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ensurements asve bsen made in hydrosasn,nitrogen,hel-
~imm and neon of the a:iolification of = stream of electrons
crossing a varallel plete sperk gav under the influence of
conbined vltra-high-freguency (44 ..o/ sec) 1nq unidirectionsl
electric fields.slectrons generated thermionically incide
one of the electrodes are injected into tﬁe 20 throvgh
cylindrical hnles in the flat face of tne electirode,and

cross the gun with a motion whieh is a mixture of drift
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values of the efrective field
in the gan,the electrons may gain suificient emer:sy %o
procucs ionizstion by coliision,

& theory is presented to explain the shane of the
curves releating the amclification o the stream to the
velue of ftine ap)lied uhf field for a glven value oi the de
field (amPLIBTCAYIGy CUHUVEE) The predictione make use oF
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studied from bLreesidown Rersureanents nade in the same apn-—

-aratus,.ine sgreement between the calculsted nmnd experimentsl
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icetion ourves ig very encouraging in zll the
tested,being slightly better in hydrogen and nitrogen thaon

in heliuvm and neon,ualitative explenations for th:is are

efrectes of The mize of the emitting nole one the flow of

electrone in tie gap,snd it is shown that the hole dimensions
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LIST OF PRINCIYL= SYMBOLS USsD

L S Yovmsend's {'irst ionization coefficient: the number of
ionizing collisions made per electron per centimetre

drifted.
W e Tonizstion rate per individual electron.
% +..... Tonizing efficiency (ionizationé per volt).
U cearne Electron mobility.

A sessas ulectron mean-free-path between collisions witn gas

molecules.

» XEERE [P1-%3) pres::.ure.
D ceeane Diffusion coefificient for electrons,
u eve... hverage electron energcy (volts).
- KE.
o ecsee. __dc

2D
m cssses Yass of' the eleciron,
!'-E TR I\Ea-ds Of' the E&S mOlecule.

uhf ...... Ultra-hign-frequency,.

de evases Unidirectional.

Eu ceesss spplied uht' field in the gap.

E1c sesses £pplied de field in the gap.

) cssene Cap width,

b cseaan ladius of the holes in lhe emitting electrode.

L resena Lengtin of tne holes in the emituing electrode.




PREFACZ

thiis thesis describes experiments which have been performed at
Durhan to investigate the behaviour of eleciron swarms moving in & parallel
plate gap under the influence of a unidirectional electric field.on
which is superimposed an ultra-high-freguency field of 43 lic/second.

Zlectrons are emitvted into the raj; through holes in one of the
plates and nmove across the gap under the influence of the dc f'ield, The
unf field serves to increase the energy of the electrons in the gap,
and if this ene:gy is high enough ionization occurs.

licasurements have been made in several gases on the amplification
of' the stream of electrons crossing the gap, and of the uhf field required
to cause electrical breakdown., Other measurements have been made in an
attempt 1o determine the nature of electron flow throug: the holes in
the emivting electrode,

From theoretical considerations of drift, diffusion and ionization,
an expression is derived tfor amplification in the electron stream #hich
is shomn to be in reasonable agreement with the experimental results for
the gases tested.

ihe latter half of this thesis deuls with investigations into the
efi'ects of tue generation of residual voltages in the gap by charging at
the elecirnde surfaces under the influence of unidirectional current flow.
A rigorous guantitative analysis of these effects has not yet peen found,

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



theoretical expression for amplification. l.ovever if the currents floving
in tue gap are kept small, it is concluded that the efiects of residual
voltages are negligible, and therefore does not invalidate the comparison

made wetween lheory and experiments.
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CHAPTER 1
INTRODUCTION

A gas in the nommal state is almost a perfect insulator, but when
a8 steadily increasing electrical stress is applied, a stage is reached
when suddenly the gas becomes conducting. The field strength at which
this occurs, the brealkdown stress, Es’ vas observed by early workers to
be a function of' the nature of the gas and the pressure. Later vorkers
discovered that other variablesaffecting Es were the electrode material,
goometry, and tiie frequency of the applied field. Once the gas has be-
come conducting, visible radiation is emitted, characteristic of the gas
under stress.

Since the early days of the worlk, many attempts, notably by Townsend
and his school, have been made to explain the mechanisms which lead up
to breakdowm. It was discovered that breakdowm is not a sudden chznge
from the non-conducting ito the conducting stale, but one which occurs
over a finite period of time, i.e. the formative time. It is now lknovm
that ionization of the gas by the collision of free electrons with gas
atoms or molecules is one of the chief factors contributing to breakdovm,
and this mechanisia has been studied in detail by many workers. This
thesis, describing work which is a continuation of that begun oy Nicholls(1)
(1960) and Lonc(z)(1962), is concerned primarily with those processocs
leading up to breakdovn in several common gases under the influence of
combined unidirectional and ultra-high-frequency electric fields. It is

hoped that tne present study will yield valuavle information about the




nature of eleciron flow in such a system.

1. Processes leading to breakdown

1.1 The generation of electrons

Electrons moving in a gas suffer many collisions with gas molecules,
and as a result they acquire a certain distribution of energies. (The
Moxwillian districution is a good approximation for the molecular gases,
ond the Druyvestyn distribution for the rare gases). If some of the
electrons have suificient energy, inelastic collisions with gas molecules
can occur. Excitation occurs when some of the kinetic energy of the
cblliding electron is converted into the potential energy required to
1lift one of the atomic electrons into a higher energy level. Radiation
is emitted wihen this electron decays back to its initial state. Vihen the
colliding elecciron has higher energy, enough’ may be transferred to ionize
the atom or molecule. Thus a free electron is generated, and this, to-
gether with the original eleciron mey ionize olher atoms or molecules, in
the same wvay, starting off the chain of events leading to an eleciron
avalanche, and hence breakdovm. (Townsen&(h’6’7)).

1.2 Losses of electrons

In order io discuss vreakdovm, the electron loss processes must be
taken into account. Electirons may be lost by drifting to one of' the
electrodes under tie influence of the applied electiric 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 thesils.

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

-2-



positive ions to form neuiral atoms or molecules, or they may form
negative ions with neutral atoms or molecules. However in most of tie
common gases studied, at least under normal laboratory conditions, these
tvo effecis are negligible compared with drift and diffusion.

1.3 The criterion for breakdown

The criterion for breakdown is that for every electron in the gap
vhich is lost (one way or anolher), at least one new electron is generated.
Consider the balance between these procssses for & given elementary
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 Townsend(E) as

VZ(D'H) - E‘l‘.’. . dn +yn 4+ x =dn
D

s 288 e 1.1
Z

ct+

where n is the electron density, D is the coefficient of diffusion (des-
cribed in greater detail in §2), |4 is the electron mobility, znd Edc the
applied unidirectional electric field.

The rete of loss of electrons i'rom the volume by diffusion is

p'E(lc dn

D "dz°

ihe net rate at whicn electrons are generated vithin the volume is

represented by the term VZ(D.II), the rate of loss by drift by

represented by Wn, where Y is the ionisation rate, taking into account
in this case all secondary electron generation processes, as well as
collision ionization. The rate at wnich electrons are supplied by some
external source is X.

Finally, %—% represents the rate at which the electron density within
the voluie changes with time. When the system is in a state of equilibrium,

..3-..



this tends to zero.

If {he overall loss rate exceeds the overall generation rate,
electrons mus. be supplied from an external source in order to maintain
the discharse, equilibrium oeing established between the current injected
and that lost from the discharge.

However if {he loss rate is less than the overall generation rate,
equilibrium can now be achieved by tire intermal generation and loss pro-
cezses, alone, so long as enough electrical energy is supplied to the
system.

1.4 Brealrdovm in unidirectional fields

Hlectrons starting at the cathode are swept towards the anode in
the applied de field. %Yhen the voltage is high enough for multiplication
to occur, an electron avalanche is formed, which is removed from the gas
on reaching the anode. Losses of electrons by both diffusion and drift
are consi&erable,land collision ionization in the gas is not sufficient
alone to maintain the discharge. However the balance between the genera-
tion and loss processes required to keep the discharge running is pre-
served by ihe action of sccondary electron generation effects, as described
in §1.7.

Thus “he discharge can be maintained without the help of an external
source of electrons,

Important quantities used to describe breakdovm in unidirectional
fields are #d anég pd, where d is the elecirode spacing, E the electric

-

field, and p the pressure.



1.5 Breaizdoim in oscillatory fields

In unidirectional fields, as described above, the electron avalanche
is swept straignt to the anode and lost (see Fig. 1.1a), If the applisd
field is oscillatory, out the frequency is low, electrons are swept
alternativel;.to each electirode in turn, witu the same result (see IMg.
1.1b). At higher freguencies, however, the direction of motion of the
electiron svari is reversed gt the end of a half cycle before the swarm
has reached the electrcde, and is not lost as vefore (see Fig. 1.1¢).
Instead, the elcctrons oscillate to and fro in tne gap, with no losses
by drift e:cept in the regions close to ithe elecirodes (Schneider(31)).
“hen multiplication occurs in the gas, the electron concentration huilds
up in the gap duc to the many successive avalanches which occur in
successive nalf cycles of' ithne field. Breakdovn is produced witn applied
fields much lovier than in tae unidirectional case, the ratio veing about
1:2, (Gill and Donaldson(6); Gutton and Gutton(g)). Yhis is because
losses of elec.rons are considersbly reduced by the absence (almost) of
drift. The predominant removal mechanism is now diffusion to the electrodes
or to the walls of the vessel, Thus some high frequency discharges are
known as 'diffusion-conirolled' discharges. The same criterion i'or break-
down appliec as in the unidirectional case, buti becomes simplified in
that diffusion is effectivel; the only active removel mechenism, except
in the attaciing or recombining gases.

The continuity equatiion now is

D.vzon +V¢n = 0 suoe 1-2

-5
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P s - (10)
(Herlin and Browm ).
From the sclution of this, the breakdown condition is given as
; / 2 1 A . . ; PP . .
W = D/A", vhere » the diffusion lengtih of the gap is a convenient
quantity to define the gap geometry, and iz an indication of the mean
distance an electiron must diffuse bef'ore it reaches a boundary, Xor a

systea where the elecirodes consist of two parallel discs

1 2 2, 2
2 =@ . &3

vhere d and a are the gap width and electrode radius respectively. The

A N |

first ter: represents electron losses axially, and the second terw losses
radially.
One of tue results of this diffusion theory is that the breakdown
stress will De constant for a given gas and pressure for various gap
geometries, provided that A is constant also. Herlin and BJ:‘ov.'n'x(.i 1) showed
this to be irue experimentaily. Later, Prowse and Clark(12) showed that
since D is a function of Eu/P’ (where E is the ms value of the high
frequency field), the curve of pA egainst EA for breakdown, (analogous
to the Bd vs. pd curves in the unidirectional case) should be unique for
any one gas, and they tested the theory successfully at a frequency of

9-5 lics/second. 1hus the diffusion theory for pure hign frequency discharges

was shovn to be valid. (See Fig. 1.2).

1.6 Brealdorm in combined unidirectional and uhf oscillatory fields

Varnerin and Brown(‘I3 ) have studied the case where a small uni-
al
direction’ field, Edc’ is superimposed on the uhf field (see Fig. 1.14).

Providing that Edc«Eu’ it was shovm that the diffusion theory still

-~
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holds if A is modified to A ., vhere

(VA = (VAP + (8 /2.0/u)? e Al
This was obtained for the case where the only source of electrons is
casual, but it may be exiended 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 gep is approximately sinusoidal.

The uhf voltage required to break the gap dovn increases uniformly

as the avplied dc field is increased owing to the increase in eleciron
losses by the introduction of drift.

1.7 Aaplification of an injected stream of elsctrons

Consider a'system in whicn electrons are emilted frcm a point on
one electirode of & parallel-plate assembly into a gas stressed by a
unidirectional field tending to sweep them towards the opposite electrode.
Let io ve the current emitted, and i the curreni collected at the anode.
Assuming that single-stage collision ionization is the only electron

6,7)

generation process occurring, Townsend(h’ derived the expression

S:l
la “- d.X
j./:l. = e es s e 1l 5
o

where o is Tovmsend's first ionization coeificient, being the number of’
ionizing collisions made by each eleciron in each centimetre that it
drifts through the gas, and depending on the electron energy distribution,
and hence on ¥p. If y is the ionization rate, then Y= 'k , where
W is the velocity that the electron drifts through the gas.

If collision ionization were tne only elcctron generation process

occurring in the gus, the curve of logi/io against d would be a straight

-7-



line. Yovmsend's experimental results show this to be true for small

gap widths, but for longer gaps, the curve departs upwards from linearity,
amplification taking values larger than those predicted by the simple
theory (see Fig. 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 e¢-process), themselves collide with
gas molecules and produce ion pairs (i.e. the B-process). However it was
later established that collision ionization of the gas by positive ions
under nommal. breckdovn conditions is not energetically pcssible. A more
lilkely theory of secondary electron generation vias suggested, in which
positive ions and photons generated in the gap by the ol and excitation
processes strike the cathode and release electrons irrom the surface.

The expression for i/io was modified to take this into account, thus

. /e od w __(etd-1) _ .
1/10 = e /(1—“ e )o s 00 |-6
where w is the number of secondary electrons produced at the cathode
per electron on the gap.

‘The breairdovn condition is satisfied when

y o, glxa-1)

1= o from Bq., 1.6.

This is Tovnsend's criterion for breakdown in unidirectional fields.

Yovmsend's theory does not take into account the eifects of diffusiom.
In recent work, Lucas(14),has calculated an expression for amplification
jin the presence of diffusion., Later chapters in this thesis describe

measurements of amplification when the injected electron stream is sub-

jected to combined high frequency and unidirectionel fields. Here,
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diffusion may be expected to become even more importani, and much
of this tunesis is devoted to problems connected with this possibility.

1.8 Choice of suitable ionization coefficients for uhf conditions

vhen a unidirectionzl electric field is applied to the gap, the
electron flow in tae gap below breakdovm is predamipantly drift con~
trciled. When ionization occurs, Townsend's first ionization co-
efficient, o , is commonly used, being the number of ionizing collisions
an electron makes in one centimetre that it has drifted. In the case
where a uhi' field is applied, electron flow is predominantly dif'fusion
controlled, and Herlin and Brown(1o) suggested that /D is a suitable
ioni.atlion coefficient, veing proportional to the number of ionizing
 collisions an eleciron makes in diffusing a unit distance.

At breakdown, W /D may be easily obtained from the breakdowvn condi-
tion, ,\2 = 1)/\'; , but the task is not so easy below breakdown. Attempts
to obtain\p by Hicholls(1) from measurements of ionization currents
flowing in combined dc and uhf fields were not entirely successful because
at that time the nature of electron flow in the gap was not fully under-

stood for these conditions. (See Chapter 2).

2, Diffusion of electrons_in a gas

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

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


http://brealcdov.ii
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2.1 Basic diffusion relations

Elecirons in a gas are constantly colliding with molecules of the
gas, and tnus come into thermai equilibrium with the gas. In time,
any concentration of electrons will move such that, provided there are
regions of wveaker concentrations of them, the initial concentration is
decreased. 'This motion tends {o bring about a uniform density of electrons
in the vody of the gas. Once this has been achieved, the diffusion
bzbcess still continues, but now with the net effect that the electron
density distribution in the system does not alter further, a steady state
having been reacned.

ifick's Law describes the behaviour of such a system when no external
fields are applied. Consider a plane Arawn in a gas along a direction
here the electron density is constant, Let the electron density at
this point be n, and the concentration gradient at this plane be dn/ b X,
Then I'ick's Law states that the electron flow crossing unit ares of the
plane per second is D.dn/d x, where D, the electron diffusion coefficient
is given by

D = Ac/3 eeve 1.7

where A is the mean free patin between coliisions that an electron mekes
with gas molecules, and ¢ is the average random velocity of electrons,
assuaing a liaxwellian distribution.

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

tration is n at plane A, then at B, it will be n - (¥3n/d x)8x.

-10-



From ¥ici:'s Law, the number of electrons flowing into 4 in a small
time intervel &t will be D(dn/dx) & *, and the outflow from B will

be
D(dn/dx)8&t - D( Bzrvlbxz)Sx.s t.

Then the volume contained by A and B geins a net total of D( 32.'1/3 x2)6x

elecirons per second.

Thus the rute of change of electron concentration is given by

3n/ ¥t = D. 3211/5::2 eeee 1.8

In three dimensions this becomes, Bn/')t = D.V2n. 1.9
This is the equetion of continuity for electron flow in and out of' the
region (d=,dy,dz) for the case when no external electric field is applied.
(%hen an electric field is applied terms musti be added to this expression
to account for drift, ionization, and other eifects which might affect
the flow of electrons. (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 62¢ /%% = d#/Adt, in the one dimensional case eese .10
where 0@ /3%, the rate of change of temperature in the element (di,dy,ds),
is directly anulogous to an/at, the rate of change of eleciron density
in Egq. 1.8, and azﬁ/ d 1:2 is similarls directly analogous to azn/ d x2
and where k = I/o s, X being the coefficieni of tnermal conductivity, o
the density of the material and s the specific heat of the material.

Both D end k have units of cmz/ second, and k has come to be knowvm as
the 'temperaturc diffusivity’.

-1
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It is sometimes very useful to be able to think of a diffusion
problem in terms of the directly amnalogous wroblem in thermel conductivity.
The soluticns of Egs. 1.% and 1.10 are identical in form.

2.2 Parvicle distrivution in space and time under diffusion
(15,16)

Linstein considered the spatial and temporal distribution
of pariicles moving independently of each other with chaotic heat motions.
Consider that vihen t=0 there are No particles at the origin, x=0.

The number that are loceted at time, t, between x and x4dx is given

by ; -y
H, = (No/(.'.ert)Vz).e /WDty ceee Al

This expression has the form of the Gaussien error curve, from which it

has been shown that the displacement of the average particle is

(ADt/w)1/2 in one dimension, (8Dt/w)1/2 in two and (12Dt/ﬂ)1/2 in three.
These forms have very useful applications in making rough calculations

of particle displaceménts in diffusion problems, and comes intc practice

in later chapters of this thesis.

2.3 Ratio of the diffusion coefficient and the mobility

From Zg. 1.7, D =A¢c/3. Similarly the mobility is given by
!.l = AO/’mE ovee 1.12

TFrom these two relatsions

: -2 2, =2 5 )
= 3 =5 = [ I |'17
D/u = ¢“m/3e =3q (mc/2) = 2uave/5 3
where Usve is the average electron energy, and is a function of s o,

The nuwmericai quantity, 2/3, occurs when a Maxwelljan distribution is

assumed for the velocity of the electrons.
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2.4 Ampipolaer diffusion

In many studies, the forces between charged particles can be ignored.
However when there are sufficient amounts of charges of votn sign present,
and one type is diffusing more rapidly than the other, the charge
separation thus produced may set up a considerable space charpge field
locally. 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 motions of the elecirons, and to enhance that of the positive
ions, such that the flow rates of botn types of carrier tend to become
equal. In the »resent experiment, however, where the studies are con-
fined to the region below breakdovn, densities of electrons and positive
ions are so small that ambipolar diffusion may be neglected.

2.5 Back difTusgion

Bacle diffusion is an important process occurring when elecirons or
ions are emitted from a source on the surface of an electrode into a
region containing a gas., The emitted carriers suffer collisions with gas
molacules, the result being that some may return to the emitting electrode.
The effect was first observed during early experiments in which electrons
were released [rom a cathode by shining on ultra-violet light. If io is
the current collected at the anode when the system is evacuated (thus
making it possible to assume that io is the current actually emitted from
the emitting electrode surface), and i is the current reaching tne enode
in the vpresence of a gas, it was observed for a given voltage on tine gap,

and in the absence of ionization, that j,/io vas less than unity, decreas-
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-ing further as the pressure was increased. This pressure dependence
suggested that the effect may be due to diffusion and theories based on
the concept of vack diftusion were forwarded in an attempt to explain
the results.

£y = - . N - i <16’17) : ]

Ome of these theories was that of J.J. Thomson in which he
suggested thal the process is cne in which the electrons are effectively
'reflectad' back to the emitting electrode by the gas, and depends on
the electrons having finite initial energy as they come into the gap.
His theoretical expression for :i,/io gives reasonable agreement with
the experimental results in nydrogen and nitrogen, but fails in the case

. , -.(18)
of the atomic gases. (Theobald Je

A sophisticated theory for the diffusion of electirons moving out
into the gap from a point on the cathode under the influence of a uni-

(19),

directional field was developed by L.G.H. Huxley in wvhich an
expression forr the electron density distribution in the gap was ootained
from the solution of the steady state continuity equation for electrons
moving in the gas by a mixture of drift and diffusion., The theory was
applied successfully over the surface of the anode to explain Townsend's
measurements on the spread of a stream of electrons crossing the gap.
Long(z) has attempted to extend the theory into the region close to the
emitting electrode, for the calculation of back diffusion currents in
the special case of comvined de and uhf fields in the gap. (See Chapter 2),
The applicability to tne present experiment of Thomson's theory of

back diffusion, and Long's extension of thne Huxley theory are discuzsed
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at length in Chapter of this thesis.

2.6 Diffusion limited lifietime in uhf discharges

In pure uhf discharges, the diffusion limited lifetime, given by
td = /\?/D,(1O) represents the average time during which an electron
will remain in the gap Lefore it is loust by diffusion,

When a small dc field is superimposed on the uhf field, and E <<B ,

de
/\2 in the above expression is replaced by/\i (15)(see Eq. 1.4), to take
account of the decrease in the lifetime of the electron by the introduc-
tion of driit,
2.7 Drift and diffusion

In the absence of an electiric field electrons in a gas diffuse
freely as described in §2.1, and there is no drift. Elasctrons traverse
straight paths vetween successive collisions with gas molecules (Tov.lsend( 2 %
(see Fig. 1.52). In the presence of a field, drift and diffusion occur
simultancously, The motion of the elecirons bstween coliisions is now
perturbed so that they try to move in the field direction instead of the
direction with which they initially move away froum the collision. The
resultant effect is that the paths between collisions become curved towards
the direction of the applied field, and there is a net advance in the
field direction. (See Fig. 1.5b).

The relaiive importances of diffusion and drift, particularly in
combined dc and uhf fields, are discussed in detail in a later chapter

of this thesis.
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5. Pnenomene associated with the elecirode surfaces

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

J.d. Thomson(zo) in bhis experiments in which he passed a beam of
cathode rays al rigit angles through an electric field placed between
two parallel plates, observed that the deflection of the beam by the
field decreased steadily with time as the beam was continuously applied.
He concluded thut ions and electrons from the beam diffused to the plates,
causing charging, and thus reducing the effective field between the plates.

In unidirectional discharges, there has been obszerved a marked
difi'erence in brealkdown potential for clean and dirty electirodes,
(Llewellyn-Jones and Davies(21)). But in uhf discharges, where the
elecirodes play a far less important part in the discharge, there is no
marked difference. (Llewellyn-Jones and Morgan(22)).

In the case oi combined dc and uhf fields, the surfaces become
important again., Experiments by Long(z) have lead to the counclusion that
during a discharge in combined fields, the platss become charged up such
that the effective unidirectional voltage on the gap 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 ve the
result of the action of discharges on molecules of grease present in the
system during the experiment.

Detailed work Lies been performed on the nature of the contamin.:tion
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experienced in ultra-hign vacuum plant. (Holland, Laurenson and Priesi-
1and(23); Christy(ZA)). It was shown that certain silicone oils commonly
used in dilfusion pumps produced vapours, which under electron bombard-
ment, polymerize to form permanent insulating deposits. Of the two
conmon silicone oils used in diffusion pumps, grade 705 was observed to
produce less than hali the contaminztion than was produced by grade 704
under similar conditions,

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

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

(25)

residual voliage produced in the gap,using the ellipsoid voltmeter .
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CHAPTER 2

THE PROBLIM

1. Basic vractical aspects

The aim of the experiment is to provide information about the
behaviour of a swarm of electrons introduced into a gas stressed by
known parallel unidirectional and ultra-high-frequency eléctric fields.
This is done using an apparatus similar to that used by Townsend in his
experiments for the measurement of the ionization coefficient, . (See
Chapter 1, §1.7). Electrons generated thermionically are admitted into
the gap of a parallel plate electrode a:zsembly through holes in one of

the plates, P (See Fig. 2.1). Once the electirons are in the gap their

1.
energy is enhanced by the uhf field, Eu’ vnile they are caused to drift

across the gap to the opposite electrode, P2, by the unidirectional

=

field, e ‘““he chief measurable quantity is the flux of electrons to
the collecting electrode, and this is affected by the processes of drift,
diffusion and ionization which occur in the gas as functions of' the
nature oi' the gas, its pressure, the dimensions of the gavp and the
magnitudes of the applied electric fields.

The voltuges applied are
a) V1, the dc voltage between the filament and P1, required to sweep

electrons from the tilament towards the back of the holes through which

ithe electirons emerge into the gap.

16~



b) Vé, (Edc), the de voltage applied across the zap to sveep the electrons

- >
from P1 to 12.

c) Eu’ the unt' field applied to the gap to increase the energy of elecirons
in the gap.
The currents measured are

a) The current, i,, from the filament which reaches tne back of the

1!

emitlting electrode, P1. Of this only a small fraction of' the electrons

arriving stand a chance of' getting through the holes and into the gap.
The actual current vinich is introduced into the gap this way depends on
the gas nressure, the temperature of the filament, and on V1.

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

2’ 2°

2. Definition of amplification

Amplificetion is defined in the present experiment as the rutio of

the current collected by the collecting electrode, P2

on, (12), to that collected with the uhf field off, (i

, with the uhf field

20), the dc field

being xent constant.

fmplifiestion, A = iz/i cees 241

20

Throughout this thesis, the curves releting A with the applied uhf field,
Eu’ for a given value of gas pressure and applied dc field, Edc’ are
referred to as AIFLIFICATION CUHVES.

-

3. Previous vork

Investigations using the type of apparatus just described have
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previously veen made at Durhan by Nicholls(1) and later by Longcz)

Keasuremenis of amplification were obtained and curves plotted of A
against the uhf’ field, Eu, keeping Edc and pressure constant for a

given curve. It was originally expected that the curve viould start at

A = 1 when Eu was zero, then increase with Eu, getting gradually steeper
and eventually approaching infinity as ionization by collision increases
the current ilowing to the collecting electrode. (See Fig. 2.2a). It

was hoped from such a curve to calculate values for the pre-breakdovm
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 do this satisfactorily because the experimental amplification
curves do not follow tne simple form deseribed sbove. Instead, the
curves show an initial decrease in emplification at lower values of E,»
eventually increasing and rising avbove unity only when ionization gets
well established at higher values of Eu (see Yig. 2.2b). Tor higher
values of 'hc this dip is reduced in size, and vice-versa for smaller

velues of Before accurate values of the ionization coefficient can

de’
be obtained from these curves, the dip must be accounted for. It has
been 2t least partially explained in terms of electrons diffusing vack

to the emitting electrode. The possibility thu:t electrons are swept back
to the emitting clectrode by drift in the appropriate cycles of tne uhf
field was considered by Nicholls, but no satisfactory conclusions could
be drawn, here follows a brief summary of the early theoretical work

performed in attempis to explain the shape of the amplification curves.
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3.1 The worl: of Hicholls(1’26)(1960)

Consider the case of one~dimensional elsctron flow in the gap
under the influence of the compined dc and uhf electric fields when no
ionization occurs,

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

r =n U Edc - D 3n/a z ceee 2.2

vhere n is the number of electrons per cc. at a distance z from the
emitting electrode. (See Fig. 2.3). The first term in this expression
is the contribution due to the electron mobility, u, and the second term
is due to the concentration gradient of' elecirons in the gap.

When there is no ionization, and no electrons are lost by diffusing
radially out of the gap, ol /dz = 0. Therefore, [ = C, a constant.
Then Eq., 2.2 becomes n | Edc -D 3ry’3 2 = C and the solution for n is

R o/ o Ba
(eI'L"‘d_c“/ D - e!l“d.cd/D‘)/'(1 - euhucd/n) vocee 2. 3

n=-n
o
inserting the boundary conditions that z = O when n = ng and z = d vhen

n = 0. (Putting E, = O in this equation gives n = no(1-z/d), the

dec

equation when diffusion is the only loss. process occurring).

Substituting for n in Eg. 2.2 gives
D - - -p'Ed-cyD
r_—_ 1 Edcn_o/(1 e )

s g L N ] 2Il

> 1 de n, -

-1 [/
because e-l'u‘ﬂcd"D is negligible under the conditions of the experiment.

1f [ is the current density azcross the gas to electrode boundary, it

29~
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must be ﬁroportional to the current flowing through the galvanometer,
GQ. (i.e. 12). “hen let f'o be the current density flowing to the
collected electrode when the uhf field is applied, but with no ioniza-
tion.

Then, in the absence of radial diffusion, amplification

A=i2/'i20= ru/ro=“t/“o cees 2.5

where the subscripls for | apply to the same conditions that were defineu
for f'.

Values for the mobility p in hydrogein were obtained from Crompton
and Sutton(%z) and Nicholls plotted theoretical curves relating iz/izo

to the uhf' field vhen no ionization occurs. Theoretical and experimental
curves for a typical set of conditions are compared in Fig. 2.4. Agree-
ment vetween the tvwio is fair.,

This theory suggests that the dip observed in the amplification
curves is associated with tine drop in mobility of the electrons as their
random energy is enhanced by the uhf field., 7The theory does not take
into account the behaviour of the electrons as they emerge into the gap,
nor of diffusion of electrons radially.

3.1.2 Caleculation of the ionization coefficient, ) , hence e,

The lifetime of the electron in the gap in the combined fields is

controlled by drift as well as diffusion, instead cf by diffusion alone
as in the pure unf case, ‘Tne new diffusion and drift limited lifetime
is given by =/\2,Q/D, where 1//\?i = 1/N\ 2, (Edc/2(D/“))2 (Varnerin and
Brown(13)).
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Hicholls developed a theory tu take account of the faect that in
the presence of tne dc field the electiron may be in the gap for a time
shorter than the {ime during which, on the average, it will generate
one new electron,

Let tb be the electron lifetime in a pure uhf discharge., Then one
new electron wiil be generated by an electron in that time.

Then, VJ t, = 1. eeee 2.6
The lif'etime of' the electron in the gap is now reduced to td by applying
2 small dc field, keeping E , (and hence Y/, provided that the dc field
is small enough), constant.

A number of eleetrons, M, entering the gap at time t = O will 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 the total progeny of one electron initially entering the gap is
14 (8/4) + (8/8)% +ren ete.
Let No electrons enter the gap at tne start of every time interval

of length t “hen at any instant there will ve Hg = No(1+(t&/tb)+ coe)

d.

electrons in the gap.
i.e. =N (1- td/tb," . 2.7
If all these are sviept to the collecting electroce, (ignoring losses

N Iq - o .

¥rom Eq. 2.6,

wtd = (a-1)/4 2.8
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From the theoreiical curves for amplification (Fig. 2.4) it is
seen that the effective current in the apsence of collision ionization
levels oi1 to a steady value at about the minimum in the dip of the
experimental curves. Thus it is possible to effectively remove the
back 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.

Typical curves of (A-1)/A against ty are shown in Fig, 2.5. The

(13)

method of Varnerin and Browm

(26)

was used to caloulate t,. (Prowse and

RNicholls also deduced values of td from their own measurements of

breakdowm stress in the combined fields, and these were found to be in
good agreement with those of Varnerin and Brown).

These curves are straight lines of slope qJ . From { = Vlel, where
W is the electron drift velocity corresponding to the mean value of the
uhf field, values of &/p were calculated, giving moderate agreement
with those obtained by Brown(zs). Perfect agreement could not be expected,
because ithe theory does not take into account those electrons,.generated
in the gap by collision ionization,which diffuse back to the emitting
electrode,

3.2 The viork of Long(2’29)(196gl

Consider o gas in which a steady state nas been attained between
ionization and electron drift.
The equation of continuity for a bounded region within the gas

may be wiritten as
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2
vn-ze)n/az -|-v'3r'1' =O ewse 2-9
where 20 - ngd c/D

Any variation of the uhkf field will alter QU/D, and also K in this
equation, The experimentally measureable guantity is the current flow-

ing to the collecting electrode, and the current density, l' , 15 related

to the eleciron density, n, by the equation

r=n|.1Edc - D.Vn 2.10
which is tnhe same as Eq. 2.2, except that now diffusion is considered
in three dimensions. The holes in the surface of the emitting electrode
are essentially point sources of electrons. Long assumed that the case
vhere the emitting electrode contains many holes (about 50 in his experi-
mental case) is in fact the same problem as the case wnere 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

(19).

out into a gas i:as been treated by Luxley
The substitution U =n e-ez reduces Ig. 2.9 to
v + (W/p-803%.u=0 ceee 2,11
Let the point source be at the origin of coordinates, and let a typical
point in the inter-electrode space be defined by (%,¥y,2), vhere z is
directeé. along ihe direction of the applied field, and also by r and@,
where r is the distance from the origin, and e is the projection of r

on the emitvting electrode. ‘Then the electiron density, n, at such a

point is given by
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e+ ;r =@ +(z-2d)2; r, = ez+(z42d)2; ete,...

92 - ¥ +y2- Also £2 = (92 -%’)

where r2

The constant B is proportional to the strength of the source. Solutions
of this form can only be obtained if ( ¥/D - O 2) is negative. If
positive {the solution is of the sinusoidal form.

Long found it convenient to subdivide the various selectron currents
flowing in the gap, thus;

a) ie’ the total current emitted from the source, which in tnis case

is the hole in the emitting electrode, P1.

b) i,, the current flowing to P, by back diffusion.

.1
o the current flowing to the collecting electrode, P2

d) the current due to electrons generated in the gap by collision ioniza-

e) i .
tion.

e) the current due to the radial flow of electrons out of the gap, which
is negligible here.

When there is no ionization, i, + iB = ie, but when ionization

2

occurs, i2 + :IB is greater than ie because i2 and iB both contain electrons
which are created by ionization in the gap. Then, i, +iB = ie + Svn. av,
vhere dV is an elementary volume in the gap, and V is the whole effective

volume of tne gap.

-26~




ithe gap transmission coefficient, Tg’ is a convenient guantity to

describe the current reaching P2 in terms of the current emitted.
T, = ifi, = if(i,y =Y Sv n. av). ceee 2413

Over the conducting surfaces, n = 0 (Lerlin and Brown(1o)), and the
current density is given by [[=-D d1/d z. The expression for n (Eq. 2.12)
is inserted into this relation and the current density flowing to each
electrode,r-z and F'B, is calculated by insertingthe appropriate boundary
conditions, i.e. 2 = O at P1, and 2 = d at P2. The currents i2 and iB
are obtained by integrating the current density over the surface of
the corresponding electrode,

2’ " 2 3’ r

is integrat:zd between the limits a and b, where a is the overall electrode

Tor i f' is integrated hetween the limits & ana zero, and for i, 8

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

It can pe shovn that

e N L T

Now substituting for i2, iB’ and udi?.dv ve get

[{e)

14

.1,;1 -1 '!'% (9-»&,)(-1 _{_.e'.(s 'e)d) 4_% e_'eb e-(e-e)d eeee 2415

his expression is normalised to become unity when the ubf field is _
zero, Then f§ =8 4 = By c/2(D/ ) ac Vhere (D/;.l)&c corresponds to the energy

suppliad to the electrons by the dc tield alone.

-0
e d 1 ! eew 2.16
.Lgn = {1+ % © )1g.

ilence,

H m : . mh _i,& i,e,
Mow, g = 1,/1e, thus ¥ =

gn 10/ ten
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If it is assumed that the number of electrons emerging into the gap

=1 .

does not depend on the uhf field, ie .

Then, Tgn = iz/izo = Amplification, 4, 2.17
In order to malce theoretical calculations of 4 from Egs. 2,15, 2.16 and
2.17, values of u/D were used based on the measurements of Varnerin and
(13)

Brovn in hydrogen. Values of lP/D for hydrogen were obtained from

measurements of the ionizing efficiency by Leiby(jo) and Clark( 12).
It is of interest to consider the case vhere ionization is negligible.
Then 9 = e .
-&(91-9)
Then, Tgn <+ @ 2.13
under the experimental 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 take into account the size of the holes through which the
elecirons emerge into the gap. The radius of the hole does appear in
the expression derived by Long, but feutures unexpectedly predominantly.
This can be seen most clearly by inspecting the expression for amplifica-
tion in the absence of ionization. (Eq. 2.18).

Botu theories agree moderately well with experiment, with Long's
theory based on Huxley's work comparing slightly better than Nicholls'
in the limited ranges of experimental conditions tested. However, neither

agreement is sui'ficiently close to render the theories conclusive. The
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present experiment sets out in the first place to test bota theories
over a wider range of conditions in the gan, 2nd for other gases as
well as hydrogen,

Despite the agreement obtained by Long with experiment, the import-
ance of b is slightly surprising. Eq. 2,18 indicates that as b is
decreased, the fraction of electrons which are lost by back diffusion
also decreases. On the other hand, it might be expected that back dif-
fusion would increase as b is decreased, in view of the greater area now
exposed to the back diffusing electrons. Experiments where 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.

Micholls' calculation of the ionization coefficient were not alto-
gether satisfactory because the dip in the amplification curves was not
fully explained. An attempt is made later in this thesis to produce a
more precise theory for the dip. In studies such as this, it is important
to know wiich are the controlling mechanisms for the loss of electrons
irom the gon, and a theoretical study is carried out on the relative
predominancces of drift and diffusion under various seis of conditions in

a later chaptier.



CHAPTER 3

THE APPARATUS

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

Preliainary calculations on the relative importances of drift and
diffusion (see Chapter 7 ) indicate that at long gap widths, for given
values of Eu and Edc’ 6rift is more prominent than at short gap widths.
(During the early plananing of the present experiment, it was thought
that conditions in the gap for which driit was the controlling electron
loss mechanism viould considerably reduce the effects of back diifusion,
and thus make it easier to explain the shape of the amplification curves.
Later in this thesis it will be shown that this view is, in fact, an
over-simplification of what actually heppens.) The requirement that we
should be able to work with longer gap widths meant that larger electrodes
had to ve designed, which in turn involved modifications in the uhf
power supply.

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

attempt to remove at least some of the causes of these.
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1. The electirodes

1.1 The 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 pe unifbrm,
and it must be greater there than at any other point around either
electrode. This ensures that breakdovm, when it occurs, is at the
region where the field is uniform (i.e. along the axis of the gap), and
not at the edges of the electrodes, A useful criterion for obtaining
a reasonably good uniform field in the gap is that the electrode rudius s
a, should be equal to or greater than the electrode spacing, i.e. a > d.
Yo preveni brealidown atv the edges of the electrodes, the electrodes
must be properly proiiled. Bearing this in mind, the desién was based
on the 120° Rogowski profile(jz), corresponding to a maximum gap width
of 3 cms, (which is ihe largest value decided on for the present experi-
ment), with a flat face of radius a = 3 cm. Trom the point of view
of the design of the new test cell, it was found necessary to round off
the back of eacn electrode more sharply than given by the Rogowski profile.
For thiz, a circular section of radius R was chosen., (See Fig. 3.1a).

The wroblem nov: 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 #ield in the uniform field region of the gap. The following

is a very cruds calculation, but serves as a useful approximate guide

to the devermination of a suitable value for I.
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It can be assumed that ihe field near the Rogowski part of the
profile will not give rise to any problems of unwanted sparking, but
et this stage no such assumption can be made about tne field near the
back edge of the electrode. Precisc calculation of this field presents
& very complicaved problem in elecirostatics. However scae idea of the
magnitude of' tne field in this region may ve ouvtained from considering
tne rield near an infinite conducting cylinder of radius R. (See Fig.
3.10).

For this eylinder, the field strength at a point P, distance s from
the axis of the cylinder is given by

E = '-'J/S eses 5.1

vhere € is a constant depending on the charge per unit length of the

cylinder.

And at the surface of tne cylinder vhere the rield is a maxiwmum,
E = /R R

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

cylinder and the earthed conductor is given by

<
'
<
n
ko

. ds N

vhere V, is the potential at the surface of the cylinder, and VB

is the wotential on the earthed conducter. (Vy = 0).

-

Then in Be. 3.3, substituting frouw Ey. 3.2 for Q,
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VRfV

B =Iﬁ'x?(%/’§$ veer 3ok
This calculation is performed for an infiniteiy long cylinder, If
anything, the field near ihe vack of the actual electrode will be
greater than tnis owing to the additional curveture involved. There-

fore we may crudely deduce that i'or the electrode

E - > o000 Irl
o O V‘_:/R.‘In(B/R) 3.5
Now consider the gap system, with the opposite elecirode earthed

(potentisl ?B).

m o3 4} 14 . - - n - -

Then with a uniform field in the gap, Eoap = vy VB/d eese 3.6
for breaicdovm to occur only at the gap centire, along the axis

common to Lotn electrodes

o

: >
gap ma.x

Then,
fRfVB ) VR-VB
d ~ RAn(3/R)
Thus, fo(3/R) > /R
Or, B > R ed‘/R N Y

The maximun gap width envisaged in the present experiment is 3 cm.
Then, in Eq. 3.7 try d =d . =5 cm, and R = dmax/z = 1.5 em. There-
fore, frow 2q. 3.7 B > 11 cm. This .inequality holas for all values
of & less .han 3 cm, provided that the value of R = d_ a}(’z = 1.5 em. is
used,

Using this value of R, spari-ing will not occur at the edge of
either electrode provided that all earthed conductors are further away

4
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than 9.5 cm. fro: the edge.

Dwiny electrodes, made of wood and covered with aluminium foil,
were used in electrolytic tank tests ito check the validity of the results
obtained fro. the above calculations. The results of these tests did
not go so far as to verify the theory because the tank tests were not
sufficiently accurate, buti they did net show any sharp deviation from
the conclusions dravn from the theory.

It vas conciuded 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 external earthed conductors are placed more than 9.5 cm awvay
from the edge of either electrode.

1.2 Construction of the elecirodes

In the previous work of Nicholls(1) and Long(z) the electirodes

used were mede of brass., The new electrodes were constructed of 99.9:.:
pure aluminium, hollow as shown in Fig. 3.2, with brass back plates.

The elecirodes vere turned roughly {to the required shape in the lathe
and the final accurate proi'iles were obtained by projecting the shadow
of each electrode onto & master curve, filing and polishing the electrode
until the shadow and the master curve coincided. The inside faces of

the electirodes were milled until tae thickness over the plane region

wias about .1 cm. Holes of diameter .034k cm were drilled in the flat
face of the emitting electrode, countersunk on the inside so thnt each

hole is effectively a tube of length equal to diameter. To reduce the

likelihood of' nositive 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 itseli’, no holes were
drilled at ihe centre of the face in a region of radius about .2 cm.
The electirode shells are attached to the back plates by four screws
which are 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 gquartz tubing through which the various connections are fed.

(After preliminary measurements of amplification had been obtained
using these elecirodes, tne faces were gold-plated (by evapomtion) in
order to eliminate the possibility of effects due to oxide layers.
Unlecs othervise stated, all the results quoted in this thesis were

obtained using the pold-plated elecirodes).

2. The pap assembly and test cell

The test cell was designed with the following requirements in
ming: -

a) ‘he cell must be large enougih to house the elecirodes in sucn
a way inat no eerthed conductors are closer than 5.5 cm from the edges
of them.

b) “he elecirodes must be easily demountzble, many times if
necessary,

¢) The sysiem as a vhole must have high vacuum properties and be
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grease~frae.

d) The inter-electrode spacing :ust be easily variable,

e) Access nust be made for the eiements of the transmission line
carrying the ubf power to the gap, and also for the leads to the various
current measuring circuits and the filament power supply.

') The voltage in the gap is measured using a metal bead susPended125)
in the gap by & quartz fibre, so the axis of -.he gap must be in the
horizontal vlane, Provision must ve made for raising or lowering the
bead out of or into the gap as required. Yhis instrument is discussed
in detail in §5.71 of this chapter.

The Pyrex glass test cell was built to the required specifications

o

oy wuick-fit Visible Flow Ltd. 4All the demountable vacuum seals make

use of 'viton' O-rings, compressed between the ground glass ends of the
\ )

cell and the steel end plates. (See TFig. 3.3). Viton was chosen in

pref'erence to more conventional rubbers on account of its better vacuun

and outgassing properties over a wider range of temperatures. It is

possible 1o bake such seals up to temperatures of 200°C.if réquired.

The elzcirodes are insulated from the earthed end plates of the

cell by PiT% insulating plugs, and are situated at the open end of a

to its agvropriate brench of the line by means of sliding T-junction,
whiciy enabies pap width veriation to be made, (See Fig. 3.3).. The gay
width is variable by means of adjustable bellows in each end plate, and

can tnus be controlled from outside.
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The steel end plates are mounted on adjusiable steel reils which
enable the clectrodes to be lined up along a common horizontal aris.

3. The vacuun system

(2)

Long concluded that many of the diificulties experienced in

nmeasuring the gan current were due to the formation of insulating films
on the elecirode surfaces, and that such films directly resulted from
running a discharge in the presence of' vapours given off by silicone
greases and oils. The experiments of Laurensen, Holland and Priestland(23)
confirm this view,

In the present experiment, it is desirable to eliminate silicone
vapours as far as possible. As a first step, the silicone grade 704 oil

5(23)

in the diffusion pump was replaced oy slicone grade 705 Immediately
on top of' the aiffusion pump was placed a glass ccld trap packed with
copper ioil. (See Fig. 5.4). Silicone molecules or any other organic
impurities back streaming from the pump and siriking the copper surface
are avsoroved, thus not reaching the test region of the system. Efficiency
of this trav increases witn the area of copper exposed to the vacuum.

& similer trap was placed close to the bellows pressure gauge.

Yhe pipeline was constructed of 2 cm diameler Pyrex tubing, and
grease-free meial stov-cocks (kullard VIiT-18F) were incorporated, keeping
the distances o the various parts of the system from the puups as small
as possivle to keep ithe overall pumping eificiency of the system high.

Precsure is measured in three ranges as follows:-

a) In tne range 0.5 torr to atmospheric pressure, pressure is measured
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using the diiferential bellows gauge(1’2’33). (See Fig. 3.4). The
pressure in the test system is compared with that in an auxiliary
system (in waich the pressure is measured accurately using an oil mano-
meter) by measuring the deflection of the beilows. The deflection of
the bellows is amplified by an optical lever system, and is easily
calibrated as indicated above, From the calibration, a sensitivity was
obtained of 0,0525 torn/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 and auxiliary systems), and also thet the
pressure in the test system, as measured by the gauge, is a linear
function of bellows displacement from the null position. (See Appendix
1).

b) In the range 10-2 to 1 torr, pressure is measured by an Edwards
Pirani gauge.

¢j In the range 10-6 to 10-2 torr, pressure is measured using an
Edwards Penning gauge.

The glass is outgassed by heating tape, with which the pipeline is
lagged, and the metal taps by built-in 240 volt mains heaters. Thus
temperatures up to 200°C are easily oovtained. It is not possible to
cutgas the test cell at this temperature because of the soft-soldered
electrical connections present inside the electrodes. However the cell
can ve safely outgassed at 100°C, and this wvas done by the application

of steam jaclkets.



spectroscopicully pure (See Appendix 2) gas samples contained
in 1 litre glass flasks are obtained from British Oxygen Co. Ltd, Gas
can be admitvted to the system as slowly as required through a single
wetal stop-cock., Before an experiment is performed, the test system
is pumped out and outgassed until a pressure (with the pumps still
running) awnproaching 1()-5 torr is obtained. A rate of' rise in pressure
of not greater than 5 x 10-7 torr/second is tolerable for the purposes
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-freguency apnaratus

4.1 Electron ambit considerations

Previous similar experiments by Nichollsz, and by Long were performed
using high frequency apparatus that resonated at 106 Mc/second. The
electrode assembly is effectively a terminating capacitance at the open
end of a cuarter-vave parallel-wire transmission line, and tuning to
the frequency of the oscillator supplying the power is achieved by
anotner variable condenser in parallel with the main gap. Vith 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 lic/sec becomes impracticable as a result of the increased load on

the end oi the line. By decrezsing the resonant frequency of the systen,

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

At this stage it is necessary to consider tne electron ambit in the
gap at 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(5) drift velocity data) varies with E/p
at freguencies of 50 and 100 Mc/second in hydrogen. It can be secen for
both frequencies that below Ep = 50 v/cm.torr, and for gaps longer than
0.5 cm, the electiron ambit can be regarded as small compared to the
gap width, Therefore at a frequency of 50 Mcgsec, as at 100 Me/sec,
eleciron removal is mainly by diffusion anc so the diffusion theory of
breakdovm applies for pure oscillatory fields. The limits for such
conditions are when a) the frequency is so low that the electron ambit
is comparable with the inter-electrode spacing and b) when the frequency
is so high as tc be comparable with the collision frequency of electrons
with gas moleculies. Between these limits there is little variation in
the breal:dovm field with frequency(a’Bh). Therefore it is reasonable
to assume that the results obtained at about 50 Mc/sec can be directly
compared with the corresponding results of Nicholls and Long working at
106 Mc/sec, and that little difference will be expected.

4.2 Design and construction of the tuned gav assembly

In order to keep the resonant frequency of the gap assembly constant
when the electrode spacing is varied, a tuning condenser in parallel
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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 dg and dc’ and plate redii ag

and a .
c

The permittivity of free space is approximately egual to that of
air. 'Then €0 T Saip? approzimately.

The total capacitance at the end of the line, C = CB + Cc. There-
fore, C = eo.lnr(rZ/dg + ag/ab).
And if a@ = 8.,

1/"1g + 1/<1c = G, a constant eees 3.8

The tuning of this system gets increasingly sensitive as d.c is decreased,
At small valuves of dc, very smell deflections of dc from the resonance
position may cause very large fluctuations in the voltage across the
test gap., The smallest comfortable value of dc is typically about .5 cm,
below which tuning is too criticai to be satisfactory. Impose the

conditions that when dg e 3 cm, mke a . = .5 cm, Then when

= 0.5cm, d = 3 emn. Therefore for the resonant frequency

a .
g. Min C.Mmax

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 ocm apart, the closed end split by a mica condenser to insulate

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

In an experiment to investigate vhe resonance properties of the
system, & signal from a variable frequency genersztor was fed into the
line froia a loon loosely coupled to the closed end of the line. The
voltage belween the electrodes (which is a maximum for the line) wvas
indicatea by means of a rectifying bridge capaitatively coupled to the
branches of' the line close to that end. The resonant frequency of the
system was thus measured for various conditions of dg and dc' The
family of curves in which the resonant frequency of the system is plotted
against d, for various values of dg (See Fig. 3.7) is an indication of
the tuning capacilities of the test system, From these curves, it is
clear that the line constructed to the above specifications can be
conveniently tuned over all the required experimental conditions at
frequencies around 50 lc/second.

4.3 The uhf oscillator

An exisiing free-running, tuned anode-tuned grid oscillator was
rebuilt to oscillate at the new required frequency. Two power tetrodes,
(Mullard (Y3-65) are employed, and the anode voltage is supplied from
a 1000 volt power pack, being smoothly variable by means of a Variac
transformer at the in-put of the power pack.

The lengthzs of' the tuned elements (tuned quarter-weve, parallel-
wire transmission lines, constructed from copper tubing 0,95 cm in
diameter and with 1limbs 7.5 cm apart) were adjusted until the device

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

The comjlete oscillator circuit is shown in Fig., 3.8a. It is
housed in a sliding rack so that the whole assembly mey be raised or
lowered in order to vary the coupling between the oscillator and the test
load. The oscillator is screened by aluminium sheeting, =2nd the two
pover tetrodes are air cooled by an electric fan,

Over-coupling opetween the tuned elements occurs if they are placed
too close together resulting in 'dounle~humping' or freguency jumping.
To avoid this, the lines are set up at right angles to each other,

(See Fig. 3.8b).

The freduency of the oscillator was measured using a set of Lecher

wires to which the oscillator is loosely coupled, and found to be

48 Me/second.

5. Voltage measurement at ultra-high-freguencies

In principle, the method of measuring the voltage in the gap
: R 5, ] (1) 3 ] 3 -3
is the same as that developed by Nicholls , but certain modifications
have been made in which the apparatus has been simplified to some extent,
It is not possivle tn connect & direct reading voltmeter between the
electrodes because the current flowing through the voltmeter would de-
tune the test assembly. Thnerefore it is not possible to measure the
voltage between the electrodes directly. To overcome this, an indicat-

ing meter loosely 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.

5.1 The ellinsoid volimeter

The ellipsoia voltmeter was developed by Thornton and Thompson(25)
for the absolute measurement of high electric fields. A small metallic
ellipsoid suspended in the gap between two plane electrodes by & near-
torsiou-free insulating fibre oscillates about its axis of suspension
with a frequency vhich is a function of the electric field in the gap
_(having initially been set into oscillution by external means).

The woriting formula for the instrument is

P - k(nz - ni) veee 3.9

vhere 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
absence of the field. The constant, l, 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 f'ield, and that the
instrument therefore gives true root mean square values., Measurements
are independent of frequency of applied fields, and therefore the device
may be calibrated for the application of knovm dc fields (i.e. k
measured), and then used in turn to calibrate a suitable indicating meter
for the measurement of uhf fields. The eilipsoid voltmeter used thus
is a 'step-ovsr' instrument vetween the Imown dc field, and the unknovm
uhf field, the working quantity being the rrequency of oscillation of

the ellipsoid.
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Modification of Eg. 3.9 gives

| o

k(n .+ no)(n - no)

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

voltages.

Let (n-n) = R , say.

2knofl.

Differentiating this, we get the sensitivity
dﬂ/dE = (1/kno)-E- sass 3.10

The ellipsoid voltmeter is very sensitive if small changes in field

produce large changes in the difference (n - no). Thus it is seen

from Eqg. 3.10 that the system for a given k and ng gets increasingly
sensitive as the level of E is increased. Alternatively, for a given
field and ellipsoid dimensions, the system may be made more sensitive
by decreasing the product kno, either by using & fibre of smaller stiff-
ness, and/or by using a less dense metal for the construction of the
ellipsoid,

In lhe present experiment the ellipsoid takes the form of a
Vloodsmetal disc of diameter avout 0.5 cm, and is suspended from a fine
guartz 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.

It was necessary to design a grease-free apparatus for moving the
ellipsoid in and out of the gap. For this purpose the fibre is suspended

from a bras§/iron plug whicn is capable of sliding vertically in the
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glass tube immediately avove the gap. Thus the vhole assembly may

be moved in the vertical plane (for raising or lowering the bead), or
may ve rotaied in the horizontal plane (for varying the orientation of
the ellipsoid in the gap) by means of an external magnet., (See Fig.3.9).

The ellipsoid voltmeter was originally incorporated inte this
apparatus as an aid to the measurement cf the uhf field. However,
another important application has been devised for the measurement of
small residual voltages left in the gap after running a discharge. This
applicaetion is described in greater detail later in this thesis.

5.2 The uhi indicating circuit

The indicating meter takes the form of & full-wave diode rectifier
whose terminals are loosely coupled capacitatively 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 or the circuit high, thus keeping the additional load on the
line to a minimum, as well as protecting the diodes. The current flowing
through the rectifier is measured using a sensitive Scalamp galvanometer,
suitably screened and earthea. High-frequency 'pick-up' is further

reduced by a system of radio-frequency chokes.

5.3 Calibration of the uhf indicating meter

and }‘ (the deflection of the
2" 1/2
o]

(R b} - o
The curves relating & .- .
u + € ®3c(calibration)

. . 2
uhf indicaiing meteir when the uhf field is applied) with (n° -

are straight lines.



i.e. h(n2-n§) /2

“dc(calibration) =

£

Then assuming that the ellipsoid voltmeter is not freguency dependent,

&(

2 2\1/2 £, h constants.
n -no)

E .. . 's s l - 3 v €1 e 4 ™ n -
dc(calibretion) is equivalent to the rms uhf field, E,» for a given

value of n.

Then, E = (h/g).)z{ ceee 3.1

5.4 Accuracy of uhf measurements

The aécuracy with which the uhf indicating meter may be calibrated
in terms of the uhf voltage in the gap depends on the accuracy with
whicih the frequency of oscillation of the ellipsoid can be determined.
The following standard experimental procedure is adopted.

The ellipsoid is set oscillating in the gap. The clock is started
when the ellipsoid passes through the equilibrium 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 later, 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 calibration by always timing over the
same numner of swings. Also, care was taken to ensure that the
amplitude of the swings was the same at the start of each timing operc-
tion.

Due to the errors introduced mainly in the starting and the stopping
of the cloclk, it is not possivle with the ellipsoid to detect changes in

voltage of less than about 20 volts. However, a satisfactory calibration
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of the uhi' indicating meter may be obtained by plotting many points
; i 1 2 2\1/2

on the curves of de(calibration) andld versus (n“ - no) , and

using a suiteble statistical anelysis to calculate the best straight

lines. TFrom the calivratlions obtained,il is possible to measure the

gap voltage to within an accuracy of' 4 2i: over the range required.

6., The current supply and measurement system

The curient supply and the measurement system is described in
detail by Long(z). Certain slight modifications only have been made.
It is necessury, in order to obtain satisfactory values of the

gap current, lo stabilize the current emitted intc the gap, and it is

assumed for the present that this can be done by stabilizing the

current, i,, flowing from the filament to the inside of the emitting

1’
electrode. A transistorized bi-stable circuit of the type designed by

&
wolfendale(Js) vwas modified by Long(z), employing phototransistors to

make it sensitive to impinging light. (See Fig. 3.11). The system

is arranged so that when i, reaches the required value, the spot of
galvanometer G1 impinges on two balanced phototransistors placed close
together on tue scale. These feed currents into a difference amplifier
which depend on the exact position of the spot, and hence on i1. The
amplified difference signal is applied to the base of a high power
transistor placed in series with the filament supplying the electrons,
and causes the current flowing tirough the filament, hence its tempera-

ture, to ve varied automatically according to the position of the spot.
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Thus by suitable arrangement of the circuitc the spot can be 'locked'

onto une photoiransistors, and a high degree of stavilization of i, can

1
be obtained below about 10-6 amperes, Above tihis, small fluctuations

in i1 begin to occur as the filament is now running at a higher level
but these are not large enougih to become superimposed on the gap
current, i2.

The galvanometer, G2

protected from the high current flowing at breakdown by a similar tyoe

s used to measure the gap current, i_., is
I4

of circuit. (See Fig, 3.12). Wwhen the galvenometer deflection reaches

a certain value the spot energizes the base of a phototransistor which

triggers a circuit operating a relay, which in turn short circuits the
galvanometer.

'"ne current measurement and dc voltege supply system are shown

in Fig. 3.13. Voltages V1 and Vé are supplied by dry batteries, end
varied by means of potentiometers, Currents i1 end i, are measured by

-E

2
galvanometers G, and G2. G1 has a maximum sensitivity of 7.5 x 10
. . ‘s c -10
ampa/cm, and Gb a maximum sensitivity of 5 x 10 ampq/cm.
Cereful screening of all leads is arranged to reduce high-freguency

'pick-up' to a minimum.
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CHAPTER &
EXPURIMENTAL MEASUREMENSS OF AMPLIFICATION

m———

Curves showing the vuriation of amplification with the applied

uhf field had previously been obtained in hydrogen by Nicholls(1) and
\
)
Long( ‘s both inmn-grease-free vacuum systems. The following paragraphs

describe new measurements of amplificetion made in a grease-free vacuum
systen, using larger elecirodes and larger gap widths, and covering
a comprehensive range of Edc and pressures in hydrogen, nitrogen, helium

and neon.,

1. lethod of measuring amplifications

Ges was ademitted slowly into the test cell and the pressure measured
using the bellows gauge. The filament temperature was monitored auto-

matically so thet the current, i,, flowing to the back of the emitting

1)

electrode when the voltage, V,, was applied was kept constant. (See

1’
Chapter 3). %ne stabilization process was assumed to be operating satis-

factorily vihen the current, i flowing to the collecting electrode in

20’
the presence of .E(10 and with Eu zero, maintained a steady value. ¥hen
120 had stabilized suificiently, the uhf ficld was applied, and i2
measured, Stepwise increments of Eu were appliied, and 12 megsured at
each step, until the system wes close to breaking down. As a check on
the reproducability of the results, the readings were repeated with Eu

decreased agzin in steps. Actual breakdown was avoided after it was

observed in the early sels of measurements that a given amplification
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curve could not alvways ve exactly reproduced immediately after a break-
dovm had occurrsd. This may be explained in texms of charging at the
electrode suriwces, and is discussed in greater detail in a later chapter.
Az an example of' the effects of passing a high current in the gap,
Fig. L.1 compares two families of amplification curves obtaiuned in
nitrogen, one in which brealkdown was allowed to occur at the end of eacn
run, and the other in which vreakdown was carefully avoided. The systema-
tic behaviour of the curves,as the pressure is varied,is marked when
high currents are avoided in the gap, but becomes consziderably disrupted
when brezal:down is allowed to occur.

It has not been possible during the present worix to obtain a value
for i26 which is absolutely steady. (See Chapter9 ). To account for

the drifts in i, ., a check on its value was made for every iwo or three

readings of' i,, the frequency depending on the magnitude of the drifts.

2’
(See Preface).
Nicholls(1) showed that the shape of the amplification curves does

not depend appreciably on the voltage, V,, between the filament and

1’
the emitting electrode. A value is chosen, therefore, which is low enough
to avoid breakidown between the filament and the emitting electrode, (such
a breakdovn would render the stabilization of i1 impossible), yet high
enough to provide a sufficient flux of electrons into the gap through
the holes in the emitting electrode.

Aumplification, A = iz/izo, is plotted as a function of Eu for

various values of Ed and pressure.

c
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2. Limitations on the range of experimental conditions

Restrictions on the range of experimental conditions that can be
tested are imposed by the limited capabilities of the apparatus used.
For instance, at vressures higher than about 8 torr (varying slightly
from gas to gas) insufficient flux of electrons is given off from the
filament to provide a measurable current in the gap. At higher pressures,
the flux of elecirons can be increased sufficiently by increasing the
filament temperature, but this has the efiect of reducing the sensitivity
of the stubilization of i1. The maximum stable voltage that can be
genevrated 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.

iiith 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 quantities to bpe measured

In the calculation of A, it is not necessary to obtain 12 or i20 in
absolute units, since A is the ratio of these two quantities. However,

the galvenoneters G1 and GQ were calibrated so that the currents i1, i2

and i20 can be obtained in amperes if required.

Currents 12 and 120 are measured in tne units of cm of galvanometer
deflection, ané mey be measured accurately to the nearest OLF cm, If the
current flowing in the gep is such that it gives a G2 deflection of 1 cn,

accuracy to within 5;. can be obtained in the reading of 12. For most of
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the experimentai resulis quoted oelow, accuracy is considerably greater
than this.
Typically in tue pressure range used, i_I is of' tne order 2 x
7 l » ] ' 1, N «] —9
10" amns, and 1oy 18 oI the order of 10 7 amps.

The accuracy of the uhf field measurements varies from about . 5.

at 10 v/cem to about 4 1.. at 100 v/cm. Tae accurscy of measurement of

ihe applicc field, E, ,varies from about 45. at 2 v/em to about 15

at 20 v/cm.

4. Ecpverimental measurements of amplification

During the following measurements of amplification, breakdovm
was carefully avoided, for reasons already discussed., Theref'ore no
measurements of' the breakdovn field are given. However, since the
breakdovm conditions are of importance in interpreting the ampliiication
curves, measurements of breakdovm stress vere made independentl;, of the
amplification curves, and are presented in Chapter 5.
L.1 Amplification in hydrogen

Preliminary measurements of amplification in hydrogen enabled the
dip in the sampiification curves observed by the previous vorkers to be
quicidly re-establiished,

dxtenzive seis of amplification curves were obtained for hydrogen
in the pressure range 0.5 to 8 torr, wita values of Edc ranging from

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

(See Migs. M2, 4.3, k.ky 4.5 and U 6).
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The general shape of the curves is described in Chapter 2, §3.
The onsetv of ionization at higher values of Eu is clearly defined vy
the corresponding increase in amplification. This rise, which is
continuous up until breakdown, is steep at low values of Edc’ but becomes
less steen for larger values of Edc' the size of the dip decreazes
with inereasing E

ac? and eveniually F. may be increased to the stage

dc
where the dip is removed altogether. At still higher values of Edc and
low Eu, amplification is not so strongly dependent on E c? and the

curves for successive high values of I, become indistinguishable. (See

de
Figs. 4.2 and L.3).

Families of aplification curves, plotted with Edc fixed, and varying
the pressure from curve to curve, (See Pigs. L.k, 4.5 and 4.6), snow
that below the onset of ionization amplification exhibits only a slow
pressure dependence, and such th:t for a given value of Eu’ an inecrease

in pressure produces a small corresponding increase in amplification.

L.2 Amplification in njtrogen

Amplification curves wiere obtained for nitrogen in the same way as

0

for hydrogen, for pressures ranging from 0.5 to 4 torr, for Edc = 6,99
and 10.34 v/cm and for gap widths around 3 cm, (See Figs, 4.7 and 4. 8).
‘'he curves exniopit the same general characteristics as for nyarogen.

4.3 Ampliticétion in helium

snme.

Amplification curves were obtained for heliwn in the pressure range

1 to 8 torr, with E. renging from 1.89 to 15.9 v/cm, and gap widths

de

around 3 cm. (%ee rigs. 4.9, 4.10 anc 4.11). The curves exhibit similar

~5l=
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characteristics to those for hydrogen and nitrogen, e.cept that the scale

of Eu is very much reduced.

4oy Amplification in neon

Amplification curves were ootained for neon in the pressure range
1 to 8 torr, with E;  ranging irom 1.89 to 18.3 v/em, and gap widths
around 5 cn. (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 removad
completely throughout the above pressure range wiren values of Edc
greazer ihan about 7 v/cm are applied. The pressure dependence of

amplification is considerably more narked than in the cases of hydrogen,

nitrogen and helium.

5. General Discussion

the shaps o the amplification curves at low values of B is
afiected mainly by the relative importances of drift and daiffusion of
electrons in the gap. 4t 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 theoretically the relationship
between driit and diffusion for various conditions in the gap. At this
stage it suliices to describe briefly the main factcrs infiuencing the
shape of the amplification curves.

Wnen a pure uht field is applied, the main electron loss is by
diffusion. A5 E&c is then superimposed, and gradually increased, the

rate of' loss oi electrons by drift increases, and diffusion becomes less

=55~



important in relation to drift. as drift becomes more and more ef'fective,

the aip in the amplification curve becomes smaller. At some stage,

™

s Edc is increascd, drift may be expscted to take over from diffusion

as the dominant electron removal mechanism. JEventually, Edc

increascd to a value high enough to completely remove the dip.

(1,2)

may be
It has been suggested that the dip may be caused by the loss

of electrons by back difiusion, which increascs as the energy of the
elsctrons 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. IHowever, this may not be the case,

For instance, if E. dis high enough on its own to produce muliiplication

dc
in the injectea electron stream, then as Eu is increased irom zero, the
ionization rate will start to increase immediately. If the ionization
rate initially increases faster with Eu than the rate of electron loss

by back diifusion, the dip will be removed while back diffusion is still
going on,

It is of interest to compare the amplification curves obtained for
the various gases. Yor elastic collisions between electrons and gas
atoms or molecules, the fraction of the electron energy which is lost
per collision is inversely proportional to the mass of the atom or
molecule struck. Therefore we viould expect for a given I/p that the
random energy of the electrons is less in a lipht gas than in a heavy gas
and hence the aiffusion coefficient to be less. Tnis is an oversimpli-

fication, however, and is complicated by the occurrence oi inelastic

~56-
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collisions. A&t low %/p, the fractional energy loss of an electron per

collision, taking inelastic collisions into account, has been shownkJ’D)

to increase for gases in the order e, He, H,, Il Therefore the

2’ 2
diffusion cocfiicient should increase in the opnosite sense, and if the
dip in the amplification curve is due to back dirfusion, it might be

expected to be greater in the order H2

does not agree with the experimental results, and it is not possible

’ Nz, he, Ne. This crude picture

to conclude with any certeinty at this stege that buck diffusion is the
nechanisn causing the dip.

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

theory vhich satisfactorily explains the shape oi' the amplification

curves.




" CHAPTER 5

ELECTRICAL: BHEAKDOLN OF GASH> AT ULWRE-HIGH-FREJUENCIES

In this study of the events leading up to breakdown in a gas under
the influence oi' combined uhf and dc electric fields, it is desirable,
for comnhletion of the picture, to obtain measurements of the uhf break-
down rield corresponding to the conditions oi' gap widtn, gas pressure
and Edc encountered in the amplification curves. (See Chapter L).
From these measuremcnts at breakdown, the aim is to oblain values of
the uhf' ionisz:.tion coeificient for ghses in the same experimental environ-

ment in which the amplification curves were obtained. These velues will

be employed later in this thesis in the interpretation of the shape

I=ly

of the amplification curves. (See Chapter 8 ).

1. Hethod of measuring the breakdown field

All the measurements to be described in this chapler were performed
with no artificial source of electreons. The initiation of the discharge
thus depends on the appearance in the gap of a casual electron. iith
thiz in mind, the following procedure was adopted.

Ges vas adnitted into the system to the required pressure, and
Edc and the gap width viere set to the required values. The ubf field
was increased slowly in smell increments until an instantaneous brealk-
down occurred. “he uhf field was removed, and the system left to recover
for a few minuics. The uhf field was again applied, and raised to a
valuc just below that at which the first breakdovn occurred. This f;eld
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vas maintained for a few minutes to allow enough time for a casual
electiron to appear, and if' no breakdown occurred during this time, the
iield was further increased to that whicn caused the instantaneous brealk-
dovm previously. If breakdown again occurs instantaneously, the value
Jjust below tiids was taken for the vreakdovm field.

keasurements of the breakdovn field were performed in hydrogen,

nitrogen, helium and neon.

2. Variation of the uhf breakdovn field with & superimposed dc field

Lynical results showing the variation of the uhf breakdown field,
Eus (rem.s. v/en}, with a superimposed dc fiela, Edc’ are presented in
Fig. 5.1. The general shape of' the curves is the same for all the gases

tested. -t low values of E E  increases slowly at first, then more

de’ Tus

rapidly as Ed is increased further, becoming an almost linear function

c
of Edc’ of which the slope, for a given gas, appears to be independent
of pressure. This increase in the uhf breakdown stress may be explained
qualitatively as follcws., As Edc is increased, losses of electrons by
drift are enhanced, and the lifetime of the average electron in the gap
is decreasesd. In order te preserve the balance between the loss and
generotion processes, required for breakdovm, the ionization rate, hence
the uhi {ield, musi be increased.

In this particular set of measurements, the results must be treated
with caution. Bacu time a discharge is. struck in the gep the presence

of the apvlied dc {ield causes a large unidirectional currenv tc flow
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in the gap, thus producing considerable charging at the electrode
surfaces, (See ChapterQ ). Thus the effective value of E;, in the
gap at any time is strongly dependent on the discharge that occurred
vinile the wrevious point on the curve was being obtained. In view of

the uncertainty thus introduced, these msasurements were not pursued

in detail,

3. HMeasurements of breakdown field at pure ubhf

lleasurenents of breakdovm stress were performed for gases strecssed
by pure uhi' fields, and curves vere plotted showing the variation of
EusA with p/\ , Where A is the dirfusion length of the gap. Experiments
. . . . ; e (12,
of this tyve have already been performed in detail at Durham by Claxk J72
Here that work is extended to cover the range of experimental conditions
reievant to the present amplification measurements. For a given curve
the procedure adopted was to keep /\ constant, and to measure the
breakdovn iield for a range of pressures.
(Wete:- 4 later chapter describes measurements which show that
there is no net charging in the gap during a pure unf
discharge. Therefore the measurements of brealkdorm
stress at pure uhi' are likely to be considerable
"more reliable than those made in the presence of a de

field.)

5.1 Breakdovmn in hydrogen

iicasurements oflreakdown stress were obtained in hydrogen in the
pressure range 0 to & torr, wilh gap widths of 2,64 and 2.90 cm,
(See Fig. 5.2).

It is seen that for the whole range of pressure used, the curve
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of Eus/\ agninst p/\ is unique for both gap widths. At the high pressure

-

ena oi' the curve, hus decreascs uniformly with pressure, agreeing
extremel;” well with Clari:'s measurements over this region. In the low
pressure region, Clark's curves, obtained for smaller gap widths and

a frecuency oi 9.5 Hq/sec, branch upwardas, while the nresent curve
continues the dovmward irend. The reasons Ior this discrepancy between
Clark's ana the present measurements are discussed in §5.5 of this
chapter.

3.2 Breakdovn in nitrogen

leasurements of breakdown stress were ooteined in nitrogen in the
pressure range O to 4 torr, with a gap width of 2.90 cm. (See }ig. 5.3).
Over the.full range of pressure used, Eus decreases uniformly with
pressure. Clzrl:'s mecsurements in nitrogen were obtained for conditions
of pressure and gap width that differ so greatly from these that no
fair comparison cen be dravn with the present results.

3.% Brealidovm in helium

Measurements of breakdovm stress were obtained in helium in the
pressure range O to 8 torr, with gap widths of 2.6l and 2.90 cm. (Bee
Pig. 5.4). ‘ihe breakdown field decreases uniformly with pressure down
to p about 1 torr.cm, below which it rises sharply again. Over the
whole oi the avove pressure range es far as can be ascertained from the
very li.ited range of gap widths used, inhe curve appears to be dependent
on the gan widti. Clarl: performed no breakdovm measurements in helium.
i SRR 1) R that ©
liowever, convered with the results of' Browm it is seen that the

present values oi' the breakdown field are considerably lower.
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3.1 Brealidown in neon

lleasurements of breakdown stress were obtained in neon in the
pressure range 0 to 15 torr, with gap widths of 2,084 and 2.90 cm. (See
Fig. 5.5). at the higher end of' this pressure range, Eus decreases
uniformly with pressure, but as the pressure is decreased, goes through
& minimum at p/\ about 6 torr.cm, then rising again slightly before
dropping sharply to reveal another minimum at p about 0.2 torr.cm,
af'ter vhich it rises sharply again. 4#s in helium, the curve appears to
be guite strongly dependent on the gap width,

Clarl:'s measurements in neon do not extend to such low values of
pA , so, again, no fair comparison can be made wiln the present results,

3.5 ‘the diffusion theory of breakdown

The shape oi the E , B curves has been studied in detail by
p s T
12 . 5
many workers. Prowse and Clark( ) showed that provided the only electiron
removal mechanium is diffusion, anc the only eleciron generation process
is single-stage collision ionization (el }, the curve should be unigue
for a piven gas, independent of the dimensions of the gap. Therefore

(10)

the diffusion theory of breakdown at ultra-high-frequencies should
apply.

At breakdown, W/D = 1/ /\2 vees 51
It is convenientc to consider the ionization coefficient‘7 , the number

of ionizing collisions that an electron makes in falling through a

potential of one volt.

Then, % = o /&
W 1
= -!-].—E . f‘: .
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Then providing that diffusion is the controlling electron removal
mechanism, %) may be obtained as a function of ¥/p froum the EusA , oA
curves, using estavlished data of other workers for I/y.

The diriusion theory of uhf breakdovm holds provided that

a) the electiron ambit in the gap in onme half cycle of the uhf field
is small compared to the gap width,

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

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

d) the wavclength of the applied uhf field is large compared to
the dii'fusion length of the gap.

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

the presont experiment.
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TABLL 5. 1

LABL. oHOLING (He [AndiGE OF CONDIYIONS OVER HICH THY DIFFUSION THEORY

L L S e T P L

UF BREaEDOWN SHOULD APFLY

Ge.s

Iiydrogen |liiirogen Helium Meon
Hleccron Ambit Limit Bp <5 |%p <30 |¥p<30 |4p<20
liean-free-path limit v < 0.020fp < 0.050fp < 0.060}p <V.12

Coliision freduency
limit

p < 0,052

p < 0.052

P < 0. 104

P < 0. 071|.

Uniform ficld linit

- e

L.avelengti of oscillation of Iield, 525 cms,

is far greater than/A , so diffusion theory

applies.

Fleciren ambits czlculated from Tormsend drif't velocity data(b )
Collision frecuency data from Brode®

Pandom velocitly data from Tovmsend data

(39)

(5)



The conditions in the present experiments over whicn the diffusion
theory oi’ orealdovn should apply are set out for hydrogen, nitrogen,
helium and neon in Table 5, 1i.

5.6 Application of the diifusion theory of breakdown in hydrogen and
nitrogen

For tae liniled range of gap widths tested in hydrogen and nitrogen
Figs., 5.2 and 5.3 indicate quite clearly that the Eus/\, p/\ curves
are unique for each gas, and not dependent on the gap width. Therefore
the dif'fusion theory should apnly safely over most of the conditions
tested, and this is confirmed by the conditions stated in Table 5.1.
Therefore using Zg. 5.3, the ionization coefficient 77 is calculated
as a function of E/p from the measurements of breakdown stress. (See
¥ig. 5.6). Values of D/it for nydrogen are obtained from the data of
Varnerin and Brown(13), and for nitrogen fro: ine data of'Daas ané Eneleus(hgz
The values of Oz thus obtained for hydrogen agree satisfactlorily

(30) (12)

with those obtained by Leiby , Prowse ana Clark and Varnerin and

Brown(1j) and the values for nitrogen agree similarly with those obtained
(41)

by Harrison

.7 Application of the diffusion theory of breakdown to helium and neon

N

“he minimun in the breakdovn curve for helium, and that in the
neon curve ot the hisher value of p/\ , Go not appear to coincide witn
any of the limits to the diffusion theory mentionea so far. However

the minimum in the neon curve at the lower value or 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 neon, it is clear that the breakdovm curve is Dot unique, but is
dependent on the gap widta, 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 Prowise and Clark apparently fails. This suggested
departure from the breakdown theory appears only under the present
conditions of lom gap widths and low pressures. The theory was tested
successiully by Prowse and Clark for shorter gap widths and higher
pressures. A possible mechanism thut would invalidate the theory would
be the emergence of an electron generation process other than single-
stage colliision ionization, dependeni on the dimensions oi the gap.

One possible mechanism may be closely linked vd.th the abundance of
metastzble atoms formed in helium and neon. At hign pressures, a
metastable atom has a high probability of colliding with an atom of
impurity in the gas, and may, if the matastable energy of the impinging
atom is slightily higher than the ionization potential of the struck im-
purity, give up its metastacle energy to ionize the impurity atem. (Pen-
ning effect). In this case, the net effect is simply to enhance the value
of the single-stage coliision ionization coefficient, and does not
basicaliy eltexr the theoretical argument of Prowse and Clark. But at lower
pressures, the probability that the metastable atom will collide with

a suitable impurity is reduced, and it may instead diffuse to the
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electrodes vhere it might readily give up its energy to assist the
relzase oI elecirons irom the surface of the metal, This effect will
be dependent on the gap aimensions, as well as the pressure and the
impurity content oi' the gas under test.

I it is an additional electron generation process which is causing
the aeparture from the theory in the present experiments, then so long
as diffusion is still the controlling electron loss process, the diffusion
theory of breakdovm may be applied. The ionization coefficient,)z s 1is
then calculated for helium and neon from Eg. 5.3, and plotted as a
function of E/p. (See Fig. 5.7). Values of D/u for helium are obtained

(42)

from the data of Reder and Browm , and for neon from the data of

Mleruelk')’. It is seen thet the calculated values of“?z are nore than
an order of magnitude greater than any of the standard data punlished

L .'l.'-\ l-. 3
(M-:U/; Neon( ll-:36)),

for pure helium and neon, (Helium and this is con-
sistent with the view that an additional electron generation process is
occurring as well as single-stage ccllision ionization. 12 is then a
measure of the total multiplication of electroms in the gap, taking into
account all generation processes.

If, on the other handthere is a loss procedure occurring other than
dirfusion, the dirfusion theory of breakdown does not apply. In this
case, the ionization coefiicients calculated in the manner described
avove are fictitious, and may not de used with confidence later.

3.8 Comaents

rhe values of %thne ionization coeificient in hydrogen and nitrogen

obtained by tie above method are reasonably satisfactory, and there is

66~



no apparent reason wiy these should not be used later in helping to
explain the shape of the amplification curves in those gases.
The values obtained for helium and neon nust, howsver, be viewed

with caution since it is not certain that the application of the diffusion

theory of breakdown is valid in the range of' conditions tested. “his
needs to be iInvestigated further., Breakdown measurementis are required
over a wide range of gap widths and gas pressures, (and taking special
care to obtain high gas purity), embracing all the conditions ranging
from those used by Clark to those used in the present experiments, in

-

order to estabiish firmly the failure of tne theory of Prowse and Clark,
and, (if successful), under what conditions this occurs., A possible
mechanism has bien suggested to account {or the departure from the theory,

but in view of the limited amount of data ootained, this cannot be

supportea guanvivatively at this stage.
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CHAPTER 6

EXPERIMMITS 40 TIVESTIGATE Thl NaTURs OF ELECTRON FLO\ WITHIN TH.. HOLHS

IN THE EMIWTING ELECTRODE

(2)

It is seen from Chapter 2 that ithe theory developed by Long
to account for the shape of the amplification curves is heavily depend-
ent on the radius of the holes in the emiiting elcctrode through vhich
the elcctronz cimerge into the gap. This cnapter describes experiments
which were perf'ormed to test this particular aspect of the theory, and
also to investigate the nature of the flow of electrons down these holes.

All the measurements were performed in hydarogen.

1. Modificetions to the apparatus

A nev emitting 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 Pig. 6.1). A large central hole

of diameter about 2.5 cm was drilled in the flat face, and a number of
short brass plugs wiere constructed to slide into this hole, and fit flush
with the face of the electrode. ZEach plug consists of a short brass
cylinder, closed at une end., ''ne closed end is pierced centrally wita

a small eircular hole, which, with the plug in position, constitutes

a2 single emitting hole in the electirode face,

2. leasurements of amnlification for holes of various sizes

“he diameter and lengtlih of the emitting hole were measured using

~68-~
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a travelling microscope and micrometer gauge respectively. With this
plug in position, amplification curves were obtained in the.usual way,
(See Chapter 4). The measurements in this instance were confiined to
nycrogen in the region oelow the onset of collision ionization. When
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-aeasured, The experiment just described was re-
peated for this new hole size. HMeasurements were performed for hole
radii v, ranging from .017 to .104 cm.

This whole procedure was repeated for hole lengths, L, ranging
from .025 to 104 cm. Care was taken to ensure that from experiment to-
experiment, the only quantities that were allowed to vary were the
dimensions of the hole., All other cuantities were maintained the same
throughout all the runs. i.e. 4 = 2.59 om, By = 7.72 v/em, p = 1 and
2 torr, V1 = % volts, and i, = l.;..10_6 amps.

he results of this investigation are presented in I'ig. 6.2. From
these, it is not possible to detect a systematic variation in the shape
o1 the amvlification curve with variations in the hole dimensions. ‘hat
small variations are 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 Chapter § ). Although these results
were obtained with only one hole in the emitting electrode, there is
no apvarent reason wiy the same effect should not be observed when there

is more than onc, as in the main bulk of the amplification measurements
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described in Chanter 4.

The results of this experiment therefore lead to the firm conclusion

’

that Long's theory for the shape of the amplification curves in hydrogenkz’

29)

considerably overestimates the importance of the size of the emit-

ting holes.

3. The effect of the hole d:mensions on the magnitude ol the current
entering the gap

The current flowing to the collecting electrode in the absence of
a unhf field, 120, is plotted as a function of the hole radius, b, for

a range of values oi the hole length, L, keeping E‘c’ i1, V,, d and the

a 1?

gas pressure constant. (See Fig. 6.3). The quentity that we would
like to lmow as a function of the hole dimensions is the actual current
emerging from the emitting elesctrode, ie, but it is reasonable to assume
under the above conditions that ie is proportional to 120'

i.e. i, = N ing
where is constent in this case, depending only on 4, Edc’ the gas
pressure, and the nature of the gas.

It is seen from the curves that i20’ hence ie, increases approximately
as the square of the hole radius, b, although the accuracy of' the
results, owing to the slow drifts observed in i20 (See Chapter 9 ), is
not sufficicnt to allow this to be determined exactliy.

Tt is reesonavle to expect thet, if electrons are lost to the wall

of tne hole, the current emerging into the gap shoulé decrease as the



length of the hole is increased. However, the curves show that the
current Ilowing to the collecting electrode, hence ie’ does not vary
appreciavly with 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 prompied the follow-
ing discussion into the nature of electron flow through a hole in the
emitting electrode.

3.1 Drits and difiusion of electrons within tne emitting hole

slectrons i'rom 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
as the electrons move further into the hole. For a very short hole the
elactrons are s5till influenced by V1 vwhen they emerge out of the far side,
by waich time they are also under the infiuence of the ac field in the
gan, and although some may be lost by radial diffusion 1o the wall of
the hole, the majority will be swept out into the gap. However for longer
holes, the ficid penetration from either side may not be as great in com-
parison, and there may ve a region within the hole which is field free.
In this region, the electrons are influenced by diffusion alone. The
chances now that an elec.ron will cross this field-free region now depends
on the reiation between the length and the redius of the region.

Due to the iield penetration into the hole, a radial component of

field may be expected within the hole, but this effectively disappears
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with the axial field. ‘herefore the rodius of the field-free region is
approximately eocual to the physical radius of the hole.

Witnin this field-free region, we may estimate the relative probab-
ilities that a) the electrons will diffuse to the wall of the hole, or
that b) the electrons will diffuse to the ends of the region. Thoss
that diifuse tc the far end of the hole, will come under the influence
of' the field 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

length, A s glven oy

YA? = @a)? (2.405/r)2 cevr 6.1
vhere the first term on the right hand side corresponds to diffusion
laterally, and the second term to diffusion radially out of a cylindrical
container(10).

In this case we:are concerned with a container of radius b and
length ﬁf vhere Lo is the length of the field-free region inside the
hole, The chance that an electron will be lost by diffusion to the wall
of the hole, compared to the chance that it will diffuse to the far end
of the hole is given by o, vwhere

o = LE;HQQLEXE cess from 6.1
(1/2) (/1)

'“ha factor /2 appears in the denominator because we are not interested
in those eiectrons which diffuse back to the same end of the hole from

which they entered initially.
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‘'hen, o= 1.172 (Ld/b)2 eees 6,2

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

Lo is a ifunction of L and b, and probably V1 and Edc’ but, so far
attempts to determine this function rigorously have not been successful.

The following crude theory provides an approximate condition for there

to be a field-free region inside the hole,

t & pgiven point, P, on the axis inside the hole, the electric field
due to field penetration is a function of the solid angle subtended at
P by the mouti of the hcle. (See Fig. 6.4). Assume that if the solid
angle subtended is lezs than 7, then the f'ield at 2 is negligible.

The so0lid angle subtended at the mouth oi' the hole is

- @

(Area of mouth of hole)/x2

2'n'b5’(’o2 + 82), where & is the distance of P from

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

negligible

> @
> onb?/(b% & & 2)
Then, é 2 > b2
Therefore for tvhere to be & finite field-free resion within the hole,

and hence for electron losses inside the hole to be appreciable

-7%-




L> 28 > ceee 6.3

(the factor 2 comes from considering the field penetration at both ends
oi' the hole).

¥rom this rough criterion, it is fairly clear that, with at least
some of the hole configurations employed experimentally, electrons will
be lost to the walls of {he hole. But the experimental results (See Fig.
6.3) do not confirm this view. Therefore we must consider the possib-
ility that there is some other mechanism occurring which is helping to
prevent electiron losses inside the hole.

3.2 The effects of charging at the wall of the emitting hole on the
current energing into the gap

Ignoring the efiects of field penetration, it is of interest to
consider the effects of charging at the wall of the hole on the current
emerging into the gap at the far end. Flectrons flowing into the hole
may, as has already been shown, reacn the wall, 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 oi' the
electron stream within tne hole. ‘This becomes analogous to the operation
of thne “ehlnelt cylinder, which is employed to concentrate the electron
beam oi & cathode ray tube as it leaves the filament(ns). To operate
effectively, the wall of the hole must be raised to a negative potential
higher than that of the electrons as they enter the hole. Fig. 6.5
shows anproximately the expected potential distribution along the axis
of a charged hollow cylinder (in this case the hole). The potential

reaches its highest negative value at the cenire, dropping to zZero on

T4



botn sides., UThis distribution acts as a 'potentiel pass', having two
eifects., irstly, the effect is to concentrate electrons towards the
axis by elsctrostatic focussing, being strongsst at the centre of the
hole. Secondly, electrons arriving into the hole meet an unfavourable
potential gradient which slow.s them dovm, more so the nearer to the
centre of the hole that they get. Near the centre of the hole they are
moving in near field-free space, and will reach thermal energies, This
has tne eifect of dec:reasing the diffusion coefficient, assisting the

prevention of electron loss by diffusion to the well, But the field-free

region is relatively short, and once the electrons have diifused across
this, tney find themselves in & favourable potential gradient, equal and
opposite (in the absence of field penetiration into the hole by the ex-
ternally applied £ields) to the gradient which caused them tc slow dovm
initially. %“he slectrons now gain energy as they are driven dovm this
potentinl gradient, and the net effect when they arrive in the gap is
that their enerpy is avout the same as it was when tney entered the hole.
Therefore the random velocity of electrons on entering the gap should

be close to that corresponding to V1.

These ei'fects rely on the presence of an insulating layer over the
walls of the hole, thus enabling the charging process to take place.
Later experiments do poini strongly to ihe vresence ol insulating layers
on the electrode surfaces in the gap. Some of those measurements are
also consistent with the suggestion that charging is occurring inside
the emitting holes and acting so as to aid the injection of electrons into

the gap. (Sce Chapter 9 ).




CHAPTER 7

A _JHEQR=TTCAL, S_UDY OF THE RELATIVE TLPORTANCES OF DRIFL AND DIFFUSICH,

AND OF THE FLACTRON DENSITY DISTRIBUTION IMN WHE GAP

The experimental amplification curves show that the dip in the
curve at low values of Eu is controlled strongly by the value of the
superimposec dc field. It appears that as Edc is increased for a given
gas at 2 given pressure, the dip is deereased in size by the growing
effectiveness of' electron drift., This chapter sets out 4o investigate
theoretically the conditions under vhich drift tal:es over from diffusion
as the predoninent electron removal mechanism, and how ‘this manifests
itself in the exverimental results for hydrogen. A comparison is made
with the conditions under which the electron density distribution in the

gap changes irom the exponential to the sinusoidal form.

1. Driit and diffusion

dlectrons moving in a gas in tue absence of an eleotiric field des-
cribe motions of random walk, moving in straight paths between successive
collisions with gas molecules, ‘'here is a resultant net flow of elsctrons
towards regions where the concentration of' these particles is lower.
(See Chapter 1). The rate of difiusion increases with the energy of tie
electrons. o

In the presence ci' a uhf electric field, assuming that the distance

moved by the elecirons in one nalf cycle of the field is small compared

=16~



to the 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 forcs. (Townsend(S)). There is
no net displacement of electrons preferentially to either electrode.

The only electrons which can be lost by drift in the uhf field are those
which are closer to the electrode than the distance they viould move in
the field in one half cycle.(31)

In the presence of a pure unidirectional field, the paths between
collisions are again curved, but this time such thaet there is a net
advance of electirons towards the anode.

In combined unidirectional and uhf fields, the electrons experi-
ence diffusion, drift in the uhf field and drift in the dc field, (In
general throughout this thesis, the term 'drif't', unless otherwise
stated, refers to the unidirectional component). Drif't and diffusion
may be ireated independently provided that the drift velocity is small
compared to the random velocity. Then the system may be treated as one
in which simple aiffusion occurs, with the drift motion superimposed.

In the present experiment, the main removal processes for elecirons
are diffusion to the electrodes (particularly back diffusion to the
emitting electrode), and drift to the collecting electrode in the do
field, Drift to the collecting electrode in the uhf field is another
likely possibility, but at this stage it is neglected in comparison with
the other itwo processes,

"wo dii'ferent approaches have been used in order to better under-
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stand the relationship between drift and difiusion for different sets
of' conditions in the gap, and these are described velow.

1.1 Pictorial representation of an electron swarm diffusing and drift-
ing in combined dc and unf fields,

To study the relative importances of drift and diffusion, & graphical
aporoach 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 a parallel plate gap under the influence of combined dec and uhf
eleotric fields. In all of the gases tested experimentally and in the
range of I/p considered, the random electron velocity is at least one
order oi magnitude 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 that after a time, t, it will lie on the circumference of a sphere
of radius (12Dt/n)1/2. This sphere is frequently referred to in this
thesis as the DIFFUSION SPHIRE,

(lote:- It should pe mentioned here that for electrons emitted
from a single point source, diffusion is regarded as
three-dimensional, hence the use of the above formula
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/ar) 2,
This is now the raedius of a 'diffusion cylinder'. Going
& stage further, if electrons are emitted from a large
finite area of the emitting electrode, or a demse distri-
cution of point sources, diffusion may now be regarded
as one-aimensional, and the average displacement of an
electron after a time, t, will be 4Dt/m)1/2, It may
be argued that this should apply to the present experi-
ments, 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. UTherefore such a system of discrete point
sources may be expected to behave essentially in the
same vay as a 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 direction at the unidirectional drif't velocity,

vgs 80 that after a time, t, it has moved a distance v.t into the gap.

d
It is assumed for the present that the electrons attain this drift
velocity immedintely on entering the gap. In the nexit chapter of this
thesis, the processes by which they reach this steady velocity during
the first few instances of their lifetime in the gap are discussed in
greater detail.

o end p) circles are drawn for

successive suitable time intervals to represent graphically the diffusion

For a given set of conditions (Eu, E

sphere moving through the gap in hydrogen, and increasing in radius
with time. (See Fig. 7.1).

The drif't velocity is calculated fron Vg = M Edc where p is the
electron mobility in the combined dc and ubf fields. (See Appendix 3).

The daiffusion coefficient, D, is calculated from D = 0.92XE/3,
(Townsend(5)), where ¢ is the electron random vclocity, and A is the
mean-free-path between collisions of elecirons with gas molecules in
the comvined fields., The quantities D and Va are calculated using
Townsend's datal®) for hydrogen. Since the aim here is tc obtain only
an approxzimate picture of the electron behaviour in the gap, these data,
although obtained in slightly impure gas, are considered accurate enough

for this purpose.
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A boundary may be drawn at a distance x from the emitting electrode
such that electrons which have crossed this can no longer return to
the emitting electrode by back diffusion, but become influenced mainly
be drift,

When the centre of the sphere reaches this boundary, the sphere
Jjust ceases to intersect the electrode surface. If this occurs at time

t =T,
= = WuE, T, :
X = vdT = uBy 1 cees (o

and.

x (12D'I‘/1r)1/2 ceee 1.2

From fqs. 7.1 and 7.2, eliminating T,

X

12D/ (mr u Edc) Y
i.e. % = 3.8 D/uEdc.

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

Then, d> 3.8 Q/uEdc A
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 elecirode. In other words, the velocity of the rear boundary of
the sphere with respect to the centre musti be at least valanced by the
velocity with which the centre is advancing through the gap.

The velocity of the rear voundary of the sphere relative to the

centre of the sphere is di/dt, where

r = (12Dt/w)1/2
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Then, ar/at = (50/mt) /2
which decreases continuously as t is increased.
An electiron on the boundary of the sphere finally ceases to move
towurds the emitting electrode when

v, > dr/dt

a
or, uEdc;(BD/wt)1/2
Lot 3/milE 7.5

cr, > 3D/ 46 care /.5
Therefore when the centre of the sphere has advanced into the gav
further than the distance BD/"”Edc’ electrons on the boundary can no
longer have a component of velocity towardis the emitting electrode. This
is smaller than the distance at which the sphere just ceases to inter-
sect the electrode. Therefore the cver-riding criterion for which

elecirons on the average can no longer be lost by back diffusion is

given by Eq. 7.l

1.2 BElectron lifetimes in the gap as limited by drift and diffusion

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 clectron lifetime in a gap subjected to the comvined dc and uhf
fields has already been treated by Varnerin and Brown(13). However in
the present attem.t to obtain a simple comparison petween the two pro-
cesses, we choose to consider drif't ana difiusion separately.

Let the time for an electron to be removed from the gap by vure
dii‘fusion be tD'

Then, ty = A2/]'J ceas 1.6
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‘A 2 2 . 20
wvhere 1/A° = (x/4)° + (2.405/ a)2, from Herlin and Brown( 10) and vwhere
a is the clectrode radius.
Let the time for an electron to be removed from the gap by pure
drift be 1;,1,.
The by = Wi = ul. .
hen, by = d/vd, where Vo = ul. Y Y

vhen drif't is the predominant removal mechanisa, tD > tT.

then dirffusion is the predominant removal mechanism, t’l‘ > tD'

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

ty = tT'
Then, from Esq. 7.6 and 7.7, I\2/D = d’/“Edc
2.
or, d"/D‘; = d,/pEdc, where = -rr2 + (2.1,.05(],/&)2
Therefore,

dip = 4(1)/;1)(1/}:&0) veee 1.8

where dcri £ is the critical gap width, for a given Eu, E. and gas

de
pressure, at which drift takes over from diffusion a2s the controlling
electron removal process, and vice-versa,

and 10,5 < 4 < 15.7 for the range of gap widths a/3 < @ < a.

Theref'ore for drift to be the controlling elsctron removal mechanism,

a > é (D/;.L)('I/Edc) cees 1.9

Values of L/u for hydrogen are obtained from the data of Varnerin and

(13)

Broovm

is estimated and a

(4]

2 12 2
i functi fE where E =E 4E
Gyt 5 a function of e/p, ere E =E +&; .,
family of curves is plotted for a range of Edc' (see Tig. 7.2). Drift

is expect2d to be the predominant electron removul mechanism within the
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shaded area of the graph.

1.5 Sumpary of the conditions for which drift is the controlling electron
removal mechanism in the gap

Sumnmarising the findings of' the previous two paregraphs, it is seen

that arift is the controlling electron loss process when

2) d >> 3.8 (D/u)(1/Edc) from the diffusion spheres approach,
ani, bv) @ >4(D/“)(1/Edc)’ vihere 10,5 _5_4 < 15.7 for a/3 < 4 < a,

from the electron lifetimes 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,

ii) All electrons start out from a point on the surface or the
enjitting electrode,

iii) “here is no ionization in the gas,

and iv) ''he electron ambit in a half cycle of the uhf field is small
conpared to the gap width.
T'he two expressions a) and b) are seen to be similar in form, and of the
same order of megnitude within the limits of the initial assumptions. It
must be emphasised that they are intended to give only a picture of the
way in wkicn the character of the electiron flow changes with the various
sap conditions, and are not expected to be more ithan approximate,

The expressions outained may ve related to actual experimental gap
conditions. The curves relating dcrit viith Ee/P for hydrogen (See Fig,

7.2) are used to decide, for a given set of &, E; and Ed/p’ whether
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diffusion or drift should predominate.
“g (1); d=5om L =20 v/cn.
Drirt predominates for EG/P < L5 v/cm/torr.
kg, (2); d=2ecm B, =20 v/cm.
Drift predominates for Ee/P < 25 v/cm/torr.
Lg (3); d=2cm Eg =5 v/ cm.
Driit predominates for Ee/p < 3 v/en/torr.

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

In the amplification curves described in Chapter 4, it is seen that

drif't should be the predominant eleciron loss process at low valuesof
Eu and that diifusion should take over at higher values, depending on

=a
I,

dc? the gapn width, and the gas pressure. The chunge-over points are

shown on some typical amplification curves in Fig. 7.3a. It is seen for
very low values of Edc that drift is not at any time predominant, even
for zero Eu. This is sensible since there is a minimum value of Edc
below wihich even the thermal energy of the electrons is sufficient to
make diifusion the controlling loss process, sventually, however, at
quite moderate values of Edc’ a drirt controlled region in the curve does
not appear. 'Where appears to be no change in the shape of the curve near
the change-over point between the two loss processes. TFor a given
pressure, as Edc is increased, the point at vihich diffusion takes over

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

the condfions of diffusion and drift at breakdown.
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Typical experimental curves are plotted showing the variation
of the uhf breakdowvmn field as a function of Edc in hydrogen. (From Fig.
5.1)e On the scme graph is plotted the uhf field at which diffusion
should vake over from drift as the predominant electron removal mechanism,
also as a function of Edc’ fAr the same gap width and gas pressures.
(See 1ig. 7.4a). It is seen that at low valuss of & o» diffusion is
the controlling loss process at breakdown. But, rather surprisingly,
(in view of* the fact that the breakdovm is controlled by the uhf field),
drift emerges as the controlling loss process at higher values of Edc'
Despite the uncertainty involved in these particular experimental break-
down measurements (See Chapter 5, g2 ) this trend is very cleer.

It must be remembered that the condition for whnich drif't and diffusion
are equalily important is calculated only for elecirons which start out
from the emitting elecirode, ana drift across the whole gap. Eut at
higher values of Ee/p, where multiplication is occurring in the electron
stream, many electrons which are lost by drift do not have to travel
the full gap vidtih. In fact at low amplif'ications, from Townsend's
picture of the electren avalanche, most of' the new electrons are created
in a region close to the collecting electrode, In this case, these
electrons are even more strongly influenced by drif't than those wnich
start off initiaily. At very high values of amplification, where the
electron density distrivution is elmost sinusoidal in form, the centre
of the gan may now be regarded as the source, This being so, most of
the electirons which drift to the collecting electrode only need to travel

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

is indicated in ¥ig., 7.4a. (See dotted curve).

2. Ihe electron density distribution in the gap

Closely related to what has gone before is the consideration of

2
the electron density distribution in the gap-Long(“) has discussed
the conditions under which the electron density aistribution in combined

dc and uhi' f"ields changes from exponential at low ionization to sinuscidal

at higher ionization. If electrons start off from & point on the emit-
ting electrodie, and ioni.ation in the gap is small, there is an exponen-
tial rise in electron density acrocs the gap (from the simple picture of
the electron avalanche given by Townsend). This is the case provided
that the emitting electrode remains the main source of electrons. But
at higher levels of ionization, when the rate of ionization in the gap
is considerably greater than the rate of supply from the emitting electrode,
the gap itself now becomes the predominant source of electrons. The
density districution now takes a sinusoidal form, deformed exponentially
as a result of 4arift.

Por treal:down in a cylindrical gap anc with no injected slectrous,
Varnerin and Erown(13) showed that the electron density distribution is

given by 6
n = .B. e z. sin((ﬂ'/d)z). Jo(k'le ) ore e 7.10

where z is the axial and e the radial coordinate in space, k1 is a

function of ihe electrode radius, Jo is the zero order Bessel function
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resulting from the consideration of radial diffusion, and 9=Edc/2(D/ u).
Therefore in tre present experiments where the rise to breakdown is
controlled by the uhf field, it is concluded that the electron density
distrivution in the gap should become sinusoidal at breakdown., The
conditions under which the distribution changes from exponential to
sinusoidal are now discussed.

In the simple case, neglecting attachment, recombination and
secondary electron generation effects, the scalar electron density is

(2)

written as a function of drift, diffusion and ionization , thus:-

2

Vn-20.30/3z + (¥/D)en =0 vees 1.1
Drift, being controlled mainly be Edc’ is thus asymmetrical in space,
being a function only of z. In order to transform this term into a
symmetrical svace function, the transform n = U e “is applied.
Thus Zg. 7.71 becomes o

v -

v U - -D_ . U = 0 aaase /. 12

2
vhere 2 -
er !" = 9 - W/ u,
D
‘ihe solution of this equation gives the eleciron density in the gap in
"U-space', which essentially will oe of' the same form in real space.
vhen ?2/3 > 0, the electron density distribution in the gap in U-space,
and also in real space, is exponentizl, becoming sinusoidal when /D < 0.
') ; - . . » g a 3,
Thus, vhen ¥°/D = 0, a critical condition is reached at which the
electron density distribution changes from one form to the other.,
2 _ W 7.13
I'nen, 0°“ =¥ cees 1.

also we have, v WM ok A AP
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vhere W is the ionization rate, and ' is the effecctive elsetiron drift

velocity in the combined fields.
Also, Vi = ui 7.15

e o0 00 ie -
whereu is the eleciron mobility in the combjined fields, and Ee is the

2,
effective field given by Ei = Eﬁ + ES . (See Appendix L4).

ac

Then, f'rom Ejs. 7.43, 7.1, and 7.175,

n \2 I

“de] .= &, D “a

— -— = °* — cens '-6
D P M D 7.

Thererore for a given value of Eé/p, the corresponding value of
Edd/P nay be cazlculated at which the change-over in the form of the
e@leciron density éistribution should occur. This is illustrated for

nydrogen in Fig. 7.35. Values of D/u are ovtained from the data of

(1]

Varnerin and Brown( , and values of o/p from the deta obtained from
the breakdovm measurements deseribed in Chapter 5 of this thesis, The
curve thus ovtained relating Edc/p and Ee/p divides the graph into iwo
regions, one in vwhich the electron density distrivution is e:xponential
(shaded portion), and the other in which it is sinusoidal.

2.1 Applicatvion of the electron density distribution considerations to
the e:mperimental measurements

43 in the case of dirfusion and drif't, the amplification curve may
be again divided into two regions, one in wiich the electron density
distribution in the gap is exponential, and the other in which it is
sinusoidal. Uhe change-over points are marked on some typical experi-
mentel amplification curves in Fig, 7.3b. TFor all values of Edc’ the

pution is exponential at low Eu’ vecoming cinusoidal at higher
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values, he change-over point moves steadily closer to breakdown as
Edc is increasea, Once again it is of interest to examine the conditions
at breakdovn.

Cn the same graph as the typical curves relating tihe uhf breakdown
field with E_ (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
closer and closer to breakdown as Edc is increased, the distribution
always boco:mes sinusoidal at or before breakdovn. This confirms the view
(13)

taken by Varnerin and Brown » (8ee Eq. 7.10) and does not fail within

the range of L. examined.

de

3, Comnents

There does not appear to be a direct simple relationship vetween
the change-over from drift to dii'fusion controlled electron loss and the
change-over from the exponential to the sinusoidal electron density
distrivution in the gap. A more rigorous mathematical treatment than
has been periormed here is required if’ such a relationship is to be
found.

"hi.s sludy, 21lthough it has not gone very far towards helping to
explain the shape of the amplification cuives, has yieldeda some
interesting general information about the behaviour of electron swarms

subjected to tine combined uhf' and de fields.
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CHAPTER 8

IHAOARITOAL FPREDICUTONS ¥OR THe SHAPE OF THE AMPLIFICATTION 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)

fication curves , neither was tested sufficiently to enable

any definite conclusions to be drawn as to their validity. The theory

. 2
put forward by Long( »29) based on the hiuxley theory for lateral diff'usion

. . . . : N 19)
ol carriers in a gas subjected to an electric Ileld( y,, is the more

rigorous and agreement with the eiperimental results in the linited range

£

of conditions thal he examined vas encouraging, As described in Chapter
L., experimental amplification curves have since been obtained for a
comnrehensive range of gap conditions ana these form the basis of a
thorough inspection of this theory.

Long's expression for amplificatiorn when ionization occurs in the

zap is given by (See Chapter 2, Egs. 2.15, 2,16 and 2,17)

d. - e b\
-l'.- = ( -' * -2.—b. e__' ) LA
¢ - - d. i - {i - - d
(1- S (0.)(1 - (080 L b (F-T)5
2 w \i/2 Bagh 3
where e = (8° - D ) , 20 = 3 d is ithe electrode spacing, and

o 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 programme vas devised to enable the calculations to be

more conveniently performed. Once the programme hed been compiled, the
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operation was very quick, end tifty-four theoretical curves for hjdrogen
with over ten points on each curve were obtained within the space of one
hour., 4Yhus a comparison with the present experimental resulis over a
wide range of conditions is possible (See Fig, G.1). Values of D/u were
obvtainza from the data of Varnerin and Brown(13) and values of‘1z from

(30)

the data of Leiby

The theory shows clearly tne dip in the curve at low values of Edc’
end the eventual disappearance of the dip at higher values of E However

de’
the magnitude of the dip is not sredicted accurately, the experimental

dip being always considerably larger than the theoretical dip. 4he agree-
ment is worst at low values of Edc’ improving slightly at higher values
of . . 4&lso the rise to preakdovm is less rapid in the experimental cese.
It is therefore clear that ihe theory put forward by Long, although
promising in many aspects, does not fully describe the processes occurring
in the electron stream. It is therefore necessary to discuss the possible
vealmesses in the theory. To do this, it suifices to consider Long's
expression for amplification when no ionization occurs.

I -6) 3.2

i.e. A =
It can be seen from this that amplification contains a very strong
dependence on the hole radius, b. It was this sirong dependence that
vrompied the experiments in widch amplification curves were obtained for
di.ferent sets of hole dimensions. (See Chapter 6). “These experiments
show ciearly that amplification iz not strongly dependent on tne hole

dimensions, anc, in fact, show that there is no systematic variation in

ithe shape of the curves with b. UYherefore it agpears that the presence
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of » in Long's expression for amplification is much overestimated.

I

ci

ic of interest to e.anine the vay in w..dich b would need to vary
in order to bring ihe theoretical and experimental amplification curves
invo egreement, The following test was performed for hydrogen. Using
the present experimental results and values of D/u obtained from Varnerin
(13)
’

and Drown the value of' 0 required to make theory and experiment agree,

say B, vas calculated as a function of Edc for various values of EG/P
below the onset of collision ionization. (See Tig. 8.2). The disagree-
ment between the theorelical and the experimental results is clearly
illustratec oy these curves. At low values of Edc’ B is over an order of

mapgnitude greater than tne actual physical redius of the hole, decreasing

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

radiusz, b, at nigh values of [ It is in this region that Long's expres-

dc*®
sion pives the closest agrecment with the experimental results. The cal-
culctions wers performed for Ee/p = 5, 10 and 12.5 v/cm. torr, and for
pressures, p = 1, 2, 3> and 4 torr, and it is seen tnat there is no system-
atic variation of B with Ee/p or p. &greement between experiment and theory
belov the onset of ionization is therefore expecicd if we use the expres-
sion

e*ﬂal-o)

sees 0‘-3

viere n may be regarded as a 'virtual hole radius' which is a function of
w. , vut not of Ed/P or V.
This a.sumes ihat the rest of Long's argument is valid. nowever,
= 1

attenpts to derive a vhysical explanation for the quantity 2 have not been

successiul.



The hole radius is introduced into tke expression for amplification
(See ¥q. ¢, 1) during the calculation of the current flowing back to the
surface of the emitting electrode (See Chapter 2, p27). Huxley's oripginal
theory, on whieh Long's worir was based, was derived partly to explain
Yoimsend's measurements on the spread of a stream of electrons by the
time tney nave reached the collecting electrode. 4t all times he considers
conditions in which electirons are in equilibrium with the field in the
gaw, and that & steady state exists. 2his is a reasonable acsumption
close to the collecting electrode, providad that the gas pressure and gap
widtn are large enough to enable electrons {to suffer a sufficient nunver
of collisions with gas molecules in the gan. Thiz is not so obviously
true close to the emitting electrode, and Long's extension of muwdey's
theory for the calculation of tue current flowing back te the emitting
clectrode does not take into account tihe possibility that many of the elec-
trons in ihe region close to the emitiing electrode masy not be in equil-
ibrium with the field,

It would awpeayr that there is no obvious simple modification that can
be made to Long's expression for amplification in order to bring theory
and experimeni into agreement, and 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 siudy of electron flow in the gav in the presence of
diffusion, Grirt and ionization

Flectronz entering the gap througu. the holes in the emitting electrode

have a mean random energy which probably does not correspond to the
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equilivrium value in the gan., These electrons come into equilibrium

with tue combined de and ubf fields af'ter suff'ering a number of collisions
with gas molecules. By this time they will have advanced a certain finite
distance into the gap under the influence of 3ic? vhile some, by virtue
of their initial energy, may be 'reflected' (or 'back-scattered') back

to the emitting electrode, and lost, Once the remaining electrons have
come into equilibrium, they move and nehave according to the steady state
conditions in tne gap. Some may still be lost by returning io the emit~
ting electrode oy 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 sexternal gep
circeuit. If the effective field in the gap is high enough, collisions
between electrons and gas molecules may produce ionization, Some of the
new electirons generated near the emitting elecirode may be lost by back
diffusion, out the majority which are generated well out into the gap

will flow to the collecting electrode, and so contribute to the unidirec-
tional gan current, i2.

8o far we have considered a simple picture, in which the drift motion
of the clectrons is unidirectional, while the uhf field serves only to
inerecse their random energy above thaf corresponding to just the pure de
field. However, electrons have superimposed on their random and dc drift
motions a uhi’ component of érift. The main effect of this is to introduce
into the loss processes at the emitting elecirode a time dependence which

periodically enhances and reduces these losses.
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The following sections attempt to trace analytically tne history of
the elecirons from the time that they first come into tne gap until the
tine that they are removed, and thus to obtain an expression for the
amplification of an electiron stream in the combined dc and uhf electric
fields.

2.7 Dirfusion, drift and ionization under steady state conditions

Consider the behaviour of a swarm of electrons moving in the gap
after they have reached equilibrium with the field. It is assumed for

the present that the electrons come into equilibrium within an infinite-

simally small distance from the emitting elecirode.

Consider a slice of gas in the gap, distance x from and parallel to
the emitting electrode, and thickness dx. (See Fig. 8.3). Let N_
electrons enter this element, drifting in the applied de field with a
mean random energy corresponding to the total effectiive field in the gap.
The unt drift component of the motion of the electrons is ignorea for the
present.

Let the change in Nx due to jonization by collision within this slice
be dIE__.L , vihere

c‘ﬂ.\Ii = I-Ix\p(it 8. &

vhere dt is the time taken by electrons to drift the distance dx, and Y/
is the ionization rate per individual electron.

As well as the fain of elecirons by ionization, some may be lost oy
vack diffusion to the emitting electrode as a result of their equil;brium
random energy. It is of interest to calculate the fraction of electrons

entering the elementary slice waich are lost in this way.
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The following seotions attempt to trace analytically the history of
. the elootrons from the time that thoy first come into the gop until the
tine that they are removed, and thus to obtain an expression for the
onplification of en electron stream in the combined do and ubf electric

iNclds,

2.1 Diffusion, drift and ionization under pteady state conditions

Consider the behaviour of a swarm of electrons moving in the gap

Al

L

afbor they have reachod equilibrium with the field. It is assumed for
tho present that the eleoctrons come into equilibrium within an infinite-
simally small distance from the emitting electrode.

Consider & slice of gas in the gap, distance x from and parallel to
the cmitting electrode, and thickness dx. (See Fig. 8,3). Let N
clectrons enter this element, drifting in the applied de field with a
mea.ﬁ random energy corresponding to the total effective field_ in the gap.
The uhf drift component of ‘the motion of the elec'i:rons is ignored for the
present,

Lat the change in .Nx due to ionization by collisien within tm.s-_ slice -

be ax-ri, where
dlqi - Nxv dt peo o Bozl-

where dt is the time taken by electrons to drift the distance dx, and
is 1:11.0 ionization rate per individual electron.

AS well as the gain of electrons by ionization, some may be lost by
back diffusion to the emitting electrode as a result of their equilibrium
rondom.onergy. It 1s of interest to caloulate the fraction of eleotrons

sntoring the elementary slico which are lost in this way.
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Consider the electron density distribution in coordinates of space
and time. 1In one dimension tiiis is given by the funetion f(x,t), where
. (15)
this is an error function of tie type derived for diffusion dy Einstein‘ 27/,
(See Yif. 8.4a).

The probability that an electron starting off at x = 0 at time £t = 0

will have a position between x = X and x = ~e® at time, t, is given,

provided that £(x,t) is continuous in x and %, by

x
Sf(x,t) dx
o®

(0]
-
1

§ 78, 1) ax
0

vinere the denominator of this expression serves to normalise the expression
to mity., This means that if { = o0, the electiron will have unit prob-
ability of being within the region considered. The position x = X may be
considersd as a boundary sucn thal all slectrons which enter the range X
toc -00 are lost to that boundary.

Then Fq. 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 consider a small change in X, dX.
If the probability of an electron weing in the region x = X to x = -6@,
given by Eq. 8.5 does not vary appreciably as X changes by di, then the
provability that an electron will be removed during the interval in waich

& is changing is given by

X
( S‘g(:-:,t) éx) ax

v e 8.6
( f(x,t) ax) ax
- 00 ~ad

-6~



where once again the denominator serves to normalise the expression to
unity, ithis time taking into account all possible positions of the
boundary z = X. Then the total probability that an electron will be re-

moved while X changeq fron 0 to -¢® is given by

‘S. I\“,t) dx ax

j_‘ ;Sx,t) dx ax

And if' we substitute X = vat, assuming that the boundary is moving with

cres Go f

a velocity va in the direction of x negative, Eg, 8.7 becomes
+oD

vyt
SS .x,t) dx dt
ZS S f(x,t) dx dt

vhis representsz the probability in the one-dimensional case that an electrun

starting off from a point x = 0 will be lost to the boundary vhich is

receding irom x ~ 0 at a velocity Var

In the present experimental case
vie must consider the tnree-dimencsional spacial distribution of electrons,
but using the above rigorous approach, this presents severe mathematical
problens. =owever, these may ve simplified considerably by considering
the fate of the average eleciron. Yo do this we refer back to the spheres
of diffusion. (See Chapter 7). In form the approach is the same as that
just descrived, except that it is now more convenient to consider the
boundary as fixed, and the centre of the electron density disiribution
function moving througi the gas with a velocity Va in the direction of x
vositive.

The average electron after a ti.e, t, will lic on the surface of a
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. . 1 .
sphere of radius (12Dt/w) /2, the centre of which is moving through the
gas vith a velocity Vae It is seen that the sphere is continuously in

contact with the electrode until a time T siven by

T = 12D/mve ceer 8.9
after which it does not intersect with the emitting elecirode again.

AT o time, ¢, using analogy with the previous argument, the instan-
taneous probability that an electron will be removed by back diffusion is
tihe ratio between ithe surface area of the sphere intersected by the emit-
ting elecirode to vhe total surface area of the sphere. (See Fig. &.)4b and

8. .!;.G)

i.e. t) = a/a
1 P( ) D/ 4
It may be shown that tnis is

P(t) ] (1‘ - 2{:)/21" [N N ] 8-10
where x is lhe distance now that the centre of' the srthere has advanced
through the gap after a time, t.

(¥q, & 10 is directly analogous to Eg. 8.5).

—

djore precisely, this should be written as 5(€§L§%K€7_ where the denom-
inetor normalises the expression to unity over all possible conditions,
and a(t) is tie instantaneous probability at time, t, that the electron
will survive in the gan.

. arivially, p(t) + ae(t) = 1
By analogy with Fu. 8.6, the provability that an electron vill be removed
by back Giffusion in & time interval dt, provided that dt is small enough,
is given by

e p(t) dt . cee. 8.1
[ (p(t) 4+ olt)) at
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where ¥ is the total time during waich tne snmnere is in contact with the
emitting electirode. It is noted that this finite time replaces the

infinite vime over which the integral must be performed in the more rigorous
case, but this is a resull of considering only the average elsctron. Unce
again, by analogy with tne more rigorous case, the total overall prob-
201lity tuat an electron will be removed from the gap by vack diffusion

is given by ¥
Sopkt) at

=
{ (pte) + atenat
(]

-S:p.(ic)._.;it

= l o9 e 8.12

¥rom Bg. 8,10, p(t) = (r - x)/2r

1 . 1/2 ,1/2
-3 vd('n'/12D) t

1/2 '1'1/2

1
2

1 o
-3 Vd('JT/‘iZD)

. 1
Therefore, P = =
r- 2

ané substituting for T from HEg, 2.9,

o= + eees 313

r 6

In the absence of & de field, the dii'fusion sphere does not advance
through the gap, and all of the electrons in the swarm stariing off from
the emiiting elecirode will be lost the emitting electrode except for the
few that might dii'fuse to the collecting electrode. This nossilbility does
not appear in the above solution pecause when Edc is zero, T becomes in-
finite, and the analysis is meaningless., Therefore the condition must be
added that E&c must take finite values.

The discovery that the probability of back diffusion loss is constant,
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independent of' the fields in the gap, is at first surprising, since, for

a given Edc’ ve might expect ihe lons to increase as uie random energy

ot the electrons is increased., However it is fair to say that as the
randon energy, hence ihe diffusion coefiicient, is increased, the increased
chance of locs by back diffusion is balunced by the increased chance of

escape, and ulie net result, given by 2q, 8.13, that back diffusion loss
Rl | ,t. J 3 2

is independeni of the electron energy is not outrageous.

Mow reierring back to the elementary slice oI’ gas considered

‘.-\

initially (See Fig. 8.3), for li_ electrons entering, the number lost by

a
S

back diffusion is

llier = I'I___ p(t) d."b / T or»p0 e 80 11}-

Then irom =gs. 0.4 and 8,1k, the net electron gain is

diy

|
fol]
=
1
ra

= u_ (\pat- .(__)_...._) vees 815

“he totel gain over the whole ap is obltained by integrating tne ioniza-
tion term over the average lifetime of the electrons in the gap (T ) and
the bacl: diffurion term over the time during which the diffusion spuere is

in contact with the emitting electrode ().

N T
i% t . "
then, -S%'- = v S dt - SE-(%—-Q'— provided that
N;”x o -]
To> T
- 1
ihence, Hos H ("-c - 2 ) ceee wa 16

vhere Il is %ne number of electrons which start off into the gap (in this

G
case representing those which survive in lne ,ap long enough to come into
equilivrium) and ¥ is the numoer arriving at the collecting electroac. This

» t - \ )
leads to, is= ioe(V“ 1/6) eees G 17
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i includes the current due to electrons flowing to the collecting electrode
and also tnat due to positive ion: flowing to the emitting electrode.
Dif'fusion of' positive ions is neglected in comparison to electron difiusion.
Frovided thet Grif't is the controlling electron removal mechanism (See
Chanter 7)

T > v
and the electron lifetime may be most satisfactorily calculated fron
T=4dv 4> Where d is the gap width

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

.
roees

It is now of interesi to calculate io’ the current due to elactirons
vhicn survive in the gap long exougn to reacih the equilibrium energy.

(17)

Uhe following discussiou is based on the theory of' J.J. Thomson for
the back scatter of electirons to the emiiting elecirode by viritue of their
initial random energy on emersing into the gap. (See Iig, 8.5,2ls0 see
Chapter 1 §2.5).

“he back scaiter process occurs in a thin slice of gas close to the

surface of the emitting electrode, and outside this slice electirons may be

regarded as in equilibrium with the combined fields in tne gap. Let n

=

ol

be the density of elz2ctrons at the point where they are just in eouili-

briwz with the field. ‘'fhen the current density at that point is given by
éo = nev, v U.18

Conzider a source of electrons on the surface of the emitting electrode,

. . 2 -
which emits electrons at a raie of n, per second per cm ., Then the

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

veee G.19




the current density of elecgrons returning to the emitting clectrode by
baci: scatter is calculated from kinetic theory as neGd/u, assuming that
the electrons emerge into the gap with a distribution of energies whicn
is a.proximately taxwellian.
FG is the random velocity with which the electronsemerge initially
inso tae gap. Then the current density of' escaping elecirons is given by
Jo = J- ne;o/h = nevy, eres 0,20

And eliminating n from Eq. 8.2u

J Lv
'3_9‘ = 1 et e e e 21

ka + l|.Vd)

i
=9

T s assuning the absence of radial diffusion witidin

@

the slice, where ie is the total current leaving the emitting electrode.

“hen, Li v,
L S cee. 8.22
o (¥, + uvd)

Therefore in 2q. 8,17, the current ilowing to the collecting electrode is
siven oy
“le Ve _(wE - 1/6)

i = r;" —

) cees

2.5 Calculation oi the finite distance iravelled by the electrons before
they come into equilibrium with the field

So far we have considered thal electrons have been in equilibrium
with the field during their whole liretime in the gap, This, in fact, is
not true since electrons entering the gep 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 gap beyond which we heave so far
considered steady state diifusion, drift and ionization to be applicaole
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must now be moved out into the gap a distance s, where s is the thick-
ness of the slice of' gas within waich electrons come into equilibrium
with the field (See Fig. 8.5). The effect of this on the ionization part
of Bg, ©.16, assuming timt there is no appreciable ionization within the
slice itself, is to make it integra.le noi over the mhole gap but over
the distence d-s, which will not make much diitfersnce provided that d>>s.

I

Hy
H-

t is assumed thet within the slice, tiie only loss process occur—
ring is vack scatter, and that there is no radial aiffusion, the dilfusion
spnere referred to in §2.1 may be approximately regarded as starting from
the point x = s at time t = O,

t + S

then, at time t, X =V

d

and, r = (12D%/7r

)1/2_

And when the sphere just cuts ine emitting electrode,

Vi 4 (2vs - E)t 45”2 O ceee 8.2k

shere I = 12D/7

Clearly Ig. &.24 has two roots, t, and t2 , one at which the sphere first

1
cuts the emitting electrode, and the second at which it ceases to cut it.
In the simple case (See §2.4) where the sphere starts off with its centre
at x = 0 at t = 0, let the daistance moved by the centre oi' the sphere

-

before the sphere has moved clear of the emitting electrode be Y.

Tnen ii s << Y, it can ve shovm that t, >> t 4 and that t, ~ T. The

2
probability that an electron will be lost by steady state back diffusion
during its lifetime in {he gap given oy Ea. &,10 must now be modified to

include s.



ta
Se p'(t) dat

Then, Plf_ = Ty 8.25

4
S X))« ar(e)) ae
€
where n'(t) = (r—vdt—S)/Zr and p't) + o'(t) = 1
T T
If s << ¥, PI" = ( Jo p(t) - So-z-?; at)/1
1l _ =
=6 T ¥
1 T Q ™ [u) \
~g = .l)r, (bee -L'lq. b.15) sswe 8.26

therefore the finite thickness of the slice of gas within which the
elecirons come into equilibrium witn the field does not appreciably aifect
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 compare it with typical values of' Y. Consider the simple case in

vhich the eifective 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 ve obtained whsn the effective field has an oscillating component.

Ihe rate of change of electron energy by elastic coilisioans in the gas

is glven by CONPtOH(47) and Gravath*8) ag

. 2.2
E..'\'l" - E - a .,.‘Il oo e 8. 27
dx P

assuming that the energy of the gas molecule is negligible in comparison
to the electron energy u, vwhere u- is the electron energy after travelling
a distance x from the electrode, L is the field on the gap, and g is given
oy
- a
a2 - 5.32';:%.;\-—'2- veee 8,23
vinere the fractional electron energy lost per elastic collision is 2,66 m/1,

and vhere A is the electron mean-free-path, and w/¥ is the ratio of the
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.y : - . ; cm s ds
masses of the elecirons and gas molecules. At equilibrium, 'é.‘xg' =0, and

= a'u,l_/ &, vihere Uy, is the terminal electron energy at equilibrium.

Yherefor .
o1 e, L"Tl = Iy a L ) 8. 29
du a2 2 2
Therefore, in Eq. .27, == = = (u,l, - u’) R s (¢

Then integrating to obtain the distance the electrons must travel before

reaching & certain energy u,

|- S B} u

- U
+ 41 ‘ iy o) I .
X = 23. 11’1 ku - ul.l‘ ) (u uT ) er e E)oJI

vhere 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 up.
“hen, u = @ U,

ang, u, = ﬂu,?, where ¢ and [5 are voth greater than unity.

T 2a
ihen, u is nearly egual to Wy 38Y ¢ = 1.1, then electrons may be regarded

Therefore, % = == 1n (L— (,5 eee 832

as almost in equilibrium with the field,

Then, X = 8 = 2—'{_; in (21(,5 -1))

L]
(i

and s < -él-g in 21 R B
depending on the magnitude of [5.
Putiing in typical values for hydrogen at a pressure of 1 torr,
ive.  m/li ~ 1/4000, A~ 1072 cm.
s < 0,40am

$o far we have only considered elastic collisions between electrons
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and gas molecules, with the result that s is too large to ignore in com-
parison to 4 and Y.

However, electrons are ewerging into tne gap with energies correspona-
ing to V1, and at 1 torr, this corresponds to E/p of the order of 100 v/cm.
torr, Flectrons entering the gap are therefore certain to suffer inelastiic
collisions while coming into equilibrium, %The value of & given by Eq. 8.28
is related to the fractional energy lost per collision, G, oy

a® - 2 ¢/A\? ceer B.3h

Yor inelastic collisions, at reduced fields approaching 100 v/em. torr,

(3,5)

G may ve estimated from Towmsend's data to be of the order of 10™
Tor hydrogen.
Then, a~ Ll
riow, we deduce that, 5 < 0.050 cm
For ithe range of conditions examined experimentally, the distance, Y,
moved by the centre of the sphere before the sphere ceases to cut the
emitting elecirode, ranges irom about 0.30 to 7.60 cm. It is therefore
reason®vle to ascume for hydrogen thot & << Y, and that s << d, and that
the finite width of the region in which the electrons come into eguilibrium
with the field does nol seriously affect the arguments made previously
bascd on the assumption that the elecirons come info equilibrium within
an infinitesimally thin slice of ges near the emitting electrode.
Similar conclusions hold for nitrogen, helium and neon,

2,4 The effects of ubf drift of electirons

So far a simplified picture has been presented, in wiich elecirons
drift steadily across the gep witn a unifora drift velocity pEdc, vhere
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i is the eleciron mobilivy in the combined dc andé uhf fields. ‘“he
presence of ihe uhf' field serves only to increase the random electron
eNersy.

ilow it is of interest to consider the effect of the uhf motion of
clectrons, Iirstly consider the eitects at points in the gap away From
the surface of the emitting electrode where electrons are in ecuilibrium
Tita the combined fields. The drift velocity of electrons in the gap

in the combined fields should be written as

Vd = !J. (E('lc + -.':uo 005 W't) oo e dl35

where w is the angular frecuency of the applied uhf field and B is the

peals value ol this tield., +hen the apylied ubhi is sucn that it tends to
sweep ¢lectrons bacik to the emitiing elsectrode, back daif'fusion is enhanced.
imilarly in the o.posite cycle of the field, buck diffusion is reduced.

The instantaneous probability that an electron will ve removed iron

the gon by back diffusion must again be modified from that given by g, &,10

to give ,
p'' (%) = % - g (Edc + B~ cos wt) t1/2(w/12D)1/2 eeee 8.36
K
= p(t) - -332 t1/2 cos wt (a/i 21))1/2

See rig. 8.6)
Ciearly »''(t) should not tale values greater than unity, although for
certain values of t and & the above expression goes take such values.
At low values of t and high values of Euo’ for instance, it may be seen

that for finite periods when tne uhf field ie swecping electrons towards

~1y7 =




the emitting elcctirode, the diffusion sphere lies completely within the
boundary of vhe emitting electrode. “herefore it must be concluded that
p''{t) iz not 2 continuous Ffunction of t, and therefore ine analysis for
tne calculution of the total removal probability as used in 2.1 cannot
be used again here, and some crude assumpﬁions must e maae. rhe curve
of p(t) is the envelove of p''(t), and provided that ihe frequency of the
appliec Zield is high enough so that many cycles of the field occur wefore
the difTusion .phere has moved out of range of the emitting electrode, we

1may ceduce that T T
Sp(‘t) at ~ S p''(t) dat caee  Ba37
(-] o
and that {lie total probabpility that an electron starting out from the
emitting electirode will ve lost by bacl diffusion will still be very close

to 1/6 as derived fro: the simple avproach. Rough calculations of T

indicate thatl over the range of experimental conditions examined in the

J

present study, T, contains between about 10 ana €00 oscillations of' the
uhi’ field,

“herei'ore kg, 3.37 is a ressonable approximation.

Fow concider tne effects of uhf motion of electrons close to the
surface ol tne emitting electirode vefore they have come into equilibiium
with the field on the gap. Electrons are initially squirted out into
the gan with energy which aupears to be almost invariably greater than
tne equilibrium energy in the -ap for the present range of conditions
considered. "herefore the effect of the uhf field while the electrons still
have this nigh energy (and the drift velocity away from the emitting

electrode associated with it) is not likely to cause appreciable eleciron

=10d-



loss bLack to the emiuting electrode. 'the sweeping of elecirons in the uhf
field is only likely to becone appreciable when the slectrons have reached
eguilibrium wita the field, and we have already deduced ihat this is not
sufficient to greatly affect the eleciren loss back to the emiiuing
electrode.

Attennts to derive a more rigorous solution for the ertect of the
uni’ field rave not veen successful, out it appears to be a reasonable
conclusion that such eflects are negligible compared witn the processes of’
vack scatbter and veck diffusien already iuvlly described.
2.5 Amplification

It has been shown avove that the efiects of the finite distance

ravelled by the electron vefore coming into equilibrium with the field,

and the eifects of the uhi motion of the electrons do not have an apbreciable
eifect on the current flowing to the collecting electirode.
This current is therefore given by Eq. 5,23,
wnen there is no uhf field present, this current is

L i E 6
i?U *e20 20 de e(VZOtZU 1/6) evee 038

[N
lt
1]

I -1
(V) g+ ity Eas)

and similarly for the current ilowing tc the collecting electrode wien

there is a uhf field present, replacing the suifices 20 vith D
Yhen, auplification, = = 12/120
-1 - \ |
_ dgptty (v J gk a0 dc) L(WT,-¥, T )
. = N T

veee D439

vihere ie is the current of elecirons emerging initjally into the gap with
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initial random velocity \-ro.

Assuming that the current emerging and the random \(ezloc'ity initially
do not cepend on the fields in the gzap, and that the initial random |
velocity is large compared to the équilihrium electron drit't velocity in

the pav, Eg, ©.39 reduces to

T - -
azte L % -~ ¥ To0) ceer 840
ta

If drit is the controlling electiron removal process, the electron lifle-

"i::'u:ze in the gap may be given oy

T - /uR ' \

= d/ .uhd.c oneoe 8. l,—1

ala WG > " = -‘: ev e "\. I-',

also, we may write, (Y _o(lue O, 2

“hen vT = dEe' '

- - - '-E."" -a- es e 8.1:-3
“de

Therefore Ey. 6.40 becomes

13 i k

D ol BE/E_ - -

A o —— e& 2hJ dc “20)d sess b-l-i-’+
H20

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

e . . o 1,26 .
5 ddentical tc that derived by 1\!1cnolls( »2 ), although the two

1=

tion

RN

heoricc are quite difrerent).

.

"heoretical amplification curves obtained froa Eg. 8.4k are compared with
typical experimental curves for hydrogen, nitrogen, helium and neon in
FMEs. wel, det, U.9 and G.10. ‘the electron mobilities are obtained rrom
the Grift velocity data of Bradoury and veilsent®:50551)  gna tne
ionituation coetfficients from the measurements made using the present

apoaratus. (See Chanter 5). General comparisons between theery and
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and experiment are made in Wable 8.1.

The general agreement vetveen theory and experiment is very
encouraging, the theoretical curves exhibiting most of the trends observed
experimentally. Wne poorest agreement is in neon where the predicted rise
to breakdown is considerably faster than in the experimenizl case., The
most likely source of error in all the gasus is in the calculation of
tne lif'etime of' the elsctrons in lhe gap, where we have essumed that the
electron flow across the gan is drift controlled.

vhen drift is the controlling loss process, the lifetime of electrans
as controlled by drif't, tT, is less than hat for electirons convrolled
oy diffusion, . (See Chapter 7).
When, T ~ tp = d/’vd <t
But in cases wnere wiffusion is the more imporiant electron removal
process vie should instewd use the relation

T ~t) < es,/vd ceee  GuhE
Using the expre.sion T = a/vd when diffusion is beginning to become
important is likely therei'ore to give values of amplification which are
too lurce. whis may be one of the mejor sources of error at high Eu in
cases vhere the predicted amplification is higheir than the experimental
values, warticularly in neon where diffusion is more prominent than in tne
other gas.s examina2q.

Another source of error particularly below ionization may ve in the

calculation of the current, io’ vhicix escapes initial loss by Thomson-type

. ; 17) . . S
bac: scatter. Ynomson's tneoxy( ) has been shovm only to work well when
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file:///-hat

the rando. energy of the electrons on emerging is not much different from
the eguilivorium value in the gap. ther errors are likely to be intro-
fuced by assuming itnat the current emerging into the gap and the initial
random velocity are independent of' the iield in the gap., HHevertheless,
the experimental results give considerable support to the theory presented

here,

=112~
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CHAPTER 9

THE 31UDY. 0 LOWNG ‘(Thi COMSWANY PHEIOHEHA ASSOCYATD WITH NLECURGH FLOW

IN THE GAP

It vas noticed during preliminary measurements of amplification
that 120, vne current flowing to the collecting elecirode in the
absence of the uhf iield, does not remain constant, despite the stabil-
ization of tue current to tne back of the emitting electrode. ‘he

variations coserved were not of .ne nature of random fluctuations, but

apvearcd to ve a function of time, long time constants being involved.

Long(z), having observed similar effects, concluded that these variutions
resulted from thc charging up of insulating layers present on Lthe electrode
surfaces, It was suggested thetl suech insulating films could occur as
the resuli of the decomposition of organic grease molecuvles under electron
:-\

bombardment, nis has been shovm by Laurenson, Holland and Priestland(z))
and. by Christy(zh) to e a possible mechanism. However in the present
experiment, a great deal otf' trouble hes been taken to aveoid tne presence
of' grease or oil vapours in the system, and yet the drifts in i20
persist. In a further atiempt to remove these drifts, the aluminium
electrode surfaces were gold-plated (by evaporation), and although there
was a narked improvement, the situation was by no means remedied.

iurther experiments have since been performed in order to investigate

the ceuscs of' the present driits in ;,0, and are described in this

chapter. {Constant reference is made to Iig. 2.1 througnout this chapter),.
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20

e current flowing to the collecting electrode, i

1. Variation of i, witn time, V_ fixed
(4

vas measured
20 u

as a Iunction cof tise, wite a unidirectiional voltege, V2’ aprliea to
the gap sucl: that P2 is positive witi respect to P1.

for various sets of conditions, and typical results are shown in Fig.

This was done

9.1. It iz seen that the results do not dif

S . 2) . s o
those obtained vy Long( ‘. 1ime zerp was taken waen i, first becamne

stanilized., Uhe trends exhivited by the curves were fairly consistent

er greatly in form from

from onc curve to another,

iz t inoreases irom zero, 120 starts from a low value, rising quite
sharply to a peek value (of the order of twice the magnitude of the
initial current) after a time of esbout 5 to 10 minutes, afier which it
decreasc: steadily, showing no signs of levelling out, even afier 2 hours.

Concider {irstly tne condition in which we assume that tne stebil-

-

ization of :i._I

s a true indicaltion that the current, ie’ emerging into
the gan iz constant, Of the current emerging, a fraciion, iB’ will

return to tie emitting electrode, P,, by back diffusion, and in the

1’
presence of an insulating £ilu will form a negatively clarged layer there.
YWhe remaining fracvion, i20, flows o the collecting electrode, Pz, and
in the yresence of an insulating film, will form a negetively charged
layer vhere. It is assumed for the present that the charging rates for
a piven current are eyual at both electrode surfaces.
Ir ié is initially greater tuaan 120, P1 may charge up more negatively

thon PQ.* “hen ‘there is goneraied in ihe gap 2 net residual voltage in
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the gap, Vf, sueir that P1 is more negative than P2. But in the

presence ol' the externally applied dc voltage, V,, P_i is already nega-

tive with respect 1o P?. Therefore the effect of thi: residual voliage

is to enhance the efiective gap voltage to VS =V

.Y i
5 + If, where VE is
taken to be positive when P1 is negative with respect tc Pé. AS Vf

increases, so does Vg in such a vay as to increase ioo’ end decrease
iB' At thiz stage, the charging rate: at both electrodes are equal,

and ve nave a steady state condition, signifying the balance betwecn 120,

iB and Vr. Thus the predicted tiie denendence of i, 1s as shovm in
o

20
Fig. 9.2z,
If i, is initially greater than i

at a greater rate than P1. Vf is now in the opposite direction to that

R? Pé becomes negatively charged
in the Hrevious paragraun, and the effective ran voltage is now given by
v =V, - Vf. AS Vf increasez, V_ now decreases causing a corresponding

g &)

reduction in i and increase in i_, Once again the steady state

2v’ B

condition is realised vhen i,, approacnes the same value as i Thus

20 B°
the predicied time dependence of 120 is given this time by ¥is. 9.2b.

As shovm, this explanation accounts for the trends in tne two parts
of the experimental curve taken separately, but not togetner since each
argumont assunes ditferent initial conditions at t = 0. It also implies
that ihe time constants for the two effects will be of the same order
of magnitude, whicn is not verified oy tne experimenti, where ire see that
the +ti:e constant for the first part of' the curve is considerably shorter

than cual for the second part, Clearly this theory does not give a full

picture of the mechanizm of the drifts in i,,, and another approach is
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requireda. In Chanter 6, it is related now it was Giscovered that the
curvent tlovii; ouv of che holz in t.e emitting clectrode does not

depend on iie lengtn of the hole. & mechanism is sugpested in which

g

cnarsing ap of the wall of the hole by the curien. flowinr into it
brinss avouv & situstion in which the electron ilow is concentrated
electrostaticall s near tue axis of the nhole., wnis is analorous Lo the

16)

wehnelt cylinder effect( 23 used to concentrate the elcectron beam

as it leaves =ne filament in the cathode ray tube. Jdouyrh calculitions

(3ce Chanter 0) show that in the ausence of suca an effect, for hole
dimensionz as used in the above ocxperiment, the current leaving the

hole ;iight be expected o .2 low compared to that enﬁering the hole.
Thereiore at the time oi stacilizing i1, (t=0), only 2 small fraciion of
the current entering tnc hole actually emerges into the gap. This fraction
may be exnected to rise as the walls of the hole become steadily charged
negutively, =nda the concentrating ei'fect berins to occur within the hole.
The current emergings into the gap, ie, will recch a maximum when the
amount of' charge residing on the walls of the hole has oecome high

enough to totally prevent losses to the walls.

As ie rises during the charging un period, 120

provided that iB does not increase as quickly as ie. Once conditions

should: also rise

inside ths hole have reached the steady state condition, the time

dependence of i, now depends on conditions in the pap. And provided

20
that i, ot this stage is greater than iB’ it should decrease undasr tne

mechanism described earlier in this section until tne final steady state
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condiition has been achieved.
inis argument accountvs Tor the shape oi the curves, which support

ion that initia_.iy i

20 is greaver than i, in all tae
f4 =

esnerimenw: nertormed, This may not always be the case, and will depend

on tue voliarces V, and V_. Tor instance if eleetrons are injected into

1 2
vhe gan with a hign rando. enersy, a larger proportion may expect to
. e _ . . . (47)
return to the emitting electrode by Thomson-type back scatter: , than

for electrons injescted with a small random energy.

“here Loilovis 2 very aporoximate calculation of the expected relative
orders of magnitudes of the time consiants ior the two efiects just
mentioned, (dee Mg, 9.3).

“he second part of' the curve of i,. against tiie has a {tine coastant

20
T2, say., 7The higher tnhe current demsity ilowing vo PE’ the greater
the rate of charging, and =so the steady statc situation is achieved
moire cuickly.

Then o ~¥A/(i,, -1 vee 91
‘ 2 i/ (igg = i3) e O
talzing into account charging at botn elecirodes, where A1 is the area
of itiie elecirode surfaces, and F is a cons.ant depending on the nature
of the elecirode surr:=ces, assuning tnav it iz the same for botn
slectrode.s.
ilow consider elechions entering tue hole from the back of the emitting
J vt . . ~ M te i e/
electrode., ‘hen the current entering tue Liole 1is l1ﬂb /A?, where a,
- [

is tae area oi' tae vac: of the elecuroce on wiich i, impinges end b the

nole r.éius., “herefore irom this, tine current density tlowing to the
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walls of' tue hoie, assuming that all electrons entering the hole reach
she wall, is oy the order of i1'1."‘02,/A221rbL, vhere I, is the length of the
nole. Yhe fliow of elec.rons out oi the hole into the gap is coniroiled
b. the amount of charp: vesiding on the wall of'the hole. ‘then if

the tine constant of the increase of the current coming into ihe gap

- - o fa 2 -
T~ £A2_|Dh/l1ﬂb vee. 9.2

where I' is a consiant depending on the nature of the inside surface of
the hole, aszsuming tnat this is the same as for the electrode surfaces

in tne gap.
24,

L(i )
: o S 2 0 B -
Yhe:, 11/¢2 ~ " i eene D03
1 i

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

Ay Ry and ‘.ZU ib)‘

Tynicaily, try a, = 25 cm2 A, = 5 cﬂ (1 ) = 10_8 amps Also
.__v . s J 1 - [ L] 2 = 20 -B = I.Pl e = a2

i = 6.10" " amps; b = 0.02, L = 0.04 omy

)?i ngy/ o, /1 ~ 1/75. ‘The values of T1/T2 estimated from the experi-

mentai i t curves indicate reasonable agreement with this value,

20°

affording support to tme theory.

2. Variation of with apolied gap voltage, V

150 2

It vas hoped chat measurements on the vuriation of 120 with tne
apnlicd wiidirectional voltape, Vé, viould cnacle the residual voltare
generated in the gap lo ce estimated wilh a reasonable degree oi' accuracy.
The ermeriments were performed at low vressure, with the systen con-

tinuousiy wuaped, thus reducing the effects of back diffusion which are
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not of' interest in this particuvlar study. Curves showins the variation

ol i, with V., are given in sig, 9.4, L. wag chown exnirimentaliy thst

ne valuci of ioo for which V2 vias taizen increasing stepvrise from zero

agreed. cuilte well witu snose in widicn V2 vas siarled from 2 higher valiue,

and wag decreuased in siteps, thus tracing back dowm the curve. This is

atisiactory cneclt on the re.rouwncavility of' the resulis. Hesults were

[&]
f'}

F=
Cv

obtained at low pressures (vacking pressure .round 10_2 Co 10 ) orr) and

Yo pan widths of 0.5 and 3.2 cn.

At nign V2 all the elecirons enitted are swept to the collecting

electrode, neplectins the few which, at tais low pressure, return to
. i e . ) S . .
the emitting electrode oy Lhomson-type vacl scatter. Jeglecting

collicions viith gas molecules, provided that the iield is tending to

evieen eloetirons tovards L iZU snould be constant inaspendaent of V¥
7? is reduced, a point is eventually reached vhere ihe field in the parp,

Fiven by Vg = V -V is zero, (.<perimenis deserib2d in the previous

J
1.

!

parasrapn snow tnauv the electrodes charre up vith the passare of i, such

20
that tue residual voltage Vf is oponosite to Vz). dovi trere is no field
ndins Lo sween tihe electrons to the collectin: elecirode, so the only
tronsport mechonisms te that electrode are diffusion, and the drift
velocity witi: weich the eleectrons are injected into the gap. Yhe electrons
are emitted intc the gap vith a distrisution of energies, so when V2
Just less faen Nf, some of the lower onergy electron: wiil ve returned to
the emittin, electrode iun taoe now unfavoureple iield, and & reduction in
j.,,0 wili. result. as V., is reduce. further, some of the higber energy

electron: wilil be returned to L causing a further reduction in i
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sventuelly, if V

£ is high enough, Vé may be reduced to the point where alil

the emitiecd electrons are returned to P1. Yneze returning electrons are

not registered in the current measuring circuit, since they are canceiled
out by emerging elecirons. The anplied voltage should cqual tne residual
voltage viien electrons start to be returned to }H by the ield. That is

at tne wointv vhere i, starts to drop appreciably frou the steedy value

20
observed at higher values of V2.
In i wiperiments at the shorter gap width of 0.5 cm, (¥ig. 9.h2),

the curve dogs foliow this pattein, cxhibiiing a steady valve of s above

[

a cersain value of Vz, anc dropping off near the critical point in cuite
a marked lasnion. From tihese results, bearing in minég what has gone
before, it is nossible to estimate with some degree of confidence the
magnitude of Vf. Tne values of Vf obtained from the curves range from 8
to 16 voltis, CGreat reproducability is not expecieda in these results,
since so much depends on the previous history oi the systen.

In vhe erperiments using the longer gan widths, tne curves are not
so satisfyinpg. The value of i, , does not reacn a steady value al nigher

2V

5s but continues a slisht upward trend as V2 is increased. As before

the curve drops ofi quite sharply as Vz is decreascd below the value of

v

V., but owing to the upviard trend of i?O at higher V,_, it is difficult

£ 2?

to estinate the e:wet wvoint at which clectrons start to be swept back
to the emitling electrode. attempts to do so give values of Vf in the
range 16 to 24 volts, but we cannot expect accuracy to be as good as in

the case ol tne shorter gap width. UYhe variation in i,)0 at nigher values



of’ V2 may be explained in terms of coliisions which are now more likely

to occur vetwcen electrons and gas molecules at this lonser gan. In fact

<k

ne provability or collirion i: increascd 6-fold. fThere is the change
now of some ionizing collisions ano o back ciffusion. \hichever of
these is ithe case, increasing V2 will cause an increase¢ in 120'

At the longer gas width, and low Vé, the curve drops suca that i,
takes negative values, This is not the case at the short rap width,
so iv is Jairly clear that this eifect also is the result of collisions
betrecn elzcirons ané gas molecules. This effect is discussed in greater
detail in a later paragraph. (See §3.3).

Yhis meothod of estimating the residual polarizing voltage in the ga
after the electrode surfaces navs been charged up it open to the follow-
ing criticisms.

a) buuinr & given run it is not possisle to account for the variation
in V causad by the continual passage of a current across the gap., It
would be more satisiactory to devise a metnod of measuring these voltages
in wuich no curreny is wvassed in the gan.

b) It iz Gifficult to estimate the exact point at which the effective

H-

field in the jan should pe zero, (i.e. V —..), owing to the finite energy
distrioution of elsctrons coming into tne gan, and to the efi'scts of
collirions in the sap vetween electrons and ras molccules, particularly

‘o width

7]

“he results are tasrefore oniy appro:imete, and need verificution
by another method. One sucn method is described in tne noit chapier o
this thesis.
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3. Variution of ichwith time, with Zero awplied voltage

when ue applied voltage is zero, the only voltage remaining in the
gan is the residual voltage on the electrode surfaces, Vf. Ileasurenonts
of' the current to the collecting elcetrode, i20, were performed as a
funciion of time in hydrogen for contrasting sets of conditions in the
gap. 4dypical results are showvm in Fig., 9.5. Zero time was taken-at the
momenty that i1 ‘became stabilised.
5.1 Zhe results

a) Plates charped initially with a pure wiif’ discharese

“he nlates are charged by the unhf discharge such that there is no
net residual voltage generated in the gap. i.e. Vf = 0. At a pressure

of 0.3/ torr, and for a small value of i takes a positive value,

1°? i20
increasing initially witn time as the vells of the emitting holes become
negatively charged, and the holes buvcome more erfficient emitters of
elecirons. when the holes reach their peak transmission efficiency, 120
levels off, and begins to decrease, indicating that 120 is charging up

the film on P2 more repidly than iB is charging up the film on P1. The
curve levels out as the steady state condition is approached. 4t the

same pressure, out with a higher i1, the holes reach their peak effic-
iency moze rapidly owing to the increased rate of charging within the
holes. At low pressures, there is no initial rise in izo, indicating that
the holes reaci their highest transmission eitficiency almost irmediately.
This sugrests that at this low pressure, there is virtually no electron

loss within the holes even without the Yehnelt cylinder effect, wnich is

reasonable in viow of the low probability of collisions between electrons
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and gas molecuvles within the holes.

b) Jlates ¢ Iﬁpu with @ de voltage superimwosed un tne uhf éischarge
sucn the P1 ccomes charged negatively viith resmwect to P

the :lates are now cnarged up so that there ic a residual voltag
in tne gan tonding to sveen electrons to the collecting elecirode, P?.

rne resulis have ithe same rorm as those just (escribed, except that i20

now taies nirher values.

c) Plates charped with a dc voltase supecrimposed on the unf discharge such
that 1 hecoimes charged negatively with resvect to ?1

fhe nlates are now charfed up so thac there is a residual voltage
in The ;an tendin; toareewn the electrons vack to the emitting electrode.
Yor a nressure oi 0.3/ torr, ana a low vaiue of i, i 20 takes
initvially & small negative value, dronpins to o larger negative value
2t wne holes in the emittin: electrode becons more efficient transmitters
of electrons. “hen i20 increase:, tending to lcvel out to a smaller

negsiive vaiue aiter about 20 minutes. Ii'or & higher value of 11, the

holes reach their maximum trancsmitting eificiency more cuickly. 120’
starting o.f nsratively, increases steadily, becoming positive after

covout & nminutes, and tending to level off &t a small, oositive value

af'ter zuout 20 ninutes. &t lovwer vressures, i, initially takes a high

o0 *
nesutive value but rises to & smaller steady negative value af'ter about
20 nnuvse..

“he iavlications of these negative values ol 120 are ciscussed in

seetion. (See §3.3).
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3.2 2o comware the charging rates at the two electrode surfaces

Wnen & pure uhf' discherge is run in the gep (Sce §3.1a) there
snould be no net residual voltage in the gap afterwards. “hen the
current is then switched on, those electrons which get to the collecting
el=ctrode can only get theve by diffusion. A considerably larger nro-
portion should be lost by diffusion back to the emiiting electrode,
particularly at the long gaps discussed in this experiment. This cer-
tainly a,plies to the higher pressure examined, and viould be expected to
aoply in the lower pressure cases, provided the mean free path is short
enourh for electrons to maxe a number of collisions during their life-
time in the pan,

But the results (See §3.1a) show that the system behaves as though

P, is chiarsing up under the influence of iou more rapidly than P1 is

NS

charying up unaer the influence of 1 (See 91) despite the fact that iB

[ g

20 in this case. iie must consider therefore

the possivility that the surfaces at P1 and P? charge up at aifferent

must surely be preaiter than i

rates 1or the same current reaching tnem. It is convenient to define

the cuantity 'ef'iiciency of charging, ' Let the efiiciency of' charging

at ?1 ve €;, ana the efriciency of charging at P2 Dy <59 such that the

charging rave at P under Jhe influence of LH is given by i, and tnat

]34’
at 1, under ¢ infl e of i is i,..€,4

t n wnde vhe influence o iy 18 iy4€

In all the experiments, except those in which P1 was initially charged
up positively with respect to P (where electrons wiich get back to 1H
ret there by drift), the experimental cvidence siows that P2 charges up

more rapidly than P,. (¥rom §1).

12l



then, 12062 > 1351 sees 94

and, waer ecuilibrium is eventually reached,
i 3 ] l"'- o e 0 [
2072 B 1 95

In the case viere € = % i20 = iq, at equilibrium (as assumed in g1

Y

earlier). Sefore equilibrium is reached, iB 2062/ The fraction
of the elecirons which reach P2 is given by,
- /. . e N L Vs 6
i1 = i,./(i,, + i e /e g ceee .
20" "e 2of Ligg + 1p) > €/ (eq + &) 7

from Za. Y.k

4

: 17 . . . .
thomson's n"n1ess+on\ ) for the fraction of the electrons leaving the
cathode which errive at tihe anode gives

ile/ia = L..vd/(\_rG - 1..vd) eeee 9.7

wnere v, is <ne dritt velocity of electrons in ilhie gan, under the influence
of st and Vo is the random velocity of tae electrons as they emerge into
the gan.

“hen from Hgs. 9.6 and 9.7, ignoring ionization occurring as a result of

the initisl ocleciron random energy.

I-I-le (V + bV, ) > 1/((‘ *‘*):

whence, v <QNJ£%_ eess 3.8
¥) a |
and at ecuilibrium, v, = l.n.'dc,,/e_l eeee 2.9

If it were vossible to estimate €, and o

it would be pos.ible to calculate the velocity witin which the electrons

and the equilibrium value of
V...
fr

emerpe into the gap. o far insufficicnt information about the nature of
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the surface fiins involved has been o.tained to enable such & calculation
o oe performaed. It has, however, already been suggested that the random
energy with which eleccirons emerge into the gap is avproximately that
corresyondin: to V1. (See Chaptez'éj. V is of the order of 75 volts,
resulting in & field inside the emitting clecirode of about 100 m/cm

soat the zort of pressures used in these exmeriments, it can be seen that

the randor velocity of emerging electrons is high. In comparison,
roug:n measurements of Vf indicate that it is oi' the order of 10 volts,
resulting in a field in tne gay of about 3 v/cm. Yhe drift velocity

corresmonding to this is cleariy very small in comparison with v There-

fore we ma -~ crudely deduce from ug. 9.9 that

€, >>> €,.
2 1

3.5 Inve! u¢rwtion of the variation of i20 when P, is jnitiallyv charged
) T
up positively with respect to Pz

uien the initial charging up operation is perrTormed such that 1-"_i is

made positive with respect to P, (See §3.1¢c) electrons which emerge into
the gap enter a residual i'ield which tends to sweep them bacik to the
emitting electrode. Uncer these conditions, very few electrons are
expectea to rcach P2. Ilectrons whicii enter the gan with very low energies
are almost immediately controlled by dwift, returning <hew quickly t

P1. Those entering witn nigher energies may reach P2 if the pressure is
so low tchut ithere are ver: rfew collizions with gas molecules, and the
agverse v . is smali., 3But in general, particularly at the pressures the

nrescnt exeriments have been concerned witn, increased initial energy

inereases the efficiency of the back scatter process, according to the
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17) ,
Thomson theory( ") and thus reinforces the elccyron flow baci: to P

Inereiore we conclude ihat electrons have very littie chance of reaching
the collecting: eleciroae,

Zlecirons returning to P1 do not contribute to the net current

flowins; in tae gap since their current vectors are cancelled out.

{s!

[y
[ =]

It hoas becn shovn fthat electrons provably emeige into the gap witn hi
randon ene.gy, so some ionization in the region close %to the emitting

hose is likely, and new electrons thus generated are swept bvack to P, d

1 ==
contrivute to a negative current (_iZO) in the external gap circuit. as

1-‘,i thus becomes steudily chariyed up under the influence of this ioniza-

tion curronwy, Vf is reduced, and hence so is the current flowing back to
P1. dventually, Vf is reduced to the vpoint where electrons start to
reaci }é by dirfusion. tositive values of 120 are registered in the
external gap circuit vhen the current ilowing to P, becomes greaver than

that due to cihe electrons generated in the gap by ionization which flow

back vo P1. Ylie charging process continues until P? becomes negative

enough vit.: respect to P1 to satisfy the equilibrium condition, iBE1 =
120-:2.
Yhe rote of risze of iZU when it is still negative is controlled by

the charging: eit'iciency at P1, € (nce elecsrons start to reach F,, this

1.

rate oi risze now uepends on € and €50 48 shown in tie previous para-

graph, € is elmost certainly a lot smaller then €55 vut when 120 is

negutive, so fow clectrons get to P, that charging at P, is not having

2 1

to co.pete witih the charging at P2’ so the change in st ana hence 120

might be quite rapid, as is shown to be the case experimentally.
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3.4 Comnarison of whe results

Tt is expected {rom the above arguments that the steady state
condition for the gax should be the same for e given gas and pressure,
regardless of the initial electrical state of the electrodes, and that
all the curves should eventually converge on vhe condition, iB€1 = 12062.
The rates at vhich the curves converge will not be expected to be the

samge, 31nce

1=

n the different experiments, eguilibrium is not necessarily
brought about 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 surtface of }é' But in the curves referred to in §3.1c and in
§3.1.3, theearly nart of the curve is controlled by charging at the sur-
face of P1.

Oniy when there is a fairly nigh current flovwing in the gap do
the erverimeontal results support the thepory that <the curves should
approach a common eguilibrium condition, regardless of the state of charg-
ing in the gep initially. At the lower currenis, the charging processes
ere slover, so tne curves would be expected to converge on the equilibrium
condition more slowly, which may account for the facti that the equili-
brius is not reached in the duration of these particular runs. It may
be concludea that the experimental results aiford reasonable support to

the qualitative arguments forvarded.
&

L. Conclusions to “hapter 9

All of these results confimm the view that charging occurs at the

surfaces ¢f the electrodes during the passage of a current in the gap,
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suggestin: that insulating Iilms are present. In the present experiments,
the Com. tion o iilm. due to the presence ol grease is eliminated by

the use oi a frease~i'ree vacuum system, and the effects of oxidation at
the elecirode surfaces are elininated by the ure oi gold-plated electrodes.
ne most likely remaining possibility to produce the effects observed is
the Joxmation of layers of gas at the surfaces of the elecirodes. ''he
experimental evidence suggesis that the charging rate is not the same at
the two elecirodes, and that the collecting electrode charges up more
eificiently than the emiviing electirode. One reason that the surfaces

of the two electrodes ares noi elecirically similar is that during the

ruaning o the filament, the emilting electrodes, P,, is at a higher

1’

temperature uhan the collecting electrode, 7. (On occasians. when the

emitting elceirode was removed f{rom the test cell in order to replace
the filement, it vas observed that if the filament had been running just
previously, the electrode was quite warm). “Thus we expect the efficiency
of outgausing at the emitving electrode to be greater than thet at
the collecting electrode, and hence the adsorbed gas layer at the emit-~
tins electirode cturtace to de thinner, resulting in a smaller degree of
insulziion. Therefore the eifect of heat at the emitting electrode will
result in a smaller charging efticiency there compared to the collecting
electrote, wnich, in peneral, is not subjected to such effects.
lieasurements of the residual zan voltage by plotting the variation
oi’ i"O vit: the externally anwlied voliage, V2, are not very accurate,
During, e pariicular rm, Vf is likely to changc under the influence of

4
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i20 vhich is nassin: continuously. Yhe ne.:t chapter describes a method
of' measurir - the residual voltage in the rap vithout needing to pass
a current in tnc gap.

In all oi' the argumenis put forward in thiz chawter, we have veen
concerned only with the veriation off Vf vihen there is a current flowing
in the gan ana have not considered the possibility thet the voltage across
the suriace ©ilm migut decay by tne passage of a current through the film
itself. Leter measurements nowever, (Sece Chanter 10) indicate that in
the avsence of a curreni flowing in ihe gap itself, there is 1itile varia-
tion in the residual voltage in the rfap. ‘his suggests tnat the voltages
genereatec across tne films dccay with tine constants vhich aréflurge

4 4

comparel to iie other vime constants ciscussed in this chapuer.

T nore were known about ine nature of the films on the electrode
surfaces, «né Vf at equiliuriu.: could be measured accurately, it nzs been
shovm vhev iv might be noscivle to calculsie thw randeom velocity with
whicu the clectrons cmerge into the zan, mekivg use of the eguiliovrium
condition Letvieen i20 and iB (Sece Bq. 9.9). “his could be done, for

instcnce, if the films at the two electrodes viere known to oe electrically

Then at couilivrium, 50 = 4 vy, v, being calculable from V, and

the -as oressure.

5 5 v arr the ohant . B 4.3 v en Q11T et i' e Y d -.ur-si:-'i-
L6 seen _ronm the Chavter 8, the :measurement of' v_ would ussi
* O

sreatly the wnwerstanaing oi' back diffusion processes and of electron

flovi thwough holes.
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CHAPTAR 10

$HE DoVILOM L O WIE GLLTE L 0TD VCLAGS e RO Wiy Ml URBENT OF oHALL

RESIDUAL VOLUaGES I Hi GAP

1. Introduction

- (See Chapter 3, §5.1). The ellip=oid volimeter, originally developed

i - 25} . . .
by thornton and Thompson(“5' for the avsolute measurement of high velt-

ages belween parallel plate electrodes, is not sensitive enough in its

-

origina. Torm for the measurement of small volteges., It has not bLeen
possible during the present work to develop a system wvhich will accurately
messure {ieclds less then about 20 v/cm, using the instrumeni in the
oriihodo:: fasihion. .

Ynis chapter descrives attemptc that were nade to extend the range

01’ cire woriting of the instrument to the measurement of the smali residuwal

voltapes penerated in tue gan.

2, «dantion of the ellinsoid voltmeter f'or ithe measurement of small
regiauel 2. voltages

Consider the nresence of a small resicual voltage on the gay, Vf,

too small 4o nmewsure vith the ellipsoid velilmeter used in the orthoduox
fashion, .Jdiso consider a unidirectional volte;e, ¥, applied externally
to tne gan. Initially let the wuwo voltares reinforce one anotner.,
o 12 wf 2y ;
“'hen, (Vn +Va)© = h{n1 - 1) cees 1047
whoxe n, is the frecuency of oscillition of the ellipsoid in the two

fizlde ena n_ is the frenuency in the abuence of a fielc.

vow V.. is reversed so that it is in the opposite airection to Vg
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2 2
hen, (\:'E-If)2 = K(n,-n cee. 10,2

Aliminating ng between mos. 0.1 and 10.2 gives

bV Vf = L(n? n?)
Theret'ore, K 2 2 y
Vf = l‘.‘VE n_i - n2) LN ] 10-)

2]

Then, V., is proportional to (n? - ng) for a given K and Vy.

i . . 2 < -
V. is plotted as a function of n” (assuming that V. is made zero by run-
] IS

(<]

ning a pure uht discharge in the gap) and K is obtained from the slope

of the straignt line thus obtained, The fact that the curve tums out

to be & straight line is confirmation that Vf is in faet zero. I requireaq,
n may be ottained iron the intercept on tne n2 axis.

It is seen from the above expression that fira given residuzl volt-
age o.u the rap, the greater the valuc of VE’ the greater the difierence
in ithe ellipsoid frequency viien VE is reversud, Therefore, high
sensitivity in ihe measurement of Vf is obtained when a high value of VE

is used.

3. Zoerimental consiaerations

Yhe bvasic experimental system for +the ellipsoid voltmeter, and the
method of meacuring the frsguency of the torsional oscillations are
descrivea in Chapter 3.

Iydrosen was admitted into the system at & pressure of about 5 torr,
and the elecirodes were charged up by running e discharpge in the gep.

The e:zternal voltare, VE’ was applied to the gap, and the time for

10 swings was measured. Using a Leybdi clock, and careiully observing



the oscillotions as the ellipsoid nassed through its ecuilibrium
position, the time for 10 swings could be measured te better than 1/5th
second. vhe oxternal voltage was then reversed, and the reading repeated.
Thus n, and n_, hence (n°> - n2) were found, and ! V,. from & 5
Thus n, n,, he 1 o found, ana hence V. from Ig. 10, 3.

It talies about three minutes to obtain a single value of Vf. Thus it is
possible to plot Vf as a2 function of time,

t is expected that the error in Vf for a single reading is quite
large. ©So much depends on the accuracy with which the time for the
10 swings can be measured, errors being introduced at the starting and

tne stopping of the ciock. However if many values of V, are obtained over

f
a period ol iime, much of' this error can be accounted for.

Certain modifications were made to the original ellipsoid voltmeter
systen, in an attempt to reduce some of' the sources of systsmatic error,

The magnet supporting the ellipsoid assembly exerts a force on the
small piece o iron wire placed on the fibre between the ellipsoid and the
support (Lee poge 48 ) constraining the motion of the wire, and hence of
the ellipsoid. This does not seriously affect the calibration of' the uhf
indicating meters (See Chapter 3), since, provided thai the position of
the magnet does not aiter between the dc and the uhf pa:ts of the cali-
bration, any such effects cancel, IHowever, vhen the instrumentis used
for absolute voltare mcasurements, as in tne present case, this perturba-
tion may well affect the readings obtained. A non-magnetic form of

b wme herafara i et . (€3

support was therefore built, similar to that used by Long‘”‘. This
introduced the use or greased connections into the vacuun system in

order to vrovide for ihe raising and lowering of the ellipsoid into and
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out oi' the pep. However, by this time, the main measurements of amplifi-
cation and breakdown voltages had been completed, so the introduction of
grease initc the systew was nol considered to be a serious objection at
this stage in tioe worl,

The possibility was not ruled out that the motion of ths small
pizeo of iron wire placed on the fibre could perturb the motion of the
ellipsoid by the double pendulur effect, but it was assumed that such an

eifect

-l

ould be negligible provided that the moment of inertia of the
ellipsoid is large compared to that of the piece of wire, Later measure-
ments of'Vf with the iron wire placeda actually on the ellipsoid itself

(thus eliminating the douole pendulun effect) showed no improvement, con-

{irming that <che above assumption is a reasonai.le one,

L. ihe results

Neasurements of' V_, were made as a Tuncticn ol time after the plates

r
had previously been charged up by

a) A pure uhf discharge such that the plates should charge up equally, with
the pap electrically neutral,

b) A ulf discharge witih a de field superimposed to sweep slecirons to Pé,

thus charging P. up negatively with respect to P

2 1
and ¢) A uhf discharge with a dc field superimposed to sweep electirons

to P,, thus charging P1 up negatively with respect to P2.

.l!
Zero time was taken at the moment that the charging discharge was
sywitched off.

Graphs showing the variation of Vf witn time for these three cases
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(c¢) Plates charged with uhf discharge with a de
field sweeping electrons to P,.

Fig 10.1. Values of the residual voltage in the gap
measured using the ellipsoid volimeter.,




are given in Irig. 10.1. Vf is taken vo be positive vhen Pé is positive

witn respect ‘o P1.

ne values of Vf do not lie on & smooth curve owing to the unavoid-
able error involved in individual rezdings, but il is possible to take
a general view of the behaviour of Vf. It is clear from the results that
the plates churge up as expected for the threc types of charging process,
It is also confirmed that the pure uhf discharge produces no net residual
voltage in the gap.
f

tne:earlicr experiments (See Chapter 9), ranging from about +6 volts

The actual values of V. obtained are smaller than obtained f1omn

T
ay

vihen P,I iz charged up negatively with respect to Fés to about -6 volts

when ¥, is charged -up negatively with respect to P..

Yypical exampls of calculation of V .:i-

f
Lime for 10 swings, %, = 49.36 sces, t, = 50.16 secs.
n, = .2026 sec_1, n, = .199% sec™ .

Faen, (nf - 13) .U0129

)
Vy, = 500 volts, and k = 7.75.10° volts?, sece.

YWhen, Vf = 5 volts.

i

P

L

esgite the spread in t.e points én the graph, it is clear from
e T ’

these resulie that Vf does not vary epnreciavly vith time when there is
no current rlowing in the gap. Irom thisz it is concluded that the time
consianﬁa_fqr-thg decay of the voltages across the surface films are
long com arcd to’ the duration of the experiments. Ir it is therefore
assumed that Vf does not alter during a course of measurments, the many
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readings talen during: thal time may be averaged tc obtain e more accurate
value for 'V'I,,. “he accuracy of the measurement of V P does not depend so
great.y nov on the accuracy of a single reading.

Yhus, tine following values for Vi_. viere obtained for .he three sets

of' conditions examined.

a) rlives charred with uhf discharge

1) Vf

-0.26 4 1.69 volts,

2) V. = 40.17 4+1.07 volts,

) Plates chargedwith uhf digcharpe with dc field sweeping electrons to
Z2

1) Ve = =h5h 42,01 volts.

2) Vo o= -3.96 4 1.64 volts,

¢) rlates charged with uhf discharre with de field sweening electrons to
= ;

.:.'i

1)V,

-
1

+2.38 4 1.43 volis,

2) V. = 42.95 11.69 volts,

Fly

“hese voltazes refer to the net residual voliage in the gap after the
plates have veen charged up with a discharge. o far it nas not been
possible to measure the voltage across the ilms at the individual

electroce suitaces, bul chese results indicate that P2 charges up more

cientls under eleclron bombardment thun P1, thus supporting the con-

'.I.

e.f

clusions aravn from wire experimonts descrited in the previous cnapter.

liere is ¢ method of measuring cuite small residual voltages in a
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perallel pleve pan, in whieh the elcctrodes, covered with insuwlating

wve become charyed un by Lae passa;e ol & curreni in the

filns, AT,
The volarity oif the residual voltape is given, anda the narnitude has
been ouvtainew to within -2 volis, Greater accuracy may Je obtained vith
the introduction of more sophisticatcd methods of tinming the swings of
the ellipsoid in the gap. ‘Lhroushout this study, the basic assumption
is amdc that the nresence of the external voltage, VE, does not itself
disturb the value of Vf.
These nmeasurements show that even after a heavy current has been
passed in the gan the residual voltage generatzd is quite small in
relation to most values of the applied unidirectional gap voltages used
during the amplification exverimeats. (See Chapter 4). Thus it may be
concluded that when high currents are avoided in the gap the residual
voltaze renerated may ve neglected in comparison to E. .
LYhe preliminary me2suremsnts oi'Vf using this methed are quite
pronising, ana it is hoped

that the method migsht have useful applications

elsewhere,
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LHAPTER 11

SULLAY 0¥ PROGRuGL D SUGHESTIONS 1OP rUTURE wORK

e main body of the wors described in this thesis is aimed at
furthering the understanding of the movement and behaviour of electrons

in gases under the infiuence of combined unidirectionai and ultra-nigh-
frecuency eleciric fields. JYroa considerations of drift, diffusion and
ionisation, an axpression has veen derived for the amplification of &
stream of electrons crossing the gan whicn gives very encouraging agree-
ment with the experimenial results in alil of the gases tested, (:ee
Cuapter 8}, 4he picture presented considers he possibility of two types
of' pac.r airrusion. PFirstly back scatter under the influence of the initial
randon eneryy with which tae electrons emerge into the gap, and secondly

) .

steady siate wack diffusion, and assunes that these two processes may e
treated independently. ihe size of the hole in the emitting electrode
does not appear at eny stage in the discussion, [he theoretical pre-
dictions i'or the shape of the amplilication curves make use of the values
for .he ionization coetficient obtained from the breakdovm measurements
made .ivh tie present avparatus, using the same pgas samples 25 used for
the cvperimental amplification curves, the values outained for nydiogen
aud niiro;ea give reasonable agreement with the results of other workers.
e values ior helium and neon are less satisfactory, being over an order

of megnitude greater than the data published by other workers for pure rsas
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samples, liowever, since ilhese values were obtained in tue oresent
apparatus it is ressonable to apply them in =maliing theoretical predic-
tions ror whe shape of' the amplification curves. an interesting feature
of ine ureaikdovn measurcments made in heliwn and neon is the apnarent
depayture from the dirfusion theory of breakdowm suggested by Prowses and
c1213<¢12)  but mor s N N
lark » but more extensive measurements are reauired before this is
establisned.

One of <the major diificulties encountered in the interpretation of
the amplificuiion curve. has been the uncertain nature of° electron flow
througn tiie holes in the emitting elecirode. Althoug. much has been
learned avout this (See Chanter 6), acsumptions that the current emerging
into the gjan and the initial eleciron randoi energy are not dependent
on vue ¥isid in the gan were necessary in order to arrive at a final
axpression for amplification from vhich theoretical values of amplifica-
tion cun be cutained, (See iq. 8.h4). Ix.erimentel amplification curves
viere obltained ior s wide range of ch and gas pressure in hydrogen,
nitrogen, heliun and neon, obut only a narrow range oi gap widths were
omployud. liore measurements are required to extend this range anc so
make the picture more couplete. It would also be interesting to perform
exveriments vhere elecirons are released into the gap by a method other
than tue one used at present, ior example photoelectric emission from
the surface oi the emitting electrode. “his has two advantages. Firstly
the emittvins holes, and the associated problems (See Chapter 6), are

eliminated, and electrons are now introduced into the gap with a random
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eneryy/ wiiclh can be calculaied f'rom the wavelength of' the impingin;: light
and Trou the verk function of the netal from whicu 1hey are released.
Secondly, itne uy:tem does not now contain the imnurities associated with

)

tne oxide conted cathode as at present.

the vheoretical treatment given in this thesic looks very proaising.
Lovieveor, concideraple iaprovement between theory and experiment iwould ve
expeceted if thie eleciron lifetime in the gap, at present calculated from
T= q/vd, can be determined with greater certainty. Nicholls(q) has
suggesved a method for measuring the sransit time of a swarm of electrons
crossing the gan in combined de and unt' fields, based on the method used
by Bradoury and Heilsen(49’50’51) for the mezsurement of electron drift
velocities, and tnis mirht ve employed to aavantage for the determination
of T in uhe yreseni case.

Investization into the drifts in i, (See Chapter 2) have established
that residual voltages are generated in the gap by the passage of a uni-
directional current, assisted by thne presence of insulating iilms on the
elcctrode surfaces. 4 method has been suggested for the measurement of
sucn voltares (See Chapter 10) making use of the ellipsoid voltmeter.
lieasurements with this instrument enabled the conclusion to be dravm that
if aich currents ase avoidcd in the gan», the 1esidual field generated is
small in compurison to the values of Edc uced in the amplification curves.
Jnerei'ore the presence of residual voltages in ine gap experiesnced during
the wnresent cxperiments may ve neglected.

Pinally, it is of interest to surgest a mechanical model whien

Aignt ve constructed and used to assist the unuerstanding of electron
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SIDE VIEW 'Eu'(Amplitude(rms) of wecillation)

—

~P5int at which
-—

'electron'(ball)
is fireg& onto

_ 8 table. — —
1y
de
(slope of - - .
table in SR T iiovement
meen mositiom) T ... vttt to and fro
: s b o ¥ | of the point
Pins ,or s .
[ ey « . -n i i
'Gas moleculesy.. . f.l.- of firing
i - PLAN

Fig 11.1l. Pin-table analogue of diffusion and
drift processes. '

‘It may be. possible to automate the machine so that
each time an 'electron' is lost,it is counted at the
point at which it leaves the table,then returned to
the stért and fired'again.The point of firing in
the pleane of the emitting end of the table should
be made random,in order to simulaﬁe,ﬁartly at
least,the random movement of the gas molecules,
(Clearly in %this case it is not possibie for .the
'gas molecules'(i.e.. pins) to move, independently
of the. 'field'themselves.) -




motion clese to the emitting electrode. e¢ Fig. 11.1). DBall bearings,

i representing elecctrons, are shot horizontally onto a table consistine

of a 'frietionless' surface on wnich aive cituated 2 large number of pins,

representing; pac molecules, with whicu the nalls make 'elastic' collizions.

N et

s

It should be possible to measure the initial velocity with which the balls

are shot onto the table, 'The table may be tilted such that the balls

E experience a Torce corresponding to “dc’ and the table may ne made to

i oscillate about this position with a certain amplitude and frequency
corre snonQLN( to “u' Yhe necessary conditions are that the ireguency

1 of oscill.tion of the w2ble =nould be zmall compared to the irequency ot

i collisions between balls anda pins, and high onough so that the valls do

] not drift to the far end of the table in one half cycle.

A hall starting oif at the ordgin vdail collide with pius and may
as a result of these collisions eventua.ily reacn a terminal ‘'drift!
velocity tovards the far ena of the tabvle, or, alternatively, may return

to the starting end. By couniing the proportion of those starting which

t7 1! 1 1
J!.u PR Y

rveturn to the starting cnd of the table, as a function of sc

and ';0',-i€ may .be possivle to obtain resulis similar to the theoretical

bacl: diifusion relations described in Chapter &,

-l -
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APVENDIX 1

L0 _SEC., Tiudy Yhy, beliu0ud SEISTIIVITY IS THDEYANUHENEY OF THS 1WINTaL “ENLIOK

Ou Wid LELLO.G T Wil 4iil0 POSTITION, AlD ALSO YHAT THE PRESLURE AS HEsSURED

3lhin WHI

e

3 GAUGE Ts 4 LINEAR FUNCTION OF BELLC.S DISPLACEMENT QNLY

the differential bellows gauge eftectively measures the diftference
in pressures between two ges systems. (See 1g. 3.4). The zero position
occurs when both systens are at the same pressure, when the pressure on
one side bzcomes greeter than on the other, the resultant displacement of
a pointer fixed between the two bellows is & function of the pressure
difference.

The bLellows sysuem may be compared with two springs in tension against
one another, ‘he pressure change may ve related to a change in tension
on one side of the system,

Let T1 and x, e the initial

K,x
tensions on the springs, and
the extensions x, and X, from =
their natural lengths. K
2 X

Initialiy let the pressures in

the two systoms ve equal, and
so let the forces on each side
4 and Az are constants depending on the bellows

dimensions. Initial the pointer fi:ed vetween lhe two bcllows is at sero.

be A1p and :,n, vhere 4

In the initial position, resolving forces,
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- A = 12 - Azp

or 1{. x_. - h = I\_ X Lod J‘L sepr
) 1%5 T P ¥y T P 1
(FI‘OE:". i:00ize's law where Ji,‘ and 1{2 are the elasiic constants of tne two

springs).
Winen the wiessure on one side changes by Ap, the pointer moves to a new
eguilibrium position, a displacement d = fron the zero position,
Hesolving, forces again

K (x 4 §x) - A(p + 80} = Ky(x-dx)-ap evss II
4nd from I and IX
1\.1

S:{ = =

]..--I + K L d AI) [ N N llI

2
Then it is seen that 8= is a linear function of pressure change and

does not dencnd on the initial tension on the system.
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AFYEDL 3

2LECYRCN EOLTLINY AN JHy COMBINED DC ALD Ui rTLDS

is tne velocity with whicn the olectron swar: travels across the gap

1 tize de field dairection.

oda

= Electron drif't velocity in tne pure dc field,

W
dc”
o

= Blectron driit velocity in the effwctiive iield, Eys corresponding

the conibined dec ano ubi fields.

dlectron random velocity in the effeciive field.

e .
TR
. . - - . d ‘a
The widirectional sviarm velocivy, Vo = TR eees I
e
The drift velocity in the pure dc f'ield,
L.k
; e 1 ddc
i, =0 =z el esee IT
d 92 LV P i

d

. . _ (5)
vherc L, is the electron mean free-path. (’.'.‘ownsendk )

d

The &rif't velocity in the etrfective field,

L E

e ] .
\ — - — ———amm— sees 1T
Wy = J. 92 oV -
e £y
Dividing IT and IIT,
W V. E L

Jdde o d ceee IV

W VE - L
e e dc e
apororiuately, for a given pressure, Ld = Le’
rn \I. '\I‘ '|" "hl
Liien, .|d a 'e"d.. . v
-‘I = l_'?_, ses e
e e
B
Ly . - 4 = ehdc
“hen frou I and V, Va = TR
dal
e

The eleciron mobility in the combined fields, 1 = We/Ee.

L

=nd so,



APPENDIX 4

ol BWPRCITIVE

FIELD Ti COMBINKD DC D UH¥ FLELDS

The eflcctive field in combined unidirecticnal and oscillatory

by Varnerin and Brown( 13) as

vheres ¥ c iz the Trequency of collisions between electrons and gas mole-

cules,

I -7 .
In the present experiment, w ~ 10 radians per second.

The collision frequency is piven by

where Ec is the collision urovability and V the electron random velocity.

S

- 30
rrom Tovmsend's c'ia.ta.() on random velocities and from Brode's data(j“ ) or
collision rrouvabilities, it is clear that ror the gases examined in the

. . 2 2
presmt exmcriment, ¥ i> w.

- - 2 212
Thereiore, B = (2 5 ) /

-6



dicaoils, [,J. '"leasurements on the growtii o1 saseous ionization at
uhf''; Ta.l, Thesis, Durhan University, 1960.

Long, sw¥. 'an experimental study of’ the develonmment of gascous
ioniszetion at uhf'; ¥h,D, "hezis, Durbem Universit:, 1962.

Townsend, J,%,E, 'lotion of elecirons in geses'; Oxford, 1925,

'Zlectricity in rases'; Oxford, 1915,

'“lectrons in gases'; Oxford, 1947.

lature, Lond., 62, 340, 1900,

vnil, Hag., 6, 358, 1903,
Gi11, Z...b, and Doneléson, iLi., Phil. kag., 12, 719, 1931.
Guvton, . and Guiton, h., Comptes Hemdu, 186, 303, 1928.
nerlin, [l.a. and Browm, 5,C., Pays. idev., &, 291, 19L8.

Yoys. 2eve, [k, 902, 1948.

l’rowse;, e and Claric, J.L., Proc. Pnys. Soc., 72, 625, 1358,
Varnerin, L.J. and srown, 8.0., Foys. dev., 79, 946, 1950,
Lucag, 4., J. Electronics and Control, 17, 43, 196k.
“instein, A,, .mn,d.Fhysilk, 17, 549, 1905.
Loev, L., '-asic Frocesses ot Gaseous Electronics'; California, 19

“homson, J.J., 'Conduction of Flectiricity through Gases', Third
edition, Cuombridse, phOGET.

“heoovald, J.k., J. Aod. Pays., 2, 123, 1953.
incdey, L.G.ll., Poil. Mag., 30, 396, 1940,
Yhonmsor, J.J., Fail. lag. (5th series}, 4h, 293, 1897.

LR

Llewoilyn-Jones, r. and Davies, D.E., Proc. Fhys. Soc. B, 6k, 397,
519, 1951,

=14 7=


http://li.ii
http://serj.es

21, I%g':_‘:e:l’l;:rl-Jones, F, anG liorgan, G.u., Proc. Fiys. Soc, 1, 6k, 560,
5

25. Hollanw, Leurenson ana kriestvland, idev. uci., Inst. s 2hy 517,

24h. Christy, iu.., J. &pp. Phys., 31, 1680, 136u.

23. shornton, .... and thompson, ..G., J. Inst. Z2i. ing., 71, 1,

26. Provse, .-....-;. and ¥icholls, il J., Froc., Ihys. Soc., 84, 545, 196lk.
27. Crompton, R.%,, and Sutton, D.J., Yroc. Roy. Soc. 4., 215, 467, 1352.
2d. Browm, 35.C,, KIT Yech, Report 2335, June 1958.

29. DProwse, ..a, and Lony, .1, B.R.&, Report, April 1964,

. Leigy, C.C, Jnr., u.2. “hesis, J'IL. (Peproduced in Brown, =.C.,
'Basic Data of llasma Fhysies', wiley, 1950, pi136).

31. Scihmeider, F., &, FPhys,, 6, 456, 19ok.

2. Jones, C.V., E R.a. Tech. Report, L/155L, 1956,
3%. Doyer, i, Ph,D. Thesis, Durhan University, 1965.
She  Yrowse, u.e., J,3.ILEE,, 10, 3335, 1950,

35. ‘olfendale, & , llechronic Eng., 29, 83, 1957.

36, Brown, 5.C., handbuch der Physik, ~XII, 559, 1956.

37. Clarik, J.L., '"The electrical breakdown of gases at uhf'', Ph.D. Thesis,
Durham University, 1956,

33, ‘homson, J., Phil. lag., 23, 1, 193/.

39. Zrode, W.DL,, fevs, liod. lhys., 5, 25/, 1933.

4O. Deas, n.D. aid Hmeleus, h.G., Pnil. lag., 40, 460, 1943.
ui. llerrison, h.h., Poys. sdev., 105, 366, 1957.
52, 1eder, ¥,r. and Browm, S5.,C., Phys. zev., 95, 805, 1954

43, Nierdel, G., wiss. Veroif. Siemens-Konz, 17, 515, 1938. (Rerrcduced
in Voo Hngel's 'Ionized Gases'; Uxford, p2hd).

ih., Druyvestyn, ii,J. and Penning, r..f., Hev. liod. Pays., 12, 87, 19:0.

143~



)‘, 75,  Duttion, J., haydon, &,C., Lleweliyn-Jones, I\, Proc, Roy. Zoc,, A,
215, 205, 1953.

1y

|

4

i ho, Czecn, J., 'rhe catuode ray osciiloscope', _uilips Yeecu,Lib., 1956,
pé.

I/.  Complon, ILY., Phys. Rev., 22, 353, L3%2, 1923.
Ld. Cravath, ,ii., Phys, lev., 36, 245, 1930,
: 9. Bradoury, I, ané Neilsen, R.a., Phys. kev., 49, 333, 1936,

50, Yhys. iev., 51, €9, 1937.

31. lieilsen, ILa., #nys. Hev., 50, 590, 1936.



http://Cra.vo.th

