 3), since, provided that the position of
2 the magziét does not alter botween the dc and the uhf parts of the oali- -
bration, oy such offects cancel, Howover, when the instrument is used
fc’;r a‘ﬁsolu"ﬁg 'v'oltage measﬁrements, as in the present case, this perturba-
tion may woll affect the readings obtained. A non-magnetic fom of
support w’a:_ﬁ therofore built, similar to that used by Long(z). This

introduced the use of greased connections into the vacuun system in

order to provide for the raising _and lowering of the ellipsoid into and
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" out of .the cap, - However, by this time, the main measurements of anplifi-

cation ané. breakdown voltages hadvbeen completed, so the introduction of
"grease.into the system was not considered to be a serious objection ot
this srtage in the work.

The possibility was no.t' ruled out thet the motion of the small |
piece of iron'wire placed on the flbre- could perturb the motion of the
ellipsoid by the double pendulum effect, but it was acsumed that such an
ei‘fec?: would be negligible provided that the momept of inertia of the
.Aellipsoic“i is iai‘ge compared to that of the piece of wire, Later measure-
ments of Vf with the iron_wire plé,é_ed actually on the ellipsoid itself

(thus eliminating the double pendulum éff'ect) showed no improvement con-

firmming that the above assumption is & reasonable one,

4. Zhe results

Ieasurements of v, wefe made .as. & mnction of time after the plates
hé& previéﬁsly_ been charged up by
a) A pure uhf discharge sudh that the i:lgtes should charge up equaily, with
the gap electiically neufsml R
" b) A uhf Qischarge with a de field superimpgsed to sweep electrons to P,
thus charg;ing P2 up ﬁegatively with respect to P1,
é.nd c) A ubf discharge with a dc field superimposed to sweep electrons
to b, thus charging P, up negatively with respect to Pp

Tiero time was taken at the moment that the charging discharge was

switchod off.

Graphs showing the variation of V, with time for these three cases
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Fig 10.1. Valueé;df the residual voltage in fhe'gap
 measured using the ellipsoid voltmeter,




are given in Fig, 10.1. V. is taken to be positive when P, is positive

with respect to P1
The values of V do not lie on a ameoth curve owing to the unavoid-
' able error involved in individual reedings, but it is possible to take
a general v::.e'q of 7the bbhaviour of Vf_. It is clear from the results that
the plates charge up as expected for the three types of charging process.
It is also confirmed that the pure uhf discharge produces no net residual
voltage in the gap.

The actual values of Vf. obtained are smaller than obteined from
_ tééfeé.‘r;liér exﬁeriments (See Chapter 9), ranging from about +6 volts
when P, is cherged up negatively with respect to F,, to about -6 valts

whsn P2 is charged up negatively with respect %o P1.

Typical exemple of caleulation of Vf:-

Time for 10 swings, ‘1:1

it

49.36 secs, 1?:2 = 50,16 secs.

2026 seo_‘“,' n, = .199% see-1.

n )

1
2

= 500 volts, and k = 7.75.106 valtsz. seoz.

Then, Vf = 5 volts.

De’spitevthe spread in the points gn the grapﬁ, it is olear from
these results that V, does not vary appreciably with time when there is
no current flowing in the gap. From this it is concluded that the time
. constants for the decay of the voltages acress the surface films are
long compared to the duration of the experiments, If it is therefore
assumed that Vo does not alter during a course of measurments, the meny
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readings teken during that time may be averaged to obtain a more accurate
value for Vf. The accumcy. of the measurement of Vf, does not depend so
greatly now on the accuracy of a single reading,

Thus, the followihg vaiues fbr Vf were obtained for the three sets
of conditions examined,

a) Plates charged with uhf discharge -

v

= "0.2_6 & 1069 Volts.

2) Vo = 40,17 £1.07 volts.

"b) Plates charpedwith uhf dischar e with dc field sweeping electrons to
E o
1) V., = ~L.54 22.01 volts,

c) Plates oherged with uhf discharge with de field sweeping electrons to
o

1) Vo = 42,38 31.49 volts.

2) Vi, = 42,93 & 1.69 volts.

These voltages refer to the net residual voltage in the gap after the
pia.tes have been charged up with a diséha.rge. " So far it has not been
possible fo measure the voltage across the films at the individual
elecﬁz'ode surf‘acés, but fheée results indicate that P2 charges up more ‘
‘ ef‘f‘icien‘c]& under elesctron bombardment thes P,» thus supporting the con-

clusions dram from the experiments described in the previous chapter.

5. Discussion

Here is a method of measuring quite small residual voltages in a

é1}6-




parallcl plate gap, in which the elcctrodes, covered with insulating.
films; have tecome charged up by the passage of a current in the gap.
The jolarity of the residusl voltage is given, and the magnitude has
been ovtaine. te within ;2 volts. Greater accuracj may be obtained with
the iﬁtroduction of more sophisticated methods of timing.the swings of
the eilipsoia in the gap. Throughout this study, the basic assumption
is ande thot the pfesgnce of the external valtage; VE, does not itself
disturb tie volue of Vf. | .

Theoe mecturenents show that even after a heavy current has been
.pasééd in 40 gop the residual voltage generated is quite small in
relatio: to most values of the applied unidirectional gap voltages used
during tiic amplification experiments, (See Chapter 4). Thus it may be
concludod that when high currents are avoided in the gap the residudl
'véltacc senercted may be neglected in comparison to By

The preli:inary measurements of Vg using this method ire quite
promiéiﬁc, anﬁ.iﬁ is hoped that the method might have useful applications

elsecwhere.
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CHAPTER 11
SULMARY OF PROGRESS AND SUGGESTIONS FOR FUTURE WORK

The main body of the work described in this thesis is aimed at
furthering the understanding of the movement and behaviouf of electrons
in gases under the infiuence of combined unidirectional and ultra-high-
frequgncy electric fields., From considerations of drift, diffusion and
ionization, an expression has been derived for the amplification of a
stream of electrdns crossing the gap which gives very encouraging agree-
ment with the experimental results in all of the-gases tested. (See
Chapter 8). The picture presented considers the possibility of two types
of back diffusion. Firstly back scatter under the influence of the initial
.random energy with which the electrons emerge into the gap, and secondly
steady state bgck diffusion, and assumes that these two processes may be
treatéd iﬁdependentxy. The size of the hole in the emitting eleotrode
does not appear at any stage in the discussion. The theoretical pre-
dictions for the shape of the amplification curves make use of the values
f&r the ionizetion coefficient obtained from the breakdown measurements
made with the presént apparatus, using the same gas samples as used for
the experimental amplification curves, The values obtained for hydrogen
and nitrogen givé reasonable agreement with the results of other workers,
The values Tor helium and neon are less satisfactory, being over an order

of megnitude greater than the data published by other workers for pure gas
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samples. However, since these values were obtained in the present

epparatus it is reasonable to apply them in making theoretical predic-
tions for the shape of the amplification curves, An interesting feature
of the breakdomn measurements made in helium and neon is the apparent
departure from the diffusion theory of breakdown suggested by Prowse and
Clark(12), but more extensive measurements are required before this is
established.

One of the major difficulties encountered in the interpretation of
the amplification curves has been the uncertain nature of electron flow
through the holes in the emitting electrode, Although much has been
leamned ebout this (See Chapter 6), assumptions that the current emerging
into the gﬁp and the initial edectron random energy are not dependent
on the field in the gap were necessary in order to arrive at a final
expression for amélification from which theoretical values of amplifica-
tion can be obtained. (See Eq. 8.44). Experimental amplification curves
were obtained for a wide range of Edc and gas pressure in hydrogen,
nitrogen, helium and nebn, but only a narrow range of gap widths were
employed. MNore meésurements are required to extend this range and so
make the picture more complete. It would also be interesting to perform

-experiments vhere electrons are released into the gap by a method other

 than the one used at present, for example photoeleciric emission from

the surface of the emitting electrode. This has two advantages. Firstly
the emitting holes; and the associated problems (See Chapter 6), are

eliminated, and electrons are now introduced into the gap with a rendom
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energy which can be calculated from the wavelength of the impinging light
and from the vwork function of_the metel from which they are released.
Secondly, the system does not now contain the impurities associated with
the oxide coéted cathode as at present, '
The theoretical treatment given in this thesis looks very promising.
AHowefer, considerable improvement between theory and experiment would be
expected»if the electron lifetime in the gap, at present calculated from
T= &y can be determined with greater certainty, Nichot1s'!) nas
suggested o method for measuring the transit time of a swarm of electrons
crossing the gap in combined dc and uhf fields, based on the method used
by Bna&ﬁuzy and Neilsen(h9’50’51) for the measurement of electron drift
velocities, and this might be employed to advantage for the determination
of T in the present case. |
Investigation into the drifts in i,, (See Chapter 9) have established

that residual voltages are generated in the gap by the passage of a gni-
directional current, assisted by the presence of insulsting films on the
electrode surfaces. A method has beeﬁ suggested for the measurement of
such voltages (See Chapter 10) making use of the ellipsoid voltmeter.
- Measurements with'this instrument enabled the conclusion to be drawn that
if high currents are avoided in the gap, the residuasl field generated is
small in comparison to the values of Edc used in the amplification curves.
Therefore the presence of residual voltages in the gap experienced during
the presént expériments may be neglected,

| Tinally, it is of interest to suggest a mechanical model which

might be constructed and used to assist the understanding of electron
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SIDE VIEW 'E (Amolltude(rmu) of “001llatlon)

42. "P01nt at which .
\\'electron (pall)
~is fire& onto

| By l': N ’ '

bdc”
(Slope of . . -
table in RN ‘L Dot ilovement
meen position) . . .. ~:|\ + o« |7 Ao and fro

Pins ,or _;;__;JE;:' Lo E of the point:
i : . et s
: , ce I SR of firing

'Gas molecules

“ 0 ol pLaN

Fig 11.1. Pin-table anslogue of diffusion and

drift nrocesses.

It may be posszble to automate the machlne so. that
each time an-'eleotron' is lost,it . is counted at the.
point at which it-leaves the table,then returned to
the start and fired again.The point‘df'firing in ©
the plane of the emitting end of the table should
be made random,in ordef +0 simulate,bartly at -
} least,the‘random moVement of the gaé mdlegules.
(Clearly in this case it is not possible for the'
'ﬂas molecules'(i. e.,nlns) to move 1ndependently A

of the. 'fleld'themselves )
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" retumn to the starting end of the tadle, as & funotion of ‘B, 'By,
end W _'; it oAy be possible to obtain results similar to the theoretical

motion close to the emitting electrods. (See Fig. 11.1)., Ball bearings,
representing slectrons, are ehot horizontally onto & tadle consisting
Aonless? surface on which are situated a large numbsr of pins,

repréosenting gs8 moleoules, with whioch the bells make 'elastic' collisions.
It should be possible 'tz_e peasure the initial veloeity with which the balls
are shot anto the table, The table may be tilted such that the balls
exporience & foree corresponding to Eaa » and tha table may be made to
oscillate sbout this position with e certain amplitude and frequenocy
corresponding ‘bo'Eu. The necessary conditions are that the fregueney
of oscillation of the teble should be amall compared to ths frequency of
collisions between balls and pins, and high encugh so that the balls do
not arift to the far end of the table in one balf gyocle,

A bald starting off et the origin will collide with pins and may
as a result of these collisions eventually reach a termina) ‘arift'
velocity tomards the far end of the table, or, alternmstively, may retum
4o the atarting end, By counting the proportien of those starting which

back diffusion relations deseribed in Chapler 8.
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APPENDIX 1

- To _SHOGV AT THE BELLOVS SINSITIVITY IS INDEPENDENT OF THE INITIAL TENSION

ON THE BELLOWS IN THE ZFZRO POSITION, AND ALSQ THAT THE PRESSURE AS MEASURED
UITH THIS GAUGE IS8 A LINEAR FUNCTION OF BELLOWS DISPLACEMENT ONLY

The differential bellows gauge effectively measures the difference
in pressures between two gas systems. (See Fig. 3.4). The zero position
“occurs when both systems are at the seme pressure. Vhen the pressure on
one side becomes greater than on the other, the resultant displacement of
a pointer fixed between the two bellows is a function of the pressure
difference,

The bellows system may be compared with two springs in tension against
one enother, The pressure change mey be related to a change in tension
on one side of the system.
Let T1 and T2 be the initial
tensions on the springs, and
the extensions X, and X, from
their natural lengths,

Initially let the pressures in

the two Systems be equal, and

so let the forces on each side

2
dimensdons. Tnitial the pointer fixed between the two bellows is at zero.

be A1p and Azp, where A1 and A, are constants depending on the bellows

In the initial position, resolving forces,
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T, -Ap = T, -Ap

(From Hocke's lew where K, and K, are the elastic constaats of the tWo

springs).

I

Vhen the pressure on one side changes by Ap, the pointer moves to a new

équilibzium position, a displacement § x from the zero position,

| 4 Resélving forces again

| K1(x +3x) - A1(p + #p). =‘ Kz(x - &x) - A,p ceee
And from I end II
| X
$x = 'ITJ:I'{— « bp core

1 2

Then it is seen that 8§x is a linear function of pressure change and

does not deiaend on the initial tension on the system.
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APPENDIX 2

IMPURITY CONTENT OF THE GAS SAMPLES USED

HYDROGIN ﬁ 99.995:% Pure
Impurities N2 5 parts per million
0, 1 "
. "
002 0.5
co 0.5 *
NITROGEN 99.9995% Pure
Impurities A 5 parts per million
0 1. s
H 1 "
He 1 n
Ne 1 .
NEON 99.95 Pure
Impurities He 500 parts per million
.
N, 1
o
O2 1
Hg 0.5 "
HELTUH 99.995% Pure
' Impurities Ne 3 parts per million
.
Nz 1
- . "
O2 1 .
A 1 .
H 1 .
Co 0.5 »

2

‘Gas samples supplied in 1 litre flasks from:

The Rare Gas Department,
British Oxygen Company.
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AFPENDIX 3
ELECTRON MOBILITY IN THE COMBINED DC AND UHF FIZLDS

V4 is the velocity with which the eleotron swam travels across the gap

in the do field direction.
g

Vg

to the combined dc and uhf fields.

EKlectron drift velocity in the pure dec field, Edc'

Eleotron drift velocity in the effective field, E_, corresponding

1}

I‘Ilaotron random velooity in the effective field.

Wd Vd
The unidirectional swarm velocity, vy = =g T eeee I

‘e
The drift velocity in the pure do field,

1%

de
d= p [N N N ] II

| where I;d'is the electron mean free-path. (Townsend(s))

The drift velocity in the effective field,

e 1 e 8
Y — - we ————— evs e III
We = 0.92 m V P
Dividing II and III,
%dfe -— h - [ N N Iv
weve dec L.e

Approximately, for a given pressure, Ly = L.

Then, WdVd i WeEdc ‘ oy
Ve Ee
Y Bae
: ThenfromIa.ndV : .d_ve

e
The electron mobility in tte combined f‘ields vy =V J E..

And so,

doc
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APPENDIX )
T3 EFFECTIVE ¥IELD Ti COMBINED DC AND UHF FIELDS

The effective field in combined unidirectional end oscillatory

fields is given by Varnerin end Brown(13 ) as
.

E . (8 Ye Eﬁ)’/?'

+
e do v§+w2

where ¥ c is the frequency of collisions betwesn electrons and gas mole-

cules.
In the present experiment, w ~ ‘IO7 radians per second,

The collision frequency is given by

Yy, ~ PO'PV

c
vhere Pc is the collision probability and V the electron random velocity.
Trom Townisend's daté.(5 ) on random velocities and from Brode's da.ta.(3 9) on
collision probebilities, it is clear that for the gases examined in the

present experiment, \)2» W, .
o 2 \1/2
Therefore, B, = (hdc + ..u)
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