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An Experimental Study of the Development of Gaseous Ionization at Ultra

High Frequencies

by R«E. Long

Abstract

The work is concerned with the study of ionization and related
processes occurring during the transition to breakdown at ultra high
frequencies. Electrons apve injected into a parallel plate gap through
holes in one electrode and drift towards the other under a small uni-
directional field. A stronger ultra high frequency field is supérimposed
uypon this drift field to give collision ionization in the gap. Measurements
of the number of electrons crossing the gap show that as the high frequency
field increases the gap current decreases initially and then rises as break-
down is approacheds A theory is presented to explain the initigl drop
quantitatively in terms of a back diffusion current to the emitting electrode.
An extention of this theory to the subsequent rise show that the electron
density initially increases exponentially across the gap but as breakdown
is approached this changes to a sinusoidal forme A quantitative treatment
of the first case is presented.

Provision is made to modulate the emitted electron stream with the
object of measuring transit times. Preliminary measurements have demon-
strated the feasibility of the method. It is shown that, as a consequence
of diffusion, the time measured in such experiments is that for the propaga-

tion of the pulse of electrons rather than the time it would take individual

electrons to drift across the gap.



A

Instabilities and drift of gap current have been traced to the
presence of partially insulating films on the electrodes. It is shown
experimentally that in combined drift and uwltra high frequency fields,
the drift field may be progressively reduced by the charging of these
films. Methods for measuring film constants and calculating the
resultant drift fields are given. Firm evidence is presented tﬁat such

films are built up by discharges from impurities in the gap.
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‘List of Princi#.é Symbols
7

a effective radius of the electrodes
b radius of the holes in the emitting electrode .
d gep width
D electron diffusion coefficient
Edc unidirection or drift field in the interelectrode gap
E ahf u.hefs fileld in the interelectrode gap
frequency of the x.nodula.ting voltage .
11 total electron Cﬁrrent emitted by the filament ] H
1 total current collected by the far electrode E
120 initial gap current: the cur'rent flowing to the §
collecting electrode in the absence of a u.h.f. 4 E
field so that a drift field only acts <“
ia current collected by the internal collecting plate 5
of the far electrode J g-,?
iB back diffusion current: the current flowing from
the interelectrode gap to the front face of the
emitting electrode
3 -1
B3]
n the electron density
t time
tL mean lifetime of an electron in the interelectrode gap
tp trensit time: the mean time taken by an electron to cross the

interelectrode gap
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1

Vl applied unidirectional voltage between the filament
and the emitting electrode shell

Va applied unidirectional voltage across the inter-

electrode gap

see Fig. 2.1 on back

Va applied unidirectional voltage between the collecting

plate and the collecting electrode shell
Vdc the actual unidirectional voltage across the inter-
electrode gap
Vp the polarization voltage: the voltage across the two films
in series
Vuhfu.h.f. voltage across the interelectrode gap
¥  the number of secondary electrons produced at the cathode
per an electron in the gap _
(] Townsend's first ionization coefficient: the number of ionizing

collisions per an individusl electron, per unit distance drifted

B Edc
D

1 ionizing efficiency: n = % for discharges. under pure unidirec-
de

A

tional flelds
ionization rate per an individual electron
recombination rate per an individusl electron

attachment rate per an individual electron

€ T oS €

WI- ¥y - wa = the net ionization rate per an individual electron
2

relaxation: time (of thin £ilms)

i electron mobility

w 2xf = angular frequency of the modulating field
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1.
CHAPTER 1

INTRODUCTION

Several attempts have been made to elucidate the mechanism of
conduction in gases both before and after breakdown. For unidirec-
tional fields, this mechanism has been wi_dely investigated notably
by Townsend and his school and later by'Llewellyn Jones. They have
demonstrated that collision lonization 1is an important phencmenon and
a considereble number of experiments have been performed to measure
ionization coefficlents over a wide range of conditions. The signifi-
cance of ionization has also been demonstrated for alternating fields
but direct measurements have been of very limited extent. Few, if
any, measurements have been made of ionization before breakdown for
the case when electrons may move back and forth in the gas without
colliding with the electrodes. The present experiment is designed to
extend measurements of ionization into this region, and follows the
experiments by which Townsend measured his coefficient, @, with uni-
directional fields. The method is to measure the amplification of an
electron stream crossing a region over which there is a high frequency

field.

1.1 Conduction Processes

Electrons drifting through a gas collide with gas molecules and,
as a consequence, move with a random movement superimposed upon their

drift motion. Hence their flow i1s by diffusion as well as drift.

(’J SEP 1978
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2.
Further, these collisions leave the electrons with a range of energiles
(Druyvesteyn,. 1930).
An electron vhose random energy exceeds the lonization energy of
an atom or molecule may, on collision, generate other electrons by

collision ionization (Townsend, 1900, 1903, 1915).
+
e-g- e+A-.e+A +e . . sesasees l-l

Both the original and generated electron may then ionize other atoms
or molecules and s0 on, to give an electron avalanche. Townsend showed
that if a current, io’ is injected at the cathode of a parallel plate
gap, width, 4, across which there is & drift fileld, Edc
reaching the anode is d
[a.ax
(6]

s the current

i= 109 LEC B N B I N ) l.2

vhere & is the number of ionizing collisions per cm drift, per an
electron.

The value of & depends on the number of electrons with energy

greater than the ionization energy and thus depends on the electron

E
energy distribution which is a function of -g-?-. A typical experimen-
E
tal plot of Amplification, A= -_f-'-‘, against gap width for constant —g—g
o]

(fiéue 1.1) shows ihitia.lly the expoiiential rise of amplification
with gap width resulting from collision ionization. At larger gep
widths, this line departs from the simple exparientisl and has been
interpreted by Townsend in terms of secondary processes by which
positive ions and photons formed by electron-gas molecule collisions,

cause emission of electrons on striking the cathode. This leads to



the equation:

DN N ) 105

1|8
)

1
A""io‘ 1)

1l - €

R

vhere w is the number of secondary electrons produced at the cathode

per an electron in the gap.

1.2 Balance of electron generation and removal processes

Electrons may be lost from a discharge by drifting to an electrode
or diffusing to the boundary. In addition, they may be lost in the
volume of the gas by recombination with positive iocns or attachment to
neutral molecules.

A discharge, in general, represents a balance between these loss
processes and the generatioﬁ processes (including both the internal
generation processes described above and those due to an external
agency e.g. photoemission or photoionization etc.). From a considera-
tion of aa elemental volume of the discharge, this balance mey be
expressed by the equation of continulty for electrons in a gas
(Townsend, 1925),

Ny
ﬁ(non)- Ddc'g':""wn +x=g_—ré seenver 1-2'.'

vwhere
i = electron density
D = diffusion coefficient of electronms
p = mobility of electrons
Edc = drift field directed along the z-axis

%X = rate of generation of electrons by an external agency per unit

volume.



L,
and ¥ represents the net rate of generation of electrons per an

individualelectron by collision ionizatlion and is given by

AR AR AR R Y

vhere, vl = lcnization rate per an individual electron

wa = recombination rate per en individual electron

ws = attachment rate per an iandividual electron.
In equation 1.4, the terms represent respectively, the rate of loss of
electrons by diffusion, the rate of loss by drift, the net rate of
generation by collision ilonization, the rate of volume generation by an
external agency and the rate of change of electron denslty, which is
zero when equllibrium has been established.

If the loss rate exceeds the internal generation rate (inclusive
of secondsry emission), then generation of electrons by an external
agency is necessary for the discharge to be maintained. The electron
current reaching the boundaries of such a discharge is then proportional
to the injected current, the constant of proportionality being dependent
on the ilonization coefficient and thus on the applied field (e.g. equa-
tion 1.2 for unidirectional fields in parallel plate gaps).

If the total generation rate exceeds the loss rate, equilibrium can
no longer be established between the current injected and that lost from
the discharge. The equilibrium set up 1s then one betwee:: the internal
generation and loss processes. The onset of this breakdown conditilon

occurs at a definite voltage known as the breakdown voltage.

1.3 Breakdown in unidirectional fields

Here the structure of the discharge is an electron svalanche



originating at the cathode. Secondary emission provides a means of
generating electrons to retain the avalanche independently of any
external agency. Hence at breakdown the general conditiénn that the
system be self-maintalning 1s satisfied. This condition is thus given

by equation 1.3 when,

l‘ge(ad-l)ﬂo . seseense 1-6

and { becomes indepsndent of i o’ the current emiited into the gap by an
external agency.

Equation 1.6 is known as Townsend's criterion for breakdown in
uniform unidirectional fields. From this it follows that breakdown

for a given gap is dependent on w and O, which are both functions of

E
-%9. Thue the breakdown condition (equation 1.6) may be satisfied

independently of the current fiowing, provided no space charge effects
occur. This has been tested experimentally by Llewellyn Jones and Parker,
1950, 1952, who showed that the maintaining potential of a self-maintain-
ing discharge was independent of the current for ow current densities

but decreased at higher current densities
/ when space charge effects became appreciable.

1.4 Breakdown in Alterngting Fields -

At low frequencies and low gas pressures, electrons are swept
alternately to each electrode. Each half cycle may then be considered
as a unidirectional discharge and has similar characteristics.

At higher frequencies the electrons can move to and fro in the gms
without colliding with the electrodes. The predominant loss mechanism
is then diffusion rather than drift. Thus the vibrating electrons

giffuse through the gas until they came close enough to a boundary to



6.
be swept to it by the field. Such are known as diffusion controlled or
ultra high frequeancy (u.B.f.) discharges, and were recognised by Gill
and Dongldson, 1931, as a decrease in the breakdown stress to sbout half
the unidirectional or low frequency fileld value (first observed by
Gutton and Gutton, 1928).

The present work is concerned with this latter type of K discharge.
Following Townsend, ionization studles under such conditions, are
attempted using a small drift fleld to sweep out the electrons. Varnerin
and Brown, 1950, have shown that in such discharges, vwhere a small drift
field is superimposed upon the u.h.f. fleld, the diffusion theory applied
to pure u.h.f. discharges is applicable. This will therefore be dis-
cusged further.

The breakdown condition fo& diffusion controlled discharges has been
widely studied, notably by Sanborn Brown and his collaborators who have
worked out a detailed theory. The condition for breakdown is that on
the average each electron must generate another electron by collision
lonization before being lost from the gap by diffusion. This 1is the
condition that the discharge be self-maintaining and stable. Herlin
and Brown, 1948a, have expressed this condition in terms of the equation

of continuity (equation 1.%4) applicable to these conditions:-

Dc ﬁ.n"‘wnﬂo asscesce 107

The first term represents the rate of loss by diffusion and the second
the rate of formation of electrons.

By solving this equation, the breakdown condition may be deduced
as:-

w=— sessssee 108



Te
Here A2, the diffusion length for the gap, 1is a function of the ehape
and dimensions of the vessel containing the discharge.
From the condition for breakdown that one ionization collision

cccurs in the lifetime of each electron, the mean electron lifetime
A2
"D‘-o

eration of the random walk of an electron shows that the mean time to

=
D.

a measure of the mean distance an electron must diffuse to reach a

is from equation 1.8, It is of interest here to note that consid-

diffuse a distance, r, is proportional to This suggests that A is
boundary.

For the case of g cylindrical vessel, length 4 and radius a,

A-1; =<§>’ +<—'—2°2>2 veeerens 19

vhere the first term represents loss to the ends and the second loss
to the curved surface.

Equation 1.8 suggests that vessels of different shape, but of the
same diffusion length, have the same breakdown field. This has been
demonstrated by Herlin and Brown 1948b showing the validity of the
diffusion theory.

As in the unidirectional field case the value of ¥ depends on the

E
electron energy distribution and thus on ; vhere E e is the r.m.s.
value of the u.h.f. field and p 1s the gas pressure. Since D is also
E

a function of

uhf , Prowse and Clark (1958) were able to show from the
criterion for breakdown (equation 1.8) that the relation between pA and
Euth should be unique for any given gas. MacDonald and Brown, 1949,

showed by dimensional analysis that these were proper variables for the



§O0 o m e m e e e s e+ s e i
~~ //
£100=
8
4
2]
10 4 L
1.0 10 169

pA (oen = m.m. Hg.)

Fig. 1.2, EA = pAplot for hydrogen (Taken from Browm,
*Basic Data of Flasma Physios, 4959)



discussion of u.h.f. breakdown.
The many measurements of u.h.f. breakdown fieldsin microwave
cavities bave been shown (Brown, 1956) to form unigue EA, pA plots
for a given gas (e.g. Fig. 1.2 for hydrogen) and thus to be compatible
with the diffusion theory. Prowse and Clark tested the theory at
5 Mc/ a8 for cylindrical gap of varying dimensions and found unique
E uhfl\-pl\ plots for the u.h.f. region.
Thus it may be concluded that the diffusion control of the
discharge in this region is well established.
Varnerin and Brown (1950) have shown that when a small unidirectional
field, Edc’ is superimposed upon the u.h.f. fileld, the diffusion theory holds

provided that A 1s replaced by a modified diffusion length, Arr.r:l, glven by

._1_= ,( ) ceveeees 110

Employing Am in the condiiion for breekdown they obtained values of the
mea::. electron energy and the ratio of electron mobility, u, to the

diffusion coefficient, D, for diffusion controlled conditions.

1.5 Burface Phenomena

As shown 1in section 1.3, surfaces play an important part in dis-
charges under unidirectional fields. Llewellyn Jones and Davies, 1951a
and b, found a marked differeuce in the unidirecticnal breakdown stress
for clean and oxide coated electrodes. This they interpreted as a change
in secondary émission processes (De Boer, 1935).

A similar experiment (Llewellyn Jones and Morgan, 1951), with -

alternating fields showed that the u.h.f. breakdown stress was indepen-
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dent of the cleanliness of the electrode surfaces. Hence they concluded
that surfaces played a negligible part in u.h.f. breakdown.

Herlin and Brown, 1948a, showed that in diffusion controlled dis-
charges, the diffusion length would have {0 be modified if secondary
processes were important. The fact that experimental data, obtained by
severgl workers, and for a range of variously shaped vessels, is com-
patible with a unique E uth’PA plot, suggests that no such modification
is required and that secondary processes are negligible.

In general, surfaces have been found to have negligible effect on
the breakdown stress for the diffusion controlled region. However, their
effect vhen a small drift fileld is superimposed upon the u.h.f. field
does not appear io have been investigated. In the latter part of this
thesis some attempt is made to elucidate the effects of surfece phenamena

under such conditions.

1.6 Ionization in u.h.f. fields

Herlin and Browm, 19u48a, suggested, as a consequence of equation 1.7,
that % wes the proper ionizatlon coefficient in purely diffusion controlled
systems. Considering the random waik of an electron, the time taken to
diffuse unit distance is proportional to %, 80 that!D is proportional to
the number of ionlzing collisions per unit distence the electron has
diffused. It is thus analogous to Townsend's @, the number of ionizing
collisions per unit distance ah electron has drifted, vhich is applicaeble

to drift controlled discharges. Herlin and Brown found it convenient to

define & coefficient, & = Yu—i—, to be analogous to the ionization
D E

uhf
efficiency defined by Townsend as W = -ﬁg— » Measurements of E vere made

de
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at breakdown using the criterion of equation 1.8 expressed as

“E:.-. Ae;a « Filgure 1.3 is a summary of results for hydrogen.
uhf
Varnerin and Brown, 1950, extended this work to conditions vhere &
small drift fleld was superimposed on the u.h.f. field.

These measurements of lonlzation have been confined to breakdown.

No measurements had been made of lonization coefficlents before break-
down, as had been done for unidirectional filelds by Townsend in his
measurementa of .

There Townsend was able to analyse the condition at breakdown firam
the increase of conduction by the gas as the drift field approached that
for breakdown. Similarly measurements of conduct/wii?brll: u.h.f. fields
before breakdown are thought to provid.e e useful agpproach to the analysis
of w.h.f. breakdown as well as to provide useful data on the conductivity
of gases under such conditions. Such an experdment is that described in

this thesisc
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CHAPTER 2

THE PROBLEM, ITS PRACTICAL AND THEORETICAL ABPECTS

2.1 General Description of Apparatus

The apparatus was basically that developed by Nicholls (1960),
with certain improvements and modifications which will be described
in detail in the :next chapter.

Figure 2.1 shows dilagramatically the electrode assembly, which
consists of two hollow, perforated, Rogowski-profiled electrodes. A
stream of electrons derived from an axide coated filament, 1s drawn
to the back of the emitting electrode by a drift fileld provided by
the unidirectional voltage, Vl, applied between the backing plate and
the electrode shell. A fraction of these electrons is injected into
the gap through holes in the electrode. These electrons are allowed
to drift across the inter-electrode gap under a drift field, Edc’
provided by a voltagq_V#,applied across the gap.

A fraction of the electrons incident on the collecting electrode
flow through the holes and are drawn to a collecting plate by a drift
Tield resulting from a voltage,Vs,applied between the collecting elec-
trode shell and the internal collecting plate.

The currents measured are (Figure 2.1):-

a) The total current emitted by the filament, 1.

b) The current collected by the collecting electrode system, 12.

aad c¢) The current collected on the internal collecting plate of the

far electrode, ia'
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The first two are measured by galvanometers (‘}1 and Ga’ and :I.a (and also
12 if required) by an electrometer method.
Provision is made for the applicatio. of a Uyh.f. field between

the electrodes, which is superimposed upon the small drift field, Va.

2. 2 The.methods of measurement

In the absence of & u.h.f. field a stream of electrons fhow across
the interelectrode gap under drift field only. The current then
received by the colleciing electrode system will be referred to as the

initial gap current, iao'

When the u.h.f. field is applied, this electron flow will be
modified so that the current to the collecting electrode system changes
to a value, 12. The effect of the u.h.f. field is then measured as the
amplification of this electron stream, defined as:

——3 LR N L ]
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The mean time taken for an electron to cross the interelectrode gap
will be referred to as the mean transit time, t’l" The measurement of
transit times 1s attempted by use of a method similar to that of
Bradbury and Nielson (1936). The electrons are sent across the gap
in puffs and gated on the for side to provide a resonant system. For
this purpose the electrodes bounding the ionization region are perforated

and hollow to accommodate the electron generation and gating system.

2.3 The Theoretilcal Aspects

It may be shown that in the present apparatus, the electrons oscillate
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about 100 times as they move across the gap. Thus the electrons are
oscillating under u.h.f. conditions.

In pure u.h.f. conditions, i.e. in the absence of a drift field,
diffusion has predominant control of electron lifetime so that an
electron haé an equal probability of flow to either electrode. Under
these conditions no unidirectional current is expected so that loniza-
tion would have to be measured in terms of the u.h.f. current Dlow
across the gap. This has, in princlple, been used in tuned cavities to
study the decay of plasmas (Brown and Biondi, 1949, and others). How-
ever, such measureme:.ts are not easy to perform nor is it easy to
derive expressions for the lonization rate. To overcome these diffi-
culties the application of a small drift field provides a unldirectiongl
component in the system. Hence currents may be measured in terms of
their unidirectional component. Further the drift field provides a
concept of directional flow in the system which simplifies the physical
picture of the mechanism and electron flow patterns in the gap. How-
ever, 1f the lonization observed is to be the result of energy coammuni-
cated by the u.h.f. field rather than the drift field, it is necessary
that this drift field be small.

If the Townsend approach to the process of amplification is to be
followed, it is necessary to assume that drift is predominant in con-
trolling the electron flow pattern. Then, as in the unidirectional
field case, it is possible to define a coefficlent} {, which corresponds
t0 Townsends &, and to derive the amplification of an electron stream

crossing a gap of width 4 as @gd. Alternatively by a similar argument,
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the amplification may be derived in terms of the mean transit time, t'l"
and the ionizatlion rate, ¥, as eWtT.

In diffusion controlled systems the amplificatioa 1s controlled by
the lifetime of electrons 1n the ionizing field rather than the distance
travelled during thelr lifetime. Hence ¥y rather than { is the proper
variable for measurement of ionization. Further, in the present
experiment, { is dependent on the drift field and is therefore not a
unique function of the u.h.f. field. On the other hand the net ioniza-
tion rate, ¥, may be expected to be dependent solely on the electron
energy and thus predominantly on the u.h.f. field. Hence measurement of
¥ is attempted in the present experiment.

As suggested by the Townsend-type relation, A = gvtT, 1t was origi-
nally thought that ¥ could be calculated from simul taneous measurements
of amplification and transit time. However a fuller theoretical treat-
ment, prcmpted by preliminary measurements of amplification, suggests
that diffusion is comparable to drift so that this simple equation is not
applicable. In the present experiment the electron energy is supplied by
the u.h.f. fleld rather than the drift fileld as in the unidirectional case
consldered by Townsend. Hence the ratio of diffusion coefficlent to
drift veloclity is greater and diffusion may be expected to have greater
control of electron flow. The present view is that both amplification
and transit time experiments can individuslly give values of ¥ provided
scme theory of electron flow in the gap is assumed. These experiments

are therefore treated separately in what follows.

Nicholls (1960) has obtained preliminary measurements of amplifica-
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tion with the present apparatus. In particular he has established
that there is & rapid growth of lonization as breakdown is approached.
The problem remaining is therefore to elucidate the mechanism which
can explain these results in terms of drift, diffusion and ilonization
coefficients and thus obtain some accurate measurements of the loniza-

tion rate.
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CHAPTER 3
APPARATUS

5.1 Detalls of -.the Electrode System

The electrodeQF‘ those used by Nicholls, 1960. The perfora-
tions were confined to the flat face as indicated in figure 2.1. In
the emitting electrode this face is .0T6 cm thick and is drilled with
35 holes of 0038 cm dimmeter, countersunk on the inside to a depth of
.038 cm. 1In the collecting electrode there are about 50 holesof twice
the diameter to provide a greater transmission of electrons to the
inner collecting plate. To prevent positive ions striking the filament
no holes are drilled ia the centre of the emitting electrode for an
area of 0.6 cm diameter.

The electrode system is contained in a chamber connected to a
vacuun and gas pipetting system. This enables air to be removed, by
attaining a vacuun of better than 10~* mm. Hg. and the chamber may then
be filled with the required gms at a éiven preesure. Initially the
vecuum system was tha.t used by Nicholls and is shown in figure 3.1.
later & modified form was used (Figure 11.1, Chapter 1P). The
pressure of gas wvas measured using a differential bellows gauge cali-
bratedegainst a mercury column. The range of pressure was between
3 and 10 mm. Hg. and the impurity content, estimated fram observations
on the ability of the system to retain a vacuum, was better than 1
part in 10% The system was outgased by leaving under vacuum for at

least a week before messurements were made.
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A u.h.f. fleld may be applied between the electrodes by
Ia.ttaching them to the open end of a tuned % transmission line
(Figure 3.2). An oscillator, of frequency 106.8 Mc/s, was loesely
coupled to the closed end of this line. The amplitude of the
oscillationsand thus the voltage acrose the inter-electrode gap was
'ad..justed. by use of a Variac transformer which altered the h.t.
voliage applied to the oscillator.

A diode voltmeter, capacitatively coupled across the line at
points A‘ef figure 3.2, was used to indicate voltages across the
gap. It was not possible to connect a direct-reading voltmeter to
the electrodes, but this 1s not essential so long as a means 1is
available of calibrating a loose-coupled indicating meter in terms

of gap voltages For this calibration an ellipsoid fieldmeter was

used.

3.2 The ellipsoid fieldmeter

This instrument consists of a Wood's metal bead hung on a quartz
fibre midway between the electrodes. It may be shown (Maxwell, 1904),
that the frequency of torsoinal oscillation, Rl, is dependent on the

field in the gap, E, according to the relation,
= 2 - 2 "6 T REEEEENX] .
E= K(n1 n ) 3.1

vhere K i1s a constant and n, is the natural frequency of oscillation

i.e. that for which the fleld is zero.
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This instrument has been used by Thornton and Thompson, 1932,
for measurement of high unidirectional fields and by Bruce, 1947,
for high altérnating fields. The inaccuracies dealt with by Bruce,
1947, can be neglected when the instrument is directly calibrated.
Nicholls, 1960, has shown that equation 3.1 holds for u.h.f. fields
and that K is independent of frequency. Thus the instrument may be
used as & change-over instrument between unidirectional and u.h.f.
f1iedds.

The frequency of the bead was measured with g stop-watch,
using an electro-mechanical counter operated by a Morse key to count
the oscillations. It was found necessary to limit the initial ampli-
tude of the oscillation to some predescribed value and to time a con-
stant number of oscillations in order to get campatible repeatable
results. In this way a calibration accuracy of about 1% was obtain-
able.

The relation between the indication of the diode voltmeter, 0, and
the actual voltage, vuhf’ across the electrodes was found to depend on
the gap width, 4. For a given gap width, 8 was found to be proportional
to vuhf' |

Nicholls suggests that this variation of voltmeter sensitivity is
attributable to variation of the position of the voltmeter on the
standing wave pattern allayg the line. As the gap width 1is increased
the capacitance across the end of the line is decreased. To compensate,
the line 1s retuned by increasing the tuning capacitance on the other
side of the voltmeter. This effectively moves the voltmeter allong the

standing wave closer to the gap, with corresponding larger reading on
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the voltmeter for a given gap voltage.

Following this suggestion a quantitative approach has been
attempteds

It may be shown (Jackson, 1944) that for a line of characteristic
impedance, Zo, terminated with an impedance, Z’l" the voltage, Vy, at a
distance, y, fran the termination is related to the voltage, V’.I." at

the termination by

Z
0
VynVT (COBhPy-I-Z;. Sinh ?'X) oaoooo.o- 3.2

vhere P 1s the propagation constant.

Applying this to the present case, VT is the voltage across the
gap, V hf = E uhf'd’ Vy is the voltage across the line at the point of
coupling of the diode voltmeter and y is the distance from gap to
volmeter along the line. In the above calibration, the terminating
impedance, ZT’ was that of the gap cepacitance only, so that the volt-

9 , 18 related to the gap width, d, by (equation

meter sensitivity,

Eune
3.2):
d. cos Py Z we_ A
E 9 = j}{i - - L2 K °  8in Py escevere 3-5

vhere A = area of the electrodes,
and K = voltage sensitivity of the diode voltmeter, defined by
Vy = Ko eo

E
an intercept on the d-axis at

Thus a plot of -8 agalnst & is expected to be a straight line with
uhf

d=Z° w GOAO ta.nP._;Y sescsesce 3.’4
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An experimental plot for the instrument used is shown in figure
3.3 and has an intercegpt at d = 1.8 mm. An approximate value of zZ,
may be obtained by treating the line as a pair of parallel cylinders,
remote from other objects. This gives Zo = 3002, and allows the
point of intercept to be calculated from equation 3.4 as d = 2 mm.
approximately. This is close enough to the experimental value to
afford support to the theory.

It should be noted that equation 3.2 shows that the sensitivity

of the diode voltmeter depends on the gap impedsnce, Z This, how-

7
ever, can only be obtained directly from the geometrical gap capaci-
tance vhen the gap 1s empty. When the gas is conducting, the imped-
ance of the discharge must be taken into account.

If it is assumed that the collision frequency, v, of electrons
in the gap is independent of electron velocity (approximately true
for hydrogen) the conductivity of the discharge maybe considered to
be (Margenau, 1946) |

e®n 1 v .
mw ° 1+ (vw)? '[a—s - 'g]

vhere, n = mean electron density in the gap,

e and m are the electronic charge and mass respectively
and = angular frequency of the applied u.h.f. fleld.
Calculationsfrom this, suggest that the admittance of the dis-
charge is of the order of that of the gap capacitance for the highest

electron densities used in the experiments to be described. Thus at



higher electron densities (higher amplifications) same deviation in
the calibration of the dlode voltmeter is to be expected. However,
in the lower range/éﬁ? amplifications upon vhich the work to be
described 1s coﬁcentrated, a calibration accuracy of 5% 1s to be

expected.

3.3 The Current Measurement and Voltage Supply Systems (Figure 3.4)

The voltages Vl, Vz and Va are provided by batteries Bi’ Ba and BB_
varied by potenticmeters RV;, RV; and RVé respectively. They are
measured at .the points indicated in figure 3.4. The sensitivity of
these voltmeters was such that the variation in voltage which provided
a change of 1% in the corresponding current was easily detectable.

This enabled these voltages to be manually stabilised so that their
variation would cause less than 1% variation in the currents flowing.

Currents are measured with galvanameters where possible, but is and
in certain cases ia’ were 50 small that an electrometer method was found
necessary. A Volf string electrometer in a aull circuit was found sat-
1afactory.

The electrameter was basically used to measure the voltage dropped
by the current on passing through a large resistor. The resistor was
chosen to make this voltage about 10 volts.' Since these resistors, R1
and Rz’ are necessarily in series with the voltage sources Vé and V;
when measuring L and ia respectively, the voltage applied to the
electrodes will be reduced by the voltage dropped across the corres-

ponding resistor. Further these voltages will then vary with current
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flowing. To overcome this difficulty the system was made into a nulll
deitice by including a reverse: voltage source in series with the
resistor. The electrometer then measured the voltage across the
sourse and resistor in series and thus the difference between the
source voltage and that dropped across the resistor by the current
being measured. 'The voltage source was then adjusted to give zero
voltage dlfference as observed on the electrometer. Thus provided this
null. position 1s achiaved, there 1s zero voltage across the resistor-
source cambination and thus no varilation in the voltage applied to the
electrodes. 'The voltage dropped across the resistor and thus the current
may then be measured as the voltage of the source by the use of an
ordinary voltmeter.

The complete circuit is shown in figure 3.4. There R:. and R2
are the resistors and Bs and B‘ p;ovide the voltage sources vhich mey
be varied by using potenticmeters RVs and RV‘ respectively. A switching
device, S, 1s provided for connecting the electrometer across eilther
combination.

¥When no current is flowing between the electrodes, there are
certaln currents flowing in the measuring clrcuits due to leakage
through the insulation. The voltage dropped when these flbw through
R:l and R2 may be backed off using potenticmeters Rv7 and BVe. The

voltages read across RVB and RV¢ are then those due to gap current

only. -
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The values of R (10'*R) and Ra (10'2Q) determine the senmsitivity
obtainable. A gap current of 102 amp flowing through R can readily
be detected.

To reduce the flow of leakage currents, leads in the system are
coaxial cables whose screensi;:s the potential of the inner core.
The earthing point (figure 3.4) eliminates leakage flow via the fila-
ment control system through the measuring circults of :1.2 and 13. Thus
the filament control system 1s isolated from the current measuring
circuits of 1.2 and 13 as far as leakage to earth is concerned. The
large body of gpparatus attached to the fllament with 1ts consequent large

leakage currents to earth, can therefore not affect the measurement of

the small currents 12 and 13.

3.4 Protection of the Galvanameter, Gz

In an experiment to measure the amplification, it is considered
desirable to make frequent checks of the initial gap current, iao'
However, if during these experiments breakdown should occur, the
resultant large current caused the zero of the galvanmmeter measuring
the gap current to drift. The extent of this drift could only be
estimated by reducing 120 to zero and thus changing the experimental
conditions. Thus to retain continuity of conditions in these experi-
ments and to enable fluctuatlons in 120 to be recorded, it was con~-
sidered desirable to provide a protection device agalnst large currents

occuring at breakdown.

The basic requirement was to operate a relay from the spot of a
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sensitive galvenometer, so that in the event of an abnormally high
current occuring the galvanometer was automatically shorted. The
rate of rise of this current was found to be such that the speed with
vhich the spot passed a phototransistor was too great to develop a
pulse of sufficient length to bring in a high speed relay. It was
thus not possible to employ self holding relay 'bechniquea. A rela-
tively fast photosensitive bistable cilrciit was therefore developed
to operate the shorting relay. The furtner requirement that the
unit be 1isolated fram earth so as to reduce leakage from the galvano-
meter leads to earth,necessitated the use of transistors. The com-
plete circuit is showm in figure 3.5.

A bistable circuit of this type has been treated by Wolfendale,
1957y for non-phototransistors. He has shown that both stable states
are controled by Tl, one with Tl bottomed and the other with T1 cut
off. It remained to modify the design equations v:hen Tl is a photo-
transistor. This has been attempted (Appendix 1), and it has been
concluded thet the circuilt may be reliably triggered from the state
with Tl cut 6f, by the incidence of a galvanometer spot on TL, the
level of 1llumination required depending on the emitter resistance
(RV1). Further in the triggered state (Tl bottomed) the circuit may
be made insensitive to illumination or temperature fluctuations.

The reley, RLA, is energiesed during the light sensitive state, when

it 1s arranged to leave the galvancmeter unshorted. The relay 1s then
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released and the galvanometer short circuited either by a light
pulse incident on TRl or by failure of the supply batteries. The
circuit thus has a rishi: side fallure characteristic.

The battery supplies for the circuit are switched with the
galvanometer range. In the 'shorted' position of this switch, the
supply batteries are switched off, so that the galvancmeter is
short circuited both by the galvancmeter range switch and by the
relay. As a consequence of the right side failure characteristic,
on switching on, the relay contacts remains closed and the galvano-
meter cannot be released until the circuit is nemet by the ppush
button (figure 3.5). Failure of the relay to short the galvancmeter,
initially, indicates a circuilt fault, vwhereas failure to reset
indicates either a circuit fault or an incorrect setting of the
background compensation control, RVi. The switching on process thus
provides a check on the working of the protective device.

The background illumination may be compensated by adjusting the
triggering level of the bistable. This adjustment may he achieved
by adjusting RV1 so that the circuit Just triggers with background
illumination only and then turning RV1 to incresse the trigger level
slightly to provide a safety margin.

This procedure corrects for long term variations in backgrounﬁ
1llumination and temperature. The senaltivity of the circuit 1s
then limited by the short term fluctuation in background illuminstion
and temperature. In the present case the fommer 1s thought to be the

most ijmportant. To ensure this causes no failures a lens was used to
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concentrate the spot onto the sensitive area of the phototransistor
and thus provide a greater signal to noise ratlo in the incident
light. 'This greatly reduced the sensitivity of the ecircult to
background fluctuations and made the setting of RV1 much less
critical. However, it has been found quite reliable to use this
circuit in sunlight provided that variations in illumination are
not too great.

The phototransistor is mounted at the for end of the gmlvano-
meter scale so that the deflection is limited to the range of the

scale.

3.5 Stabilisation of Current emitted into the gap

35.1 Introduction

Ideally the current emitted into the gap during amplification
measurements, should be constant, independent of gap conditions.
Prior to some theory of emission of electrons into the gap, through
the hole in the emitting electrode, it is assumed that the criterion
for constant emitted current is a constant current flow to the inside
of the emitting electrode shell, il. Thus the stability of the current,
11, flowing from the filament to the emitting electrode shell is
regarded as the criterion for constant emitted current.

This current (11) was, however, found towe susceptible to short
and long term drifts; the latter result from decreasing emissive
power of the fllament. In the measuring system large capacitors are

charged by small current giving long time constants so that the effect
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of variations of 11 tends to be masked. Hence some stabilisation of
:l.l was considered desirable.

A system-shown dlagrammatically in figure 3.6 wes therefore
developed. Two phototransistors placed close together on the scale
of the galvancmeter measuring i:. ; Teed currents into a difference
amplifier which depend on the position of the spot and thus on the
value of i:.' The amplified difference signal is applied to a trans-
istorin series with the filament. As a consequence of the characteris-
tics of this system, the filament current, I, is a function of 11 as
shown diagrammatically in figure 3.7. The fllament warms up .under 21
variable initial current, Iv’ until the spot 1s caught by the photo-
transistors and held on portion, A, of the curvec Since with high
current amplification the slope of A is high, and the filament
emission 1s critically dependent on I, a high degree of stabilisation

of il is obtained.

3.5,.2 The circuit (Figure 3.8)

The circuit may be divided into three sections, the pick~-off unit
which 1s mounted on the galvanocmeter scale, the difference amplifier,
and the power amplifier which feeds the filament. The pick-off unit
consists of two phototransistors, OCPTl, in a long tailed pair circuit
with provision (RV1 and RV2) for balancing the circuit for a given
background illumination.

The advantages of long tail pair circuits in both this and the

difference amplifier are two fold. Firstly a balanced system enables
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background illumination to be balanced out. Secondly, drift, one
of the chief problems in direct coupled, temperature variant systems,
is reduced in these early stages where signal amplitude is small.

The balance of background illumination:

The pick off unit may be balanced to compensate for a wide

range of background illumination. The criterion for balance is

Judged by monitoring the output current of the difference amplifier.
This current is passed through a 6Q resistor (Rl4k) and measured as the
voltege across it by means-:of the centre zero galvanometer, G (when SW3
is suitably switched).

In the absence of a difference signal from the phototransistor
pair, there is a steady current through Rl4, which will be referred to
as the zero current. A biss curreni is provided by B:3 across R12 and
RV3 to back off this zeroc current, to allow the full range of the
galvanometer to be used and to facilitate the adjustment of balance as
a gradual approach to a zero value.

The varilable resistor, RV5, allows the bigs current to be set s0
that the zero current corresponds to the zero of the meter, G. At
balance the phototransistor, when exposed to the same illumination,
provide equal inputs in opposite phase into the difference amplifier
s0 that the resultant difference signal is zero. Since the range of
c;utputs of the two phototransistors are equal, 1t is convenient if
the zero level of the output current of the difference amplifier be
in the centre of 1ts range. Thils is arranged by finding the limits

by exposing each transistor in tarm to a bright light, and then



estimating the centre of these limits and adjusting RV5 so that
1s centre corresponds to the zero of the meter, G.

The actual balancing process may now i:e carried out using the
balance co..trols RV1 and RV2 and two light sources of differing in-
tensities. The criterion for balance is that the output current of the
difference amplifler remains at its zero value, vhen the amblent light
intensity changes, provided the intensity at both tra.nsistorg changes
equally. Thus the phototransistors are exposed to a light source and
one of the halance controls used to gdjust the reading of G to zéro.
This is repeated with the other light source and the other balance
control. Repetition of these adjustments results in a gradual reduction
in the change in output current upon changing the 1ight intensity, even-
tually reaching the zero level.

The Power Amplifier:

With SWla and SWlb (Figure 3.8) in position (i), the current
through the fiiament is niénually cor-x;trolled by adjuétment of RVB and
RV8. When SW1 1s switcheci from this condition so that the control
system 1s operative, the outpn‘t transistor operates with a maximum
possible current, Im’ of the value observed with SWl1l in the manual
position. Thus RV5 is used to arrange a sa&‘e limit to the current
which can be passed through the filament.

Since emission from the filament is only eppreciable over a
small current range, it 1s not necessary that the difference amplifier

should drive the output transistor over its full range of output
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currents. Thus, for economy, the difference amplifier controls the
output current over a small current range (Figure 3.9a). The posi-
tion of this range over the full range (0 to %n) is controlled by
RV4, vhich effectively controls the zero level of the output current,
Iv'

The filament is warmed up by ralsing this zero level, Iv’ using
RVi. Initially the emission current, 11, is too small for the spot
to impinge on the phototransistors and the filament warms up under
the current, Iv' When, however, the spot impinges on the phototransistors
there is an initial increase of I causing slight acceleration in the rise
of il. When the control region is reached there is a rapid decréase of I
(figure 3.Sb) and the movement of the spot is rapidly damped and held
at same polnt on this region which will be referred to as the control
point.

The position of the control ypoint over the range of the control
region may be observed using G to measure the lnput current to the
power amplifier and mey be adjusted using RVL to adjust Iv' Ideally
the control foint should be at a value of filament current equal to
Iv (i.e. the control point should be adjusted so that the galvanameter,
G, reads zero). Under such conditions failure of the system by which
the spot no longer impinges on the phototransistors (e.g. galvanometer
lamp failure) will leave the zero current flowing and the spot remains

close to its stabilised positilon.



5.

If Iv be excessively increased durling the warming up period, the
trough following the control region (figure 3.9c) may be insufficient
to damp the motion of the spot, so that the spot flles past. However,
this does not result in an excessive current flowing through the fila-

ment if correct adjustment of Im(RVB) has been mades

Instabilities in the system:

For a given position of the phototransistors, the actual stabilised
current will depend on the shunt across the galvanameter measuring 11.
For higher sensitivities oscillations of 11 are observed. Overdamping
of the galvancmeter has reduced these to small amplitude and they.become
campletely absent for lower sensitivities. Loss of sensitivity due to
the large damping required is no disadvantage since the apparetus is used
with lower sensitivities only.

The mechianism responsible for the generation of these oscillations
is as follows. The large momentum obtained as the spot passes through
the maxima or transition rggion (figure 3.7) carries the spst into the
minimum. Here the filament cools rapidly to below emission level vhile
the motion of the spot is damped out. The spot, therefore, drifts
back well into the region of the maximum before the filament wa.rms. up
again and the process 1s repeated.

The amplitude of these oscillations depends on the maximum current
available, Im. Observations of this amplitude 1s thus a useful indica-

tion of the difference between the stabijlsed and maximum currents.
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The filament is run at a temperature somewhat below that of
fusion. Nevertheless on the grounds of safety it 1s thought
advisable to adjust the maximum so that the difference between
stabilised and maximum currents is as small as is practicable. 1In
practice this condition was met when the amplitude of the oscilla~
tion had been reduced, by reduction of Im’ to be Just undetectable.

Measurement of filament femperature is made possible by including
a bridge circuit in the load of the output transistor. The variable
arms; are provided by RV6 and RV7 while R13 is a standard resistance
and the filament campleted -the bridge. The filament is of platinum
wire and thus an absolute measurement of the tempsrature on the
platinum resistance scale is possible. However, this has not been <.’
found necessary and in general the i:ridge is used simply as an indicator
of filament temperature. In pé.rti::ular as the emission decreases, the
temperature will be increased by the stabiliser in an attempt to restore
the emission. Thus variation in temperature becones a measure of the
variation in emission.

Provision i1s made for charging the accumulator block B4. A switch
1s provided (SW2) to sidtch Be into a suitable position for eharging
fram an external source applied between the points indicated in figure
3.8. A Rheostat RV5 limits the current, which is indicated by the
amueter, A. This also indicates filament current, thus indication of
e current by A is not necessarily an ihdication that there is a fila-
ment current flowing. Hence e pllot lamp,P is incorporated, which

lights only when power 1s avallable across the filament.
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3.9.3. The Optical System

Although the background illumination can be largely balanced
out, any change in the distribution of this over the two photo-
transistors gives rise to a zero drift. Thus fluctuations in posi-
tion of objects in the room can affect the stability of 11' Funda-
mentelly the problem is to arrange a large signal to noise ratio at
the phototransistors, which implies that the background intensity be
much less than that of the spot.

This ie achieved by the use of an efficient projection system
(figure 3.10) which 1s conventional except for the lens La' Since
the sensitive area of a phototransistor is small conslderable increase
in signal to noise ratio can be cbtained by converging the spot onto
the sensitive srea, by Le' In addition a bax covers the galvanometer
system, open only at the end near the scales, limiting the general
intenslity of ambient light.

The Sensitivity .of the -Pick-off system.

The output current from a phototransistor depends on the total
flux of light incident on the sensitive area. The principle used to
detect spot movement is to arrange the edge of the spot to sweep
across the light-sensitive areas, to expose more of one and less of
the other.

The output 'current of an OCP7l as a straight edge is moved across

it i1s shown in figure 3.11l. It will be seen that the most sensitive
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region for the spot edge to lie is at A, Thus maximum sensitivity
is obtained by arranging the spot dlameter to be the distance between
the positions, A, of the two phctetransistors. $This is achieved by
suitable adjustment of the position of La: an adjustment which is
found to criticelly control the sensitivity of the system.

It will be realised that the focussing of the spot onto the
phototransistors by Le’ is accompanied by a reduction in the movement
of the spot; for a given mirror rotetion, by a factor of m, vhere m is
the linear magnification introduced by L2° However, it leads to an
increase in the intensity of the spot by a factor of 2; so that the
change of light flux Incident on the phototransistor ?ﬁr a given
rotation of the mirror Iincreases as spot size 1s reduced, improving
the sensitivity of the system. Hence the phototransistors were placed
as close together as possible.

As the galvancmeter mirror rotates, a disc of light, the image of
Ll, moves across Le' The intensity of the spot 1mptné1ng on the photo-
transistors 1s then dependent on the fraction of this disc striking }a'
Thus the rotation of the mirror has been translated into modulation of
the intensity of the spot as shown diagrammatically in figure 3.12.

It will be seen that the greatest sensitivity of this translation.
process occurs in regions, B, However, the disc of light only half
fills L2 in this region, gliving a decrease in intensity of the spot
by a factor of about %. Since the sensitivity for actual movement of

the spoi cver the phototransistors 1s dependent on this intensity, it
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1s necessary to find a compromise. Thus the position and misaligmment
of La is adjusted from optimum sensitivity.

Variation of i:. may be achieved by moving the phototransistors
along the galvanometer scale. The adjustment of L2 in relation to
the galvanometer mirror and the phototransistors is then retained
by mounting L:2 and the transistors on an arm (figure 3.10) pivoted
directly below the axis of the galvanameter suspension. Rotation of

this arm provides a simple means of adjusting 11 to the required value.

3.5.4 The Accuracy of Stabilisation

No variations of il are observable on the galvancmeter scale.
Assuming this may be read (o within + .2 um. the accuracy for a
typical deflection of 20 cms. is therefore betber than + .1%.

The oupput current of the difference amplifier is a measure of
position of the spot over about .2 mm. of the scale. With the meter, G,
used, & variation in 11 of + .001% could be detected. However, there was
a drift of 11 attributed to the decreasing emissive power of the filament.
If ase is made of RVL to retain the control point at the zero of the -
meter G, this drift may be easily held to within + .02% of 11' This may
thus be regarded as the overall accuracy of the system.

The current emitted into the gap is measured as the initlal gap
current, 1“. This degree of stabilisation of 11 should, by considera-
tion of the variation of :l."'° as a function of 11 s correspond to a
stabilisation of 1ao to within + .05%. However, certain fluctuations

and drifts of 120 have been ovserved despite this stabllisation of 11.



56-

These will be discussed in later chapters, where they are interpreted
as the result of a variation in conditions in the interelectpode gap
rather than a variation in the current flow through the holes. Thus
it 1s likely that stabilisation of 11, has resulted in a stabilisation
of the current emitted from the holes, but variation of the drift
field in the gap alters the fraction of this current which reaches

the collecting electrode, forming iao'
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CHAPTER L
EXPERIMENTAL MEASUREMENTS OF AMPLIFICATION

i&.l fthe method of measurement

When the filament current has st-:abilised, a current (120) flous
between thel eiectrodes under drift field only and is measured by the
ga.lvanuneter. (:42 (£igure 3.4). This current is defined as the initial
gap current. The u.h.f. field ic then applied gradually (since abrupt
switching of the field often causes breakdown) whenthere i-s in general,
& corresponding change in the current reaching the collecting glectrode ’
i. '

2
The amplification, A, is given by

1
S -
A=g

20

and is unity for zero u.h.f. field.
Hydrogen was used in all the experiments to be described.

k.2 The preliminary work of Nicholls (1960)

This work was carried out without stabilisation of 11 to the extent
of later measurements, and in general the calibration of the various
instruments was only approximete.

However, several curves of Amplification ageinst u.h.f. field,

E uhe’ at various drift fields and gas pressures were obtained for
hydrogen. Figure L.l is & typical curve. It will be observed that,

for a gilven drift field Ed.c’ the curve initially falls and then rises

as breakdown 1s approached. The vertical lines on the right of the -

figure represent experimenta.liy determined breakdown field values.
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The amplification curves were found to be asymptotic to these lines.
This work firmly establishes the presence of an initial drop in
the amplification curve and a reduction in this drop with increased
drift field. Further the rapld rise of amplification to breakdown is
established and has been considered to be the result of collision

ionization.

k.3 Further Amplification Measurements

Following this work of Nicholls an attempt has been made to make
more accurate measurements of amplification, with stabilisation of

emitted current.

4.3.1 Precautions taken

It wvas found that the initlal geap current, 120 s showed variation,
despite the stabilisation of the total current emitted by the filament
and incident on the back of the emitted electrode, 11. These variations
were of two types:-

a) A slow decrease over periods of days.

b) An apparent rise, followed by a decay (of time constant 1.5

t0 2.0 minutes) after breakdown or large gas amplification.
An analysis of these effects and their possible cause will be
attempted in later chapters.

To reduce as far as possible the effects of these variationes on

measurement of electron amplification, experiments were carried out
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in which iao was measured before and after an amplification measure-
ment. Its value at the time of the experiment was then determined by
interpolation.

To bring to light any time dependency the points for any given
amplification curve were measured at random intervals of time and in
random order. The distribution of points on the plot is then an
indication of any time dependency. The more randomly distr;buted
they are about the curve the more likelihood of there being some time
dependent factor present. In fact their distribution gave socme

indication of such a factor but this was by no means conclusive.

4.3.2 Results

By this technique a series of plots of amplification, A, as a
function of u.h.f. field, Euhf
mm Hg. of hydrogen with a drift field of 32 V/cm, and a range of gap

, vere obtained for a pressure of 5.58

widths from 6.25 cms to .948 cms. These are shown in figure 4.2.

It will -be recalled that measurements of amplification-as a
function of gap-width at constant ionizing field, corresponds closely
to the method used in the measurement of Townsends first ionization
coefficient, @« Plots of amplification against gap-width with E uhe
as parameter are shown in figure 4.3. These curves suggest that for

a given u.h.f. field, the amplification is an exponential function of

gep-width of the form:









where Ao, Ao' and b are constants independent of E ahf
(A,= -84 b=.50cms and A=A e)

This is similar to the equation_, A= Ao ead, derived by Townsend for

an electron avalanche in a unidirectional field only.

However, extrapolation of these curves does not go through unity.
Regarding, the initiel drop of the amplificetion curve us a progressive
decrease in the fraction of emitted electrons crossing the gap, it
follows that effectively the stream of initial electrons crossing the
gap and thus the effective initial current is less the higher E uhf"
Under such conditions these curves would be expected to cross the
axis at a value of A somewhat below unity. Some attempt to corwect
for this decrease 1n the effective initisl current, wlll be discussed
in detail in a later chapter.

Figure 4.4 shows an enlarged plot of the initial drop of the
A-E une ‘
initial drop 1s independent of gap-width. Further the sudden break

curves of figure 4.1. From this it may be concluded that the

in the curve at point A suggests that the onset of collision ioniza-
tion is well defined (figure 4.5).

The results of these measurements indicate that for low electron
energies (A® 1) the amplification 1s independent of the injected
current and thus of the initial gap current, 120, but for higher
energles the amplification .is found to increase with increasing 120.
The range of initial currents was fram 10~1CA to 2 x 107°A, There is
uncertainty as to the precise cause of this. It would be expected

thet the charge densities were too small for space charge to control
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the electron flow appreciably. However, there may be some effect
assoclated with the flow of electrons from the holes into the
larger concentrations of lons and electrons which are in the inter-
electrode gap at higher amplifications. Further there may be an
effect due to polarization of the electrode surfaces. This will .be
investigated in a later chapter.

The measurements described here were found to be subject to
several long time constant phenomena and certedn instabilities. On
investigation, these appeared to be associated with the charging and
discharging of ar insulating filmson the electrodes. Hence this
series of experiments was: terminated pending a full investigation
of this phencme:nion, which will be dealt with, in detall, in the later
part of this thesis. It will suffice, at this stage, to point out
that this work haeg thrown considerable doubt on the effective value
of the unidirectional field in the experiments described in this.
chapter. For example, in the curve of figure 3.2 which corresponds
t0 a gap-width of .TT70 cms, the fileld is. probiuly the geametrical
field of 32 volts per cm over the initial region, but the breakdown
stress reveals that this reduces to about 20 volts per cm at high
amplifications. Thus, this variaticn must be removed before relisble
amplification measurements :nay be made. Attempts to remove this film

have not been completely successful.
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CHAPTER 5

A THEORETICAL STUDY QF ELECTRON FLOW IN THE INTERELECTRODE
GAP, IN THE ABSENCE OF IONIZATION

5.1 Introduction

In the results described in the previous chapter, it was observed

that there was an initial drop in the amplification - E curves

uhf
(figure 4.2). From the expanded plot of figure 4.4 it appears that
this drop is independent of gap width. Previous work (Nicholls, 1960)
has shown that this drop i1s less for larger drift filelds. Present work
has confirmed thie. Further it 1s expected that no ionization occurs
in this region.

In the present chapter some explanation will be given for this
drop, in terms of variations in the electron flow pattern in the gap.

Electrons moving in the gap are acted upon by both u.h.f. and
drift fields. 8Since the u.h.f. field is predominant in supplying the
electron energy, their random veloclity 1s lmportant as well as their
drift velocity. Hence the flow is one in which diffusion and drift
play comparable parts.

Of a given electron stream entering the gap, the fraction reaching
the far electrode will be reduced by an increase in random velocity,
which may account for the fall in gap current when the u.h.f. fleld is
increased. Nicholls, 1960, has congidered a hypothetical case of a
parallel plate gap of infinite extent in which there is a uniform flow

of injected electrons across the emitting electrode. He deduced the

relation between the electron consentration, n, at some point, x, ¥y, 2,
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in the gap and that over the plane of the emitting electrode (z- = 0),

n,, as
( u/D:Egcez _ p/D.Edc.d)
Nwmn € ———e'
[o] 1 - e“‘/D'EdC'd

LE N NN N N N ] 5.1

vhere u/D is the ratio of mobility to diffusion coefficient for electrons
at the mergy of those in the gap. From this he concluded that, in the
absence of ionization,

i
A J E [N NN N N .2
= 1 = " 5

20 o
vhere p is the mobility when the u.h.f. field 1s applied (and the gap

current is 1;! ) and p o 18 that under drift field only (vhen the initial
gap current 120 firug).

Values calculated from this equation differ from the experimental
ones by a factor of 2, but do describe the general trend.

In the following sections the existence of descrete sources over
the emitting electrode and the dimenslons of the electrodes will be

taken into account.

5.2 The Physical Picture of Electron Flow

-‘]!he emitting e.:Lectrod.e may be reparded as a large electron sink
with small electron sources distributed, largely at randem over the
electrode surface. The proximity of source and 'sink suggests that a
considerable flow of electrons from source tc 'sink must take place,
without the electrons having a very large excursion in the gap.

The electron cloud enters from e hole by a mechanism involving

both diffusion and drift. In the absence of any large concentration
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of electrons in the gap (i.e. in the sbsence of ionization), the
net diffusive flow will be directed outwards from the hoie in all
directions (figure 5.1). The presence of the sink is expected to
give a larger concentration gradient in region A (figure 5.1) so
that larger electron flow may be expected in this region. This
implies a large radial current flov.t, most of which is loet to the
boundaries.

The drift fileld tends to draw the electron cloud away from the
surface and thus increases the current flowing into the gap itself.
This, therefore modifies the concentration pattern round the hole by
displacing it in the fileld direction, as shown in figure 5.2.

From flgure 5.2, it will be observed that there are concentra-
tions of electrons opposite the holes, but between the holes the
electron density falls. Thus the electron distribution 1s expected
to be far from uniform over the region close to the electrode surface.
However, at further distances from the electrode, the electron concen-
tration may be expected to become, as a consequence of lateral diffu-
"sion, more a.mi more uniform over a plane pérallel to theelectrode
surface.

In the work that follows it will be assumed that the holes behave
as an assembly of point sources distributed over the conducting elec-

trode.
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5.3 Solution of the equation of continuity for Point Sources over the
Emitting Electrode.

In the steady state the equation of continuity for a continuous
stream of electrons moving under & drift field, Edc’ directed along
the z-axis 1s (in the absence of ionization) (Towmsend, 1925,

Pidduck, 1925)

oa
wnﬂgxg sesesn 5-3
where n represents the electron density at the point, x, y, z, and

_pE
A= Ddc for the case when the electron energy at the point x, y, z is

such that the mobility is u and the diffusion coefficient D. 1In the
present experiment A is about 20 cml.

On entering the gap, emitted electrons will, in generasl, take a
finite time to gain their equilibrium energy (Compton, 1923, Compton
and Langmuir, 1930). In the present case it is likely that there is
field penetration into the holes so that the fraction of this time,
during which electrons are in the gap itself, may be expected to be
small. It will therefore be assumed that the time taken for an
electron to galn 1ts equilibrium energy on entering the gap is small
compared to its lifetime in the gap. The electron energy and hence
iy D and A, are then independent of gap position, and can be regarded
as constants dependent only on the energy supplied by the combined
drift and u.h.f. flelds.

Huxley, 1940, has applied this to derive an expression for the

electron density distribution due to a point source on a conducting

plane, emitting into a region of infinite extent. Using an infinite
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number of these pointssources distributed along the z-axis, he derived
the electron density distribution for a point source at the origin
(figure 5.3) and in the surface of one €lectrode of a parallel plate
gap, with the condition that n = O over the electrode surfaces, as the

infinite seriles,

n= B e [2.4 (e o {z-24) 4d =1
rar\r ry, A\ n,
L {z+2d) a ( )
Ta

» Lzzhd) d a> + :l resnes Subb

Ta

where,
2 = p? + 22 r: = p? + (2-2d4)%2; ra = p? + (z2+2d4)2

rae. = pe + (Z-hd)z etc. ececee 5.“&

6% = x2 4 y2

and B is an integration constant, representing the strength of the
source. -

If the electron source is displaced relative to the axis in the
X,y plane over the electrode surface, equation 5.4 etill holds with a
modified r. However, all such equations are solutions of eguation 5.3
and thus the solutions are additive. The electron density at any
point is then the sum of the separate contribution made by each source.
Thus, if we regard the holes in the emitting electrode as aggregate

point sources or single point sources and if N i1s the total number of

such point sources, the total electron densi_ty at & point x, -y, z is:-
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N
n= y hk eoesece 5-5
k=l

The unidirectional current density vector, I, at some point,for the
case when drift is superimposed upon diffusion 1s (Varnerin and
Brown, 1950):
['=ne pEg, - Devn vecses 5.6
Separating the component in the z-direction and expressing
n in terms of the individual point sources using equation 5.5,

equation 5.6 becomes:

? dn
I"z = E nkp. Edc - DuZ('&;‘k) escsoe 5-7
N N Ay

At the surface of the collecting electrode, z = 4, n= 0 18 the

boundary conditions that,

&)
‘[‘2‘=-D§“v dz x,y,d essnes 508
N

The vector I‘z incident on an aree dx.dy of the electrode surface,

makes a contribution to the collected current, fl.2 s OF
d'ia = I‘Z. dx. dy

Thus integrating and introducing r, fram equation 5.8 the current

flow to the far electrode assembly 1is

i = -nz;[/’(%'z‘kl’y,d dx. dy cieese 5¢9

N over .
electrode
surface
Hence, 19 is the sum of the current densities due to each of the holes

considered separately.
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Consider a single point source at the origin. The contribution

of this source to 12 is (equation 5.9)

Al = -Dﬂ@-"-) dx. dz ceeses 5410
- Z
over Xy¥,d
electrode

Writing this in terms of p (p® = x2 + y2, see figure 5.3) gives:

a
Al = 'Df(%;l) 2!(p.dp sscene 5.11
2 p=0 “p,d

vwhere a is the effective radius of the electrode. Since r? = p2? + 42
and d, the gap width, is a constant, pdp = rdr and equation 5.1lmay

be integrated, using equation 5.4, to give:

=Ar =Ar
A 1 = -'"Hf Bo Do Ghd [ e a + € 2_a + ese
2 _ Ta Tog

-\ _-A3d
€ €
T —B-a—- .coo.--] ecsses 5!12

where, suffix'a' refers toquantities defined in equations 5.k with
p=gaand z = de
In practice, A= 20 cm™2, d = .8 cmr and a = 1.5 cme, thus

=AY
e =<
e=Taa

X} “Arg
£ 28 and £

— R ——
€-7\3d. e-?\d

E-Ad
d

P €—1.4

Hence, all but the term of the bracket of equation 5.12 are

negligible and

Aiaaiﬂ'g_.‘lz. (XN E NN 5-13

Since term: envolving a are negliglble, it follows that the equation
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is not critically dependent on the boundary condition, p = a, from
vhich these terms originate. Physically this implies that the
current density vector decreases rapidly as p increases. Thus most
of the current flow, 1s to the central reglon of the electrode. It
is therefore proper to make the approximation that all the holes lie
at the centre of the emitting electrode. Thus the sum of equation
5.9 mey be evaluated from equation 5.13% to give,

b § =N-Ai
2 2

= Nol4ne B.D./fd
= B'. D/d cocece 5.1k
vhere, B' = 4x.N.B.
The diffusion coefficient, D, of equation 5.14 depends on the
electron energy, hence 12 is a function of the 'u.h.f. field. The

amplification, in the absence of ionization, is therefore,

1 '
A=Ia =% (XXX NE] 5.15
20 c o

where the suffix, o, refers to the case when the drift fileld only
i1s epplied.

Equation 5.4 suggests that the integration constant, B, repre-
sents the strength of the sources, since 1t controls the electron
density at all points. Thus B' may be expected to depend on the
nature of electron flow fram the holes.

The arbitraxry assumption that the strength of these sources is

independent of gap conditions gives B' = B} and A = D/Do, leading to
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an increase of A with w.h.f. field, vhereas experimentally A 1s
found to decrease. This suggests that the effective point source
has a strength which decreases as the energy of electrons in the
gap increases.

The study of electron flow within the holes has been found
intractable. Thus instead of pursuing the consequences of the
theory by the evaluation of B' 1t has been found more satisfactory
to consider the subdivision of the electron currents in the gap.
It ie is the total current emitted from the holes, it is lost from
the gep by:

a) diffusion back to the emitting electrode; the resultant

flow across this boundary being defined as the back

diffusion current, :I.B.
b) the current collected by the far electrode assembly, :L2 , and
c¢) latteral flow from the gap, which fram equations 5.4 and 5.6

may be showvm to be negligible.

Hence: 1e ia + iB seccne 5016

A convenient quantity in which to consider the fraction of :l.e
reaching the far electrode is the gap transmission coefficient, TS'
vhich is defined by, 13 = '1‘g ie. This coefficient depends only on gap
conditions and will be evaluated independently of the nature of the
flow fram the holes, provided that emission fram them mey be regarded

as the result of an assembly of polnt sources.
i

_L ’
12 + 1p
which requires calculation of :LB. This may be obtained by an argument

Using equation 5.16, '.l‘g will be evaluated from ‘J.‘g z
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similar to that ebove by which 12 is derived.
Following through this argument, putting z = O in equation 5.7
glves the z-component of the current density vector over the emitting
electrode surface. FPMurther, this surface is an electron sink so that

n = 0 over the electrode. ‘Thus

N
r (xy 0)=-D y Gnk> sseess 5-17
2 ~ S X,Y,0

k=1

The current, 1,, may be cbtained by integrating this vector over the

B
electrode suiface. Assuming again that all the holes may be considered
at the centre of the electrode and to have a radius, b, equation 5.17

‘_\N\/‘\'_/
may be integrated to give,

p=a
ip = -D.NZ;[ @%k)p,o 2npdp sesees 5.18

Evaluating % from equation 5.4 and integrating the L.H.S. of equation

5.18 gives:
AT 2 _7\r1 p=&
.1B=-2KOBQDQN__ £ I'¢+ £ + see

Y p=b
= 'D - o+ + ees
- G-Ab- 2€-krlb - S0000BBOSY sSeesee 5.19
b T1b

Vhere the suffixes a anfi b refer to quantities defined in equation 5.k4a

with p = a, p = b_respectively and z = O.
p=a e pee_malv b S Mg e N0
~ > .
As before, >> "n ) 5 ™ and 5 5 ete
~Ab

€
b

Hence all but the term of the bracket may be neglected so that,

=
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1y =%'D€?b ceerer 5020
From equation 5.16:
1e = :L.B + 12
= B'Drg:z-:i .,..i] sesses 5421

Hence, the gap transmission factor may be evaluated as:
T =-3 cesese 5.22
e
Since A = 20 cu™, b ~ .02 cms and 4 = .8 cms, it follows that Ty = +02

Thus of the electrons :emitted less than 2% cross to the collecting

electrode.
Normalising Tg to unity for A = 7\1, gives
gb -\ b +1
T A [EXX KR 5- 23
en -,‘% e 4

RN 1,

the suffix, n, indicating .a normalised value. Since -% €

tliis way be a.pproxﬁna-te-d-to

-b(», - )
T 1 [ A NN N NI 52
an > € 5:23a
i i
R - S : -2 / 22
By definition 'J'.'g = 1e » and thus Tgn = 1 1 where 1a and ie
d t = d. t [ ) [
correspond to A = A an 12°, eo 0 A=A 'Ihuni '.I.'gn mey be expressed
in temms of the amplification, A, defined as A = i' s by
20
1eo
T@=AI-" XXX 5.29

e
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provided 7\1 corresponds to the electron energy under drift field

only. Hence, 'I'gn is only equivalent to A if ieo =2 ie l.e. the
emitted current is a constant. In fact, however, some variatton
of ie may be expected due to variations in the electron flow and
density patternsin the gap.

It, therefore, becames necessary to define a hole transmission
cosfficlent, TH’ defined by 1.e = TH 1.1, vhere 11 is the measured total
current emitted by the filament. Since 11 i1s stabilized the nomalized

hole transmission coefficient is
i i

(2]
THn='i£ '{9"":.'-1_3' secse 5025
1 10 eo

Thus strictly the amplification, as measured is
A= ’.L'Hn. T@ ceccee 5426

It has been pointed out that evaluation of '.L'H from 4iffusion and
drift theory has not yet been found possible. Thus it is assumed that
Ty, 18 unity i.e. there is no variation of i with the eneray of '
electrons in the gap. (This does not imply that B 1s comstant, since
B controls the electron'density pattern in the gap, not the flow of
electrons through the holes). Under these conditioms, Tgn’ as given
by equation 5.23, is directly comparable with amplification over the
initial part of the A - Eubf curves. Figure 5.4 shows a plot of Tgn
for the case of Figure 4.4 with the experimental curve superimposed.
The calculation of T, vas based on values of £ dertved frou Hall (1955)
and Varnerin and Brown (1950). It will be seen that these curves are in
close agreement. The results therefore afford considerable support for

‘the theory.
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CHAPTER 6

A THEORETICAL STUDY OF ELECTRON FLOW IN THE INTERELECTRODE CAP,

WHEN IONIZATION OCCURS.

In this chapter the theory by which the initial drop of the A-E aht
curves may be explained is extended to a study of the electron flow
pattern in the case vhen ilonization occurs. From this study a method
of calculating the ionization rate from the amplification curves is
suggested.

6.1 The physical picture of electron flow when ionization occurs.

It has been shown in the previous chapter that, as a consequence of
the superimposition of diffusion upon drift, the fraction of the emitted
current crossing the gap in the absence of ionization is dependent on
the u.h.f. field. This suggests that the variation of the current
collected by the far electrode, 12 » on applying the u.h.f. fileld may,
in ganeral, be expected to have two components. The first is due to a
decrease in the number of injected electrons crossing the gmp, as
suggested by the preceeding chapter. The second camponent is due to the
onset of collision ionization by this electron stream to give an
increase in current to the far electrode. The problem 1s to separate
these components so that the amount of ionization occurring, and thus
the ionization rate may be derived.

Following Townsend the simple view, based on the assumption that
drift is the predominant transport mectenism (Chapter 2) is that a

continuous stream of electrons crosses the gap, lonizing the gas

as 1t flows, to give an exponential increase of current across the
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gap. This aseumes that the initial electron stream 1s there independ-
ently of the presence of ionization. It may now be seen that as &
consequence of diffusion, this is an oversimplified picture. Firstly,
the stream of injected electrons crossing the gap is energy dependent,
as suggested in the previous chapter. Secondly the onset of ionization
chenges the electron flow pattern so that the partition of electrons to
each electrode is likely {o be altered. Thus the presence of ionization
itself may be expected to alter the stream of initial electrons, so that
the assumption that the stream is present unchanged when ionization
occures is unjustified. FPFurther this implies that hhe two components of
12 mentioned above are both dependent on the electron density and flow
patterns, and thus are interdependent and not separable.

Thus to estimate the ilonization coefficient it is necessary to
derive an expression for electron flow when ionization occurs. 1In the
present case positive ions, as well as electrons, contribute to the gap
current. Assuming there are no space charge effects, electrons and
position ions will move independently of each other. Thus the total
cha.—rge flow in the --ga.p mey be represented as an electron flow pattern
vith a positive ion flow pattern superimposed upon it. These flow patterns
may therefore be deriwved separately, and the current vectors due to .
the two types of carrlers added to give the net charge flow at any
required point in the gap.

6.2 The Electron Density Distribution

When lonigzation is small itspresence may be regarded as e small

perturbation superimposed upon the injected electron density pattern.
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From such a simple picture, an exponential rise of electron density
across the gap resulting from collision ionjzation (c.f. Towneende
treatment of the electron avalanche) is to be expected.

én the other hand, at very high amplifications the predominant
electron source is no longer at, the emitting electrode but 1s distribu-
ted throughout the gap. As a consequence, the electron density distri-
bution 1s expected to be similar to that for pure u.h.f. discharges
(which is a sine function as shown in figure 6.1) but deformed as a
result of drift.

Varnerin and Brown (1950) have analysed the electron density pattern
for the present fleld system under conditions of breakdowm and without

injected current. They obtained for the cylindrical gap of figure 6.2:

e X
n = B.e . Sin (d z>- JO (klp) XXX 6.1
where k1 o= g-a_WF and Jo is the zero order bessel function. Here the

exponential factor represents a deformation of the simple sine function
applicable to pure u.h.f. discharges, to give a density distribution
across the gap es shown in figure 6.3.

The presence of injJected current might be regarded as a small
perturbation of this density pattern so that the density function should
approach equation 6.1 at higher amplifications. Hence as lonization
increases a change fram an exponential density distribution to one of
sinusoidal form is to be expected. This concept is further analysed

mathematically in the next section.
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6.2.1 The Electron Flow Pattern as a Coneequence of the
Equation of Continuity

The equation of continuity (equation 1.4) for the present case,
expresses the scalar electron density in tems of drift, diffusion

and ionization (Townsend, 1947) as

vaon- §-+Iin=0 XYY 602

i
vhere 2\ = B Edc'

Drift 1s controlled by Ed ’

z~=axis. The drift tem is thus asymmetrical in space co~ordinates and

which is a vector directed along the

is a function of z tnly. However, this term may be transformed into a

symmetrical space function using the transform n = U, e??z, vhen

v2
VE-U-I—)U=0 toss0e 6-5
2
vhere, % =N - %

The particular solution of this equation, which 1s applicable to a
given set of boundary conditions, 1s dependent on whether y is real or
unreal and thus on the value of .

By solving the eéuation of continuity, Varnerin and Brown have
derived the condition for breakdown .when a small drift field is auﬁer-
imposed upon the u.h.f. fie%d, as

w.ﬁ])Lnal P
vhere the modified diffusion length, Am’ is given by

F\-Jl.’:A% +A2 esvsse 6-5
m

The value of ¥ given by equation 6.4 corresponds to breakdown end
therefore represents the upper limit obtalnable in the present experiment,

s0 that the range of ¥ is
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0<w<D{}-];2 +7\2} ceeeee 6.6
2
Remembering that-% = A% %, the range of y2 is then:
)
1
Ai>% >"'Ke secnee 6-7

vhere 7\1 corresponds to E he = O, when the initiel gap current is
flowing.
Over part of this range v® < O s0 that v is unreal. Then putting

he Py AU tion 6.3 b :
5 =JD =D = equation 6.% becomes:
2

Vi
W"'—])— UO sesece 6-8

Solutioms of equation 6.8 (v < 0) are of sinusoidal form, whereas
solutionsof equation 6.3, y2 > 0,/:;;onential functions. Thus y = O
represents pdint at vhich the form of the density distribution function
changes.

The significance of this change in terms of the flow pettern may
be seen if equation 6.3 is written:

DVRU - DAZU + WU = O ssssee 609

Here, U iz related to the elec_tron density, n, by the relation
nm UeMe Thus U represents the electron density in an exponentially
deformed space which will be referred to as U-space, figure 6.4 The
three terms of equation’ 6.9 may then be seen to represent, in U-space,
the rate at which electrons diffuse into a region, the rate of loss by
drift and the rate of generation by lonization respectively.

Here drift is represented as a loss of electrons in the volume of
the gas, and may be considered in & similar manner to recambinsgion l.e.
as the presence of a partial electron sink distributed over the gap.

Thus the scalar coefficient, DA%, represents the loss rate due to drift
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per individual electron.

In place of y, which 1s the net volume generation rate for electrons
in real espace (i.e. the ionization rate less the attachment and recambi-
nation rates), we introduce vi to have similar properties in U-space.

In U-space there is the drift rate, as well as the attachment and
recanbination rates, to be subtracted from the ionization rate to give
the net volume generation rate. Thus,

vi = ¢ - DA%
and may be positive or negative according to the relative values of
ionization and drift rates. In the steady state these electrons must
be removed by diffusion. Thus the electron density pattern in U-space
is essentially diffusion controlled, so that the theory of diffusion
controlled discharges may be applied to discharges in U-space.

A similar conclusion may be cbtained by comparing the equation
of contiﬂuity for electrons in U-space (equation 6.8), with that for
real space in the absence of a drift field (Herlin and Brown, 1948),

¥2n +-%.n =0

For v, =0, ¥y = D\? and the rate of loss of electrons by drift
is equal to the rate of gain by ionization so that the difflusion rate
from any given poirt is zero (D.¥¥U = 0). For lower values of
(\fSo) the amount of ionization is not sufficlent to balance the flow
rate, and diffusion thus maintains the balance by providing a net
rate of flow into the region. If, however, ¥ increases so that vf >0,
diffusion ia‘ relied upon to remove the excess electrons so that diffusion

must be outwards from the region. For a net inward flow to any point,
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the gradient of U must increase with U i.e. U must form a concave

surface in space. Thus the equation of continuity may be solved
for vi < 0 (v® >0), if U 1s an exponential function of space co-
ordinates (figure 6.5 a and b).

On the other hand for v: > 0, there must be a net outward flow of
electrons and U must be a convex: surface to satisfy the coadition of
continuity (figure 6.5c)s Positive parts of sinusoldal functions
satisfy this condition, exponentisl functions do not. Thus v, = 0
represents a basic change in the density pattern inthe gap.

S0 fer attempts to obtain satisfactory values of the electron
distribution pattern for vi > 0 (v® < 0) have not been sucoessful.
The following sections are therefore confined to a discussion of the
case vi < 0 (v® > 0) for which quantitative estimates of the electron
distribution pattern are made.

6.3 Calculation of the Electron Flow Pattern for v2 >0

This will be derived along similar lines to the case in the absence
of ionization and follows Huxley's method of sclution of the equation of
continuity.

As already seen this equation (equation 6.2) may be transformed

using n ghz.U, into the equation

v2U=1D21m veesse 6.3
Huxley operated in the seme way on the equation of continuity,
applicable when there is no ionization (equation 5.3), to obtain
VU = AU cecess 6.10
Camparing equations 6.3 and 6.10 shows that any solution of 6.10 will
2

be a solution of 6.3 provided A2 be replaced by 42, where 22 = .
D
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Hence a solution may be obtained from equation 5.4, to give the electron

density distribution due to a péint source on one €lectrode of a parallel

plate gap as,

D=B€7\z[

H I

_d_(e-h> +2=2d d e-‘erl)
dr \ r r, dr, \ry

z42d 4 (e"’ra>
+ . ar
r, 2 T

z-hd a fe4¥s
+ .
Ts drs \¢ T3

+..‘... +.;....l] [N N NN ) 6.11

The electron current flowing to the collecting electrode, 12_ s and the
electron back diffusionairrent, iB- s may then be derived as for the non-

ionization case, as

-frg -8
1 = - [‘ + 828 .

ra raa
-4d _-8.3d
- ed - 5d - [ RN NN LI NN 6.12
Zz = d
and
2t -.ZI' ‘31' a
j.B-=--"B" £ a+2- < : + savsses
2 Ta Tia
G—Brb G-Btlb

- - 2e . - ooo-o-o] cevecs 601;
) Tib
z=0

where suffixes & and b refer to the quantities defined in equation 5.lLa
with p = a and p = b respectively, and B'' = lx.N.B.D.
With values of a and b for the present experiment (b =~ .02 em:. and

a = 1.5 cmi:) these equations may be approximated to within 1%, provided
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d >6 ens and £ > 5 cm™}, to give

[-2)a
ia-=B"¢ . d [ R R RN 6-].’*
[ -.Zb
LB_=%Q'€-S_ ssevee 6.15

6.4 The Positive Ion Flow Pattern

As with electrons, positive ions can have the random motion of
diffusion superimposed upon their drift motion. Thus there is a flow
of positive ions to each electrode in the same way as with electrons. The
cases of Tigure 6.6 showr that as a consequence, collision ionization
cloge to an electrode need not provide any contribution to the flow of
gap current. In the case of the far electrode this may be allowed for by
saying that the net current collected, 12, 1s composed of an electron

current, 13_, and a positive lon current, 12 4 80 that

1, =1, -1, ereses 6,16

Pogitive ions will be generated in the volume of the gap and move
by drift and diffusion towards the boundaries. It will be seen that
positive ion flow will obey similar laws to electron flow and thus be
controlled by the ratio, %,for positive ions. It may be shown that this
ratio is a factor of 100 greater than that for electrons, which suggests
that diffusion is less praminent in the flow of positive ions than in
the flow of electrons.

Consider the hypothetical cace of a sheet source of positive lons of
density, ny in the centre of a parallel plate gap. The ratio of the

current flow to the anode to that to the cathode may be shown to be
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l-c¢ .
-_f_uEdC/jﬁ. d

l-¢€
which is of the order of 10™399, TFor an electron source under similar
conditions, the ratio of the current to the cathode to that to the anode
18 of the order of 10~). Thus it is concluded that the diffusion of
positive ions against the drift field (back diffusion) is much less than
with electrons. It 1s therefore considered justified to assume

12_'_ << i, , vhen equation 6.16 reduces to i, = 1,0

6.5 Evaluation of the Gap Transmission Coefficient

Since only the resultant gap current is measured in the external
circuit, it is convenient to define the gap transmission coefficient,
‘.l‘g, in terms of the net current, i , collected by the far electrode.

2

Thus as in the non-ionization case we define:

i i -1
T .,.;-.3:_2.—_1__21' esesee 6-17
g e e

Here, TS is again a function purely of gap parameters and indepen-
dent of the nature of the electron flow through the holes. It represents
the net flow of charge carriers across the gap for a given injected
current and is an expression of the various processes (diffusion, drift
and ionization) occurring in the gap.

The value of ie may, on the principle of continulty, be calculated
as the difference between the total electron current lost from the gap
and the total rate of generation within the gap. If Iy represents the
electron current density vector normal to the boundary of the discharge,

the electron current leaving the gap is [ [ I‘n.dS integrated over all the
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boundaries of the discharge but amitting the holes. 8ince the net
rate of generation must be ¥ j [n dV over the gap the principle of
continuity may be expressed e.s,:

1 +yf[[nav =h[/}'nd5 cenees 6,17

. Jad

Ir is is the current lost fram the sides of the discharge,

\[/rnds'"iB- "_'12_""15_ cesees 6,18

i, = [ -\M/f.dv +ip fia_ + 15_] coesse 6.19

This relation is quite general and leads to a general expression for

and

T of
& 1 -4

Tg= ' 1 2+ . [N NN N N ] 6.20
-¥f[oea¥ + 1y 1+ 15_)

It may be shownfrom equation 6.1l that in the present case the current,

1., is negligible compared with :I.2

and :I.B_. Further it is shown in
-]

section 6.4 that the assumption,i >> 1 + is Justifieds Hence equation
-2 a

6.20 reduces to

1
T = a= Yav e saoeee 6.21
g - .
tp. 2, ¥f[fmey

and 1t remains to evaluate /] « &V
Ik,

Since there 1s cylindrical symmetry about the z~-axis, dV mey be

expressed in terms of p and z so that
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p=a

\/]:/:‘1.‘1\’:#; f ) 2ﬂpodpod2| se0svaa 6-22
over 2=0
D

4
p=0

&8,

Evaluating n from equation 6.11 and remembering there are N sources

vhich may be assumed to be at the centre of the emitting electrode,

the second integral may be evaluated to give, after the elimination

of negligible terms:

zand
%. B" f M2 (-c-:""z + - b(z-24) -e"‘(“ad)).dz cereee 6.23

2=0

This may be integrated to give
B"EW"D‘ age(m-z)d] ssases 6.2!4'

after elimination of negligible terms.

The gap tranemission coefficient, 'l'g, may now be evaluated.
Using the approximate expression for 12_ and iy derived above (equations
6.14 and 6.15), a value of '1_'g applicable to the range £ > 5 cm™t and

d >,6 cm;. may be obtained from equation 6.21 as:

T = eo"‘”#(’"“d (1 + 2¢a) - a(M+2) + % e‘”’}...... 6.25

Normalising to the case vhen A = 7\1 and there is no lonization:

' d _=\D
Tsn={l+'2-b'o [ I}Ts ssevee 6026

vhere TE is given by equation 6.25.
As In the case when no ionization occurs, for constant emission
current from the filament, il s the amplification as measured 1is

A=ngo Thn escsee 6027






Again in the absence of a detalled theory of the flow of electrons
through the holes, Thn will be assumed to be independent of gap
conditions and equal to unity. The amplification is then directly
camparable with Tgn' This assumption is equiyalent to saying that
the current emitted from the holes 1s a constant independent of gap
conditions.

Putting £ = 5 in equation 6.26 glves '].'su = l. 'This implies that
i

the equation is applicable up to cases where A,defined as 13 s 18 less

20
than unity.// Since the electron energy distribution in lthe present case

is similar to that in discharges in pure unidirectional fields
(Varnerin end Brown, 1950) the values of ¥ may be expected 4o be
similar in the two cases. It should thus be possible to use values of
¥ measured in unidirectional fields to calculate (from equation 6.26)
the amplification curve obtained in the present experiment.

Using the values of lonization efficiency, n, measured by Leiby
(195&, reproduced in Brown 'Basic Data of Plasma Phyasics' p. 136) and
values of % taken from Varnerin and Brown, 1950, Tgn 1s evaluated for
two gap widths and plotted in figure 6.7. It will be seen that the
calculated eand experimental curves are of the same form, beginning to
curve upwards at the same value of E bt
rapid rise in the experimental curve than in that calculated. This

However, there 1s a fdar more

might imply that the ilonizatlion rate in the present experiment is some-
what above that with unidirectibna.l flelds and electrons of the same

energy. There is, however, some doubt as to the value of Edc in the

66.
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experimental curves due to the presence of insulating films on

the electrode surfaces. In this region thelr effect is expected

t0 increase the drift field aes a eonsequence of the flow of charge
through the films. Such en iacrease might account for the difference
observed between the experimental and theoretical curves. An exact
verification of the theory must therefore aweit measurements of
anplification in which there 1is less uncertainty in the value of

the drift field.
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CHAPTER &

TRANSIT TIMES - THEIR MEASUREMENT AND SIGNIFICANCE

Tl Method of Measurement

The method employed is to modulate the injected current by
superimposing e sine wave of radio frequency (100 kc/s to T Mc/s)
on the drift voltage, V1 » applied between the filament and the
emitting electrode shell. The resultant bursts of electrons after
tranamission across the gap, are gated by a similar field in reverse
phase applied between the collecting electrode shell and the internal
collector plate (Figure 2.1, on the back cover).

The fraction of the current, 12 , incident on the collecting electrode,
vhich reaches the inner collecting plate depends on the phase of the internal
field. The current, 15, collected by this plate will be a maximum when
arrival of a puff of electrons coincides with the maximum value of the
internal field when this is directed so that electrons drift onto the
collecting plates. If f is the modulation fregquency, the transit time,

tt’ is given by this condition as:

i LN ] a
tt = % sees 7 1
where q is the number of puffs present in the gap at any given time.
1 is
Thus Tg/measured for a range of gating frequencies and the frequeucy
2
i
at which i_a is a maximum determine. From this the transit time may be

2
calculated using equation T.l.
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The circui_t .t_zaed to supply the radio-frequency gating voltages is
shown in figure 7.l. Radio-frequency chokes are used between the
electrodes and the current measuring system to prevent r.f. currents
flowing through these circuits. High insulation blocking cepacitors
are used so that the small unidirectional currents flowing between the
electrodes do not leak through the r.f. supply system.

T-2 Preliminary Measurements of Transit Time

Prelininary measurements of -:3 have been made for a range of
modulating frequencies and for eonzitions close to breakdown. A
typical plot of -ig against £ is shown in figure 7.2

For this casg, assuning g = 1, equation 7.2 gives t, = 4uS. This

value 1s in good agreement with that calculated from breakdown data
using the method given by Nicholls, 1960.

The feasibility of this method ci' measurement has thus been demon-
gtrated. However, in view of the uncertainty in the drift field resulting
from surface phencmena investigated later in this thesis, no attempt has

been made t0 make systematic measurements of t, over a range of conditions.

t
Like the amplification messurements these awalt removal of the uncertainty
in the drift field caused by the presence of surface films.

T.5 The expected accuracy of measurement of t,

Drift velocities of electrons in various gases have been measured by
Bradbury and Nielson (1936 and 37) using the electrical shutter method.
Crompton, Hall and Macklin (1957) have found that markedly different drift

velocities could apparently be obtained using the same apparatus but with
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different distances between the shutters. Duncan (1957) has shown
that such an effect is theoretically predictable when &iffusion is
appreciable. However, differences calculated from his work are
considerably smaller than those observed. It is suggested by Crompton
and his collaborators that this may be due to certain assumptions made
in the boundary conditions of the diffusion equation used by Duncan.
In the present experiment it has been shown that diffusion 1s
appreciesble so that electron transit times cannot be considered to
be controlled exclusively by drift. The electron density and flow
patterns may be expected to be considersbly altéred by the modulation
of the electron source. Thus & pulse of electrons would be expected
to diffuse both backwards and forwards in its passage across the gap,
distorting the shape of the pulse. It 1s this distortion which might
account for the cobservations of Crampton and his collsborators. The
effects of this distortion on measqremen‘bs of transit times in the
present experiment is therefore of interest.

T. 4 The Electron Flow and Density Pattern with Modulation of Emitted
Current -

In the measurement of transit time the electron stream emitted into
the gap 1s modulated by a sinusoidal field applidéd between filament and
emitting electrode shell. The electrons are thus emitted according to
some time function and the electron density and flow patternsin the gap
vary: . with time.

The emitted electron stream may be consldered to be & partial
modulation of the static stream of electrons already considered (Chapter

6). For the general case the modulated waveform may be represented by a
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fourier ceries of sinusoidal waveforms. Thus the eléectron density at

any point in the gap is a time function of the form:
E=m0

n= y Ns e'jsmt P (Y
vhere s is an integer, ® is the angular frequency of the fundamental
component and Ns defines the amplitude and phase of the sth sinusoidal
component.

The amplitude and phase of each component may be expected to vary
over the gap as the waveform is distorted by diffusion and drift. It
will be assumed that the component frequencies of the emitted waveform
are sufficilent to express the waveform at any other point.

The equation of continuity (Equation 1.2) applicable to these

conditions 1is:~

on on
Dovan- 'J.Edco gz--l-Wn:g sesses o3
The time dependent function may be removed by employing equation 7.2
to give:-~ ezt om0
o L ¥ | Pl s T
{V2 .2%$+D-}. z‘ NS' X D ° N cessee 70’4-
8=0 s=0

vhich may be split into an infinite series of equations of which the sth
is )

{ve-a)\séz- +%-J;‘—”}. N, =0 cevees To5
Each of these equations is simllar to the equation of continuity for the
steady state condition (equation 6.2) provided% 18 replaced by G%- -l;}”)
Thus as before, Huxley's method of solution may be followed, It is thus

possible to derive, for a point source at the origin, on a conducting plane



T2,

emitting into an infinite medium, an electron density distribution in

space glven by

Sz=00 S=00 2.
' Az oz dfe’s Jswt
n = z' NS = BB € o ro 'a';( rl>o € XXX 706
8=0 8=0

vhere, £ 2 = 12 +-4%‘2 - This is subject to the condition that £_ 1is

real or A% > (% - J%-”). Bere £, is camplex and may be written in the

form 8 + Jhs where,

. %{ga +\Kgf . (%”)2)} veeree ToT
and b2 = %{\Kzf +(-§‘ﬁ-”)2> - 32} veeers ToB

Equation 7.6 shows that the component of the electron density
pattern corresponding to the sth frequency component of the emitted

waveform, is proportional to e(JBwt - zgr)

s vwhich may be expanded to
e'ssr. sin(swt - hst). Thus the electron density pattern consists of
a sinusoldal waveform travelling out radially from the point source.

Further 1t is seen that the wavelength of the sth component in the plasma

is %’;‘ s 80 that the velocity of propagation, VB, of a sinusoidal electron
density pattern of frequency -;-‘-: is %‘:. Substituting for hS from equation
7.8 gives

A f2es ceesee Te9

[ (8- o)

which 1s an increasing function of frequency.
The propagation of a pulse across the gap may therefore be expected

to be analogous to propagation down a transmission line, the effect being
to delsy the camponent frequenciles by different times. It is thus expected
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that the shape of the emitted pulse of electrons is distorted in its
passage across the gap. This effect may be further considered in terms
of the phase of the electron current, 12_, incident on the collecting
electrode.

Again following Huxley, the collecting electrode may be introduced
into the system considered above, and the electron density put to zero
over its surface, by the intreduction of a distribution of point sources
emitting in phase. Thus for a single point source on the emitiiing
electrode Ne is given by equation 6.11, with n and g replaced by Ns and
B respectively. The current flowing to the collecting electrode, i K

may then be derived as in the previous chapter to give (corresponding

to equation 6.14)

em’ 5l «g.d J(swt = hgd)
12_ ='_d"" . z‘ {BS". € B, ¢ 8 } esvseae 7010
8=0

which 1s true to within 1% 1f 4 > Sca™ end 4 > .6cu-.

The current which the collecting electrode would receive if placed
very close to the emitting electrode may be obtained by letting d tend
to zero in equa§=ignB7.' '10, to give

1 -» _g- - €J&Dt essnse T.ll
- . .
=0

Regarding this current asthe input current to the gap, it will be
seen that the phase difference across the gap for a given camponent of
the emitted waveform is the phase difference between that component of

the currents of equations 7.10 and 7.1l l.e. hsd for the sth component.



Thy
This phase difference is frequency dependent and 1s an alternative

way of expressing the varying velocities of the various frequency
canponents.

Further, camparison of equations T.10 and 7.11, show? tha.t): the
N-ggld

sth component of the waveform 1s attenuated by e factor £ T .

Equation 7.7 shows 8 to be an increasing function of frequency.

Thus there is expected to be a tendency for the higher frequency
conponents to be filtered out. It is therefore reasonable to assune
that the collected pulse 1s camposed largely of the fundamental campo-
nent so that the delay time of the maximum of the pulse is that of the
camponent, 5 = l. The behaviour of the system is then the behaviour of
this component and the phase difference’ across the gap is hxd“

The condition for maximum current to the internal collecting plate
of the collecting electrode 1s that the current received by the collecs
ting electrode should be in antiphase with that emitted, 1l.e. that the
phase difference across the gap is a multiple of x« ‘Thus

h1d=qn seeces Tel2
where q is an integer. The transit time, tt, as measured, is given by
tt=%1=ffl=3-’l ceeeee Tol3
w o
Here V1 1s given by equation 7.9 with s = 1 and 1s an increasing function
of we Thus it will be seen that the transit time measured is that for
a pulse of fundamental frequency, %, rather than that of the electrons
flowing in the steady state (o = 0). It would therefore appear that

for any experiment measuring drift velocities by noting the transit time



of & burst of electrons, measures, not the drift velocity of the
electrons but the velocity of propagation of the pulse.
As the frequency tends to zero equation 7.9 chows that the

propagation velocity, V_, approaches the drift velocity, u E In

s’ dc*

general however the propagation velocity is greater than the electron
drift velocity in the steady state (w = 0).

The variation of drift velocities with gap width observed by
Crompton Hall and Macklin (1957) may be explained qualitatively in
this way. Since the gating frequency (w) for maximum current trans-
mission through the collecting gate decreases with gap width, the
measured velocity, given by equation 7.9, likewise decreases with gap
width, as wvas observed. Quantitative predictions, however, require
values of the diffusion coefficient, D, which are independent of drift
velocity measurements. These do not appear to be available in the
range of % applicable to these results. However, approximate calcula-
tions, using 'accepted' values of D, are in substantial agreement with
experiment.

When diffusion is small, the electrons may he expected to move

across the gap with the drift veloeity, pu E The value of hs’ vhen

dc.
diffusion is emall mgy be obtained fram equation 7.8, by letting D
tend to zero when,

8
B Edc
The velocity of propggation of an electron density pattern of any

h =

frequency 1is then o = M Ed.c » a8 would be expected.
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It is therefore seen that the differing velocities cbserved for
the various frequency components are the result of diffusion. Physi-

cally the mechaniem may be seen by considering the propagation of a
sharp increase in electron density (a step function) of the form of
figure T7.5. The current crossing the plane A is composed of a drift
plus a diffusion current both acting to propagate the step. Thus, if
k 1s the slope of the step, the z-component of the electron density
vector 1s

r, =p Ejn +Dk

The effective drift velocity of electrons crossing A 1s therefore

r
4 Dk
a = WE * 3

which is the propagation velocity of the step. Considering this as
part of a sinusoidal density distribution, the higher the frequency,
the larger k and thus the larger the velocity of propagation.

It has been seen that the transit time measured 1s that for a

particular frequency, % o« The value of h for any frequency may be

i

cbtained fram a plot of T‘i against d, retaining @ constant. Maxime of
1

2
-15- should then be observed when (equation 7.13), d = % = %? -V, s0
2

that h or VS could be calculated. Kuowing h, %)’ED it 1s possible to
calculate £ and hence %, from equation 7.8. This could therefore
provide a means of measuring% independently of the amplification
method, but based on similar theoretical concepts. It may therefore
play a useful part in confirming the validity of the theory. At

present, however, insufficient results are available to allow a quan-

titative evaluation.






CHAPTER 8
LONG TIME CONSTANT EFFECTS

8.1 The Experimental evidence

During the measurements of amplification, several variations
of iao and 12 were observed which possessed long time constants.
As pointed out in Chapter 4, these were eliminated as far as
possible fram the amplification measurements by employing a timed
sequence of experiments. In the present Chapter these effects will

be described and analysed in more detail.

Fluctuations and drift in the initisl gap current, 120

These may be separated into two groups, those which occur in the
absence of gap ilonization and those which occur after, and presumably
during, the period when collision ionization occurs in the gap. The
former is a gradual drift of 120 with time which 1s independent of
the application of u.h.f. fields and the presence of ionization.
Superimposed upon this there is a fluctuation of 120 following experi-
ments in which lonization in the gap was high. These variations are
shown in figure 8.1, which relates to an experiment in which the total
emission from the filement was kept to within 0.1% by the stabilizer,
while the current reaching the far_electrode ( 120) was measured.

This curve shows that after switching on the filament é.nd the
total. emission current from the filament, 11 » had stabilized, there
wvas a gradual rise of 120 over the first 18 mins. This was followed
by a gradual decrease until the stabilizer, at 4O mins., could no

longer retain the current, 11, and the filament fused. The initial
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rise of thiis curve is quite typical of the observed behaviour, the
drop between 20-40 mins. is, however, not & typical case. In
general this decrease would occur over a period of several hours.
Figure 8.1, however, serves to show this drift on a reduced scale.
Figure 8.2 is a typical ¢urve over the same time range..

During the slow decrease in 120 shown in figure 8.1, a u.h.f.
field vas epplied periodically and ionization occurred. On removal
of this field 120 may be seen to have fluctuated from the value
expected for a smooth drift.

In many cases the initial rise of these curves was not observed.
The value of 120 remgained at its low initiel velue although 11 wa.s
equal to that of figures 8.1 and 8.2. Further, the maximum value of
i20 varied widely from experiment to experiment, for any given value
of .

This suggests that the fraction of the electron current incident
on the inside of the electrode, which gets through the. holes, varies
from experiment to experiment. Although the total current flowing
to the back of the electrode, 11, is the same, its distribution over
the inside surface of the electrode might cause a change in current
flowing through the holes. Thus & decrease in current density in the
region behind the holes, with corresponding increases in other regions
might be expected to cause a decrease of the current flowing through
the holes. Thus a linmitted variation fram experiment to experiment
could result from changes In the current distribution pattern inside

the electrode, which could be caused by changes in filement and
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shield positions after installing a new filament. The time rise
might then be explained by thermal expansion of the electrode
structure. However, deliberate variation of filament position
did not give the required variation of iao'

Alternatively, since the measurements are made on currents crossing
the gap, it is possible that the properties of the gap itself may have
to be considered. This is discussed in detail in the following chapter.

If, after 120 has stabillized to its nearly constant value, the gap
is broken down, then on extinguishing the discharge, 120 is found to
have increased. This rise of ieo s which presumably took place during
the discharge, then decays with a time constant of about 13 mins.
Figure 8.3 shows this for two initial values of 12°.

Similar effecta occur after amplification in the gap has risen
to large values. The extent of the rise of :I.20 occurring increases
with increasing amplification. It is accompanied by a rise of 1.a
during the period when the u.h.f. fleld is applied. This will be
dealt with in the next section.

There is the possibility that this effect 1s caused by the
flow of ions and electrons from the gap through the holes. This
could interfere with the electron flow pattern in the emitting
electrode by providing a further current source contributing to
the current flowing between filament and the electrode shell, 11.

The action of the stabilizer would then be to decrease the emltted
current from the filament to retain 11 e constant. On extinguishing

the discharge, the stabilizer would increase the current again with
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the thermal time constant of the filament which is about % min.
Such a mechanism, however, glves an apparent decrease of 1.20 rather
than an increase. Further the expected recovery time constant is

too short to explain those observed (1.5 mins. ).

8.2 The Drift of :l.g with time

If the initial gap current, 190’ varies, then the current, 12,
crossing the gap vwhen a u.h.f. field is applied, can be expected to
show a corresponding variation. This could account for the observed
drift of 12 in certain cases. However, vhen large values of 1 are

20
used, instabillity of i2 is observed which cannot be explained in this

wey.

For lower u.h.f. fields this instability took the form of a slow
rise of 12 with time eventually resulting in some stable value |
(figure 8.4 15 a typical curve). At higher u.h.f. fields a progressive
rise of 12, eventually resulting in breakdown, was observed, of which
figure 8.5 18 a typical curve. These instabilities were observed
despite stabiliszation of 11, vhich showed no variation greater than
0.1% over any of these experiments.

These instabilities only occurred at higher ieo valugs. In
practice this meant that this only occurs in experiments in which the
initial rise of 120 was observed. Attempts to obtain higher values of
1_20 wvithout the initial rise, necessitated over~-running the filament.
In the few cases vhere this was achieved, there appeared no sign of
any instability. Thus it is suggested that the phenomena causing the

initial rise also control these instabilities, and that the onset of
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these instabilities is independent of 120 itself... The fact that
these observations do not always occur, suggests that their common
couse 1s not always present.

There appearsn;; 1o be a definite w.h.f. f£ield above which there
was a progressive rise to breakdown and below which a stable value was
obtained. PFigure 8.6 is a plot of the applied field in terms of the
type of instability observed. This shows & transition at about 149 V/cm.

The rate of rise of the instability curves was found to decrease

with the u.h.f. field appli_.ed. Further at low fields the extent of
the drift of 12 with time became very small and disappeared in cases
vhere the amplification was less than about 2.

Since il remsins constant and the variation of ieo was too small
to explain this increase (andcould not explain the rise to breakdown),
these curves imply a slow rise of gas amplification with time. The
time constant of these phenomena is of the order of 1.5 mins.

This appears to be due to samwe phenomenon occurring in the gap
and hence deserves further investigation.

8.3 Analysis of the instability curves in terms of the concept of
positive feedback

The two forms of the instability curves for 12 (figures 8.4 and
8.5) may be understood to be different forms of the same phenomenon if
considered in temms of a system with positive feedback. |

The gas amplification process is essentially equivalent to/acurrent
amplifier with an input of the emitted current, 1 o’ and an output of 12.
If it is postulated that this current amplifier is composed of a

amplifier of gain, G, and a positive feedback loop with a feedback
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factor, B, and a time constant of v (figure 8.7), its response may
be shown (Appendix 2) to be similar to that of figures 8.1 and 8.5.

It is well known that such systems are stable if GB < 1, but
unstable if G8 > 1l. For example, in a discharge with unidirectional
fleld only, secondary emission provides a positive feedback loop
and B is then a function of secondary processes, the gain, G, being
provided by collision ionization. In this case, GB = 1 represents
the onset of the breakdown condition (the Townsend criterion for
breakdown) when the output current tends to infinity and then
becanes independent of the input current. It would appear that a
similar feedback system is present in the experiments described,
but it 1s unlikely that secondary emission 1s responsible. On the
grounds of the time scale involved, the charging and discharging of
insulating films on the electrode surfaces is shown in the next
chapter to be the most likely mechanism.

Referring to the circuit of figure 8: 7T, the time for the steady
condition to be established depends on the effective time constant
of the feedback loop, v- Thus if a step increase of gain from 1 to
Gl_. occurs,the output waveform does not rise to its maximum velue
immediately but approaches it with a time constant controlled by -.
This has been analysed in detall in Appendix 2, where it is shown
that if 91 is the input to such a system, the output, Oo, vhen an
increasing step from 1 to Gl (figure 8.8a) is applied to G, is a time
function as shown in figures 8.8 b and ¢ for the cases G:.B > 1 and

G; B <1 respectively: In the former case there is a gradual rise to
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instability (breakdown) and in the latter case & gradual rfse to a
stable value.

The curves of figures 8.8 & and b will be seen to be very
similar to those of figures 8.4 and 8.5 respectively. Thus the output
of a circult employing positive feedback is seen to exhibit instabll-
ities similar to those if 12 » 80 that @ o maY be identified as the gap
current 12. In the case of 12 s the controlling condition for trans-
ition between the two types of curve is shown in figure 8.6 to be a
certain value of the w.h.f. field. This implies a certain value of
gas amplification. 'Thus, as in the system analysed by Townsend, G
may be regarded as the result of collision ionization. The applica-
tion of a step function to G is then seen to correepond to an increase
of u.h.f. field from zero to glve a gas amplification of Gl, resulting
fram collision ionization.

A comparison of figures 8.8 and 8.8v with 8.4 and 8.5 respec-
tively, suggests that the initisl steady value of eo before G 1s

increased, corresponds to the steady value of iao' Thus

i = eI L B N 8.1

efl

The instantaneous rise of eo to T_-E on incressing the gain may now
be seen to be iao amplified by the gap emplification (G), in the absence
of feedback. The subsequent onset of feedback then causes the progres-
sive drifts observed. The time constant with which this feedback loop
cames into operation must, to explain the observed phenomenon, be of

the order of minutes. This 1s shown in the next chapter to be too long
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to be explained in terms of gas phenomens and 1t is concluded that
surface phenamena in the interelectrode gap are responsible.

The dependence of the rate of rise of the curves of figure 8.5
on the u.h.f. fiell, may be explainaed on this hypothesis since the
rate of rise is controlled by loop gain, BG, as well as the loop time
constant, v« It 1s shown in Appendix 2 that the time to reach break-

down aefter applying & step to G (when GB > 1) is

T N G'ﬁl-_l evesess 8e2
I.crease in the u.hefs fleld is expected to increase the ionization
rate and thus the gas amplification, G, so that from equation 8. 2,.
the rate of rise may be expected to decrease.

It may be concluded, from the above, that the observed instabil-
ities of ia mey be completely explained in terms of a positive feed-
back mechanism with e time constant of the order of minutes. It
remains to see whether such an hypothesis can also explain the

observed variations of the initial gap current, iao'

8.4 Analysis of the variation of ieo in terms of positive feedback

The initial gap current, ieo s 1s the current flowing across.the
gap vhen the drift.field only is applieds Since there is no u.h.f.
field there is no gas amplification and the current reaching the far
electrode may then be regarded es the output of the feedback amplifier
of . figure 8.7 with G = 1.

The action of switching on the filament and subsequently moni-
toring iao’ is equivalent to applying an increasing step function to
0.

I
equation A2.1)

and monitoring @, which would then be given by (Appendix A2,
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6 =0 1
o I 1 - BTT-:-@’.t/T) esceee 803

Initially (t = 0), B(1 - i'*‘/T) = O so that there is no feed-
back and @ o OI. Thus eI may be identified as the gap current in
the absence of the postulated feedback mechanism. As t increases,
the feedback loop provides an increasing input to the adder and eo

6
gradually rises to a stable value of L as t tends to infinity.

1-p

The resultant rise is shown in figure 8.9. Curve b shows the
timing of the step waveform applied to the input (eI) and curve a
shows the output which results (90). This curve closely resembles
the initial portion of figures 8.1 and 8.2, Thus, the initial rise
of iao on switching on the filament may be interpreted as a necessary
consequence of the positive feedback mechanism cited to explain the
instabilities of 1& » provided the phenomena giving rise to this
mechanism are still present vhen jonization in the gap is absent.

The recovery of i following a period when ionization had occurred

When the u.h.f. field is removed, gas amplification by collision

ionization mey be expected to fall to zero. Thus, in terms ofthe
simple circuit of figure 8.7, this mey be regarded as a decreasing
step applied to the amplifier gain, G, from GJ. to unity. When this
occurs the loop time constant element will act as a storage eleme t
to retain the value of 6 fed to the attenuator.

Assuming that steady conditions have been reached before the
application of this step, this value of 0 will be the maximum ocutput,

2] o(ma) vwhich wvas eventually established when the u.h.f. field was
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applied (figure 8.8 Bx&#d c). Thus the feedback loop presents an input
to the adder of B eo(max); 80 that the output, 'JGO, which since

G = 1 is the output fram the adder, is {BI +p 6 Thus on

o(max)|*
application of the step function to G, eo falls instantaneously fram
(Appendix 2, equation A2.2)
of
0 T
o(max) = 1-p G,

o1 _

to o1 "_'B Oo(max) = 'i:Glp
As the time constant element recovers, the input to the atten-
uator decreases with time. The value of © fed back thus decreases
with time so that eo shows & progressive decrease. This will oceur
until the steady value,
81
% = T8
is reached. Thus 6  shows & time variation plotted in figure 8.10.

This curve corresponds closely to figure 8.3 representing the
recovery of 120 after ionization has cccurred in the gap. This
suggests thatthe observed ‘recovery! of 1eo may be regarded as the
recovery of the feedback loop controlling the instabilities of 12. It
would therefore appear that this again is & necessary consequence of
the positive feedback hypothesis. Thus if there is same feedback
mechcnism containing a long time constant (of the order of minutes),
and this appears to be necessary for an explanation of the instabil-
ities of :l2 , the observed variations in ieo described in figures8.1,

8.2 and 8.3 are a necessary consequence.
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The experimental fact that all the long time constant phenamena
have time constants of the same order, suggests a conmon mechanlsm.
The preceeding two sections show that, in principle, all these
phenomena can be explained in terms of a single equivalent circuit
with a positive feedback loop containing a time constant of a few
minutes. In the next chapter a detailed argument is presented for
considering the charging of insulating films over the electrode
surfeces as the most likely mechanism by which this feedback is
effected. There the loop time constant is seen to be the relaxation
time of the £ilm which is shown to control the time scale of each of
these long time constant phendamena.

Further it will be seen that if p = O, 1.e. in the absence of
feedback or in the absence of this film, none of these effects occur.
Thus on this hypothesis, if one of these effects occur all are to be
expected and 1f cne 1e absent all the others may be expected to be
absent. This ic broadly true experimentally. In particular, if the
initial rise of 190 is not observed, the instabilitlescof :I.e are like-
wise absent. However it is likely that the film is never completely
absent, l.e. P may be small but never zero, so that certain effects
nay be observed, at small amplitude, even if the 120 rise was not evident
to its usual extent. Hence in certain cases a slight rise of 120
after ionization is observed even in the apparent absence of the initial
i rise and the instabilities of 13. It may thus be concluded that B

20
mey vary widely froam experiment to experiment, with corresponding
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variation in long time constant effects. In the following chapter
it is shown that these varilations in B correspond to variations in
f£1lm thickness.

It is important to point out that the circuit of figure 8.7
is not necessarily a rigorous equivalent circuilt for the gap. Thus
this analogue must not be pushed too far. Nevertheless, this
circult serves to illustrate the basic principles involved and to
link the various cbserved effects by a single hypothesis of positive

feedbacks
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CHAPTER 9
POSSIBLE MECHANISM QF POSITIVE FEEDBACK

It has already beenmiggested that the long time constant appears
to be associated witth the interelectrode gap itself, where possible mechan-
isms may involve the electrode surfaces as well as the gas. The longest
time constant in the gas may be expected to be assoclated with some
chemical change or with the production of metastebles. However, no
metastables have been found in hydrogen (at least in sufficient
quantities to explain the observed effects) and the production of
atomic hydrogen (Corrigan and Von Engel, 1958) would cause a change in
gap current opposite to that observed. The time for such secondary
products to diffuse out of the gap 1s expected to be of the order of
milliseconds, and is thus too short to expldin the observed time
constants. It is therefore concluded that it is unlikely that any
phenorenm In the gas 1s responsible for these effects.

To check this conclusion experimentally, a di-electric wedge wes
dropped through the gap to displace the slice of gas between the
electrodes during the progress of each of the long time constant’
phen;)znena. The wedge was' so shaped as not to make contact with the
electrode surfaces in its passage through the gap (figure 9.1).
However, no effect on the progress of any of the time functionscould
be found to suggest that the gas was playing en important role.

It is therefore thought likely that surface phenomena, rather
than condlitions in the gas itself, are responsible for the slow

changes in the observed gap current. A mechanism vhereby the drift
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field 1s progressively removed as a consequence of the charging of

sufface films by the unidirectional gap current, i , is presented
2
in the succeeding sections.

9.1 The Effect of th: Progressive ‘Reduction ofi the Drift Field, E

de

Varnerin and Brown (1950) have investigated the way in which a
small unidirectional field alters the u.h.f. breakdown stress of a
gaps By solving the appropriate differential equation, they have
deduced that the breakdown condition for this case, is similar to
that for the pure u.h.f. case, provided that the diffusion length,

A, 1s replaced by & modified diffusion length,. \Am, glven by:

1 1 (Edc )"
— o am— seseee 9.1
A2 2D7

m A% g

From this eguation Am mey be calculated for a given set of condi-
tions. Using this in place of A, the value of breakdown stress may
be obtained from the pA, EA plots for pure u.h.f. breakdown. This has
been done for hydrogen at a pressure of 3.06 mm Hg in a gap for vhich
2 = 18,53, and 1s shown in figure 9.2. Tere the values of w/D vere
taken from Varnerin and Brown's results and the EA - pA plot used was
that published by Brown ('Basic Data on Plasma Physics', Wiley 1959,
pe 150)e An experimental chetk point is shown, indicating that there is
agreement between the breakdown stress calculated from the theory of
Varnerin and Brown and the breakdown stresses obtailned experimentelly
in the present apparatus.

This method was used to calculate the expected breakdown stress

for cases vhere instsbilities leading to breakdown occurred. For the
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particular case of figure 8.6, the applied E,, vas 32 V/cm, so that
the expected breakdown stress may be calculated as 208 V/cm: However,
figure 8.6 shows that instabilities resulting in breakdown occur above
149 V/eme This is above the pure u.h.f. stress of 146:T V/cm but

much below that expected with the value of E, &appliedi In the

dc
absence of any change in the gas itself it is therefore concluded

that some mechanlsm by which the unidirectional field 1is removed

must operate to allow breakdown to occur.

Say that the applied voltage across the gap, 'V2 s corresponds to

a point A on the Breakdown stress curve of figure 9.5, and the applied
w.hef. field to a point B. Under these conditions the u.h.f. field is
too small to give breakdown. The field Xa/d must therefore be progres-

sively removed so that E. runs to a value corresponding to point B

de
and then breakdown occurs.
It now remains to explain the rise of amplification, prior to
breakdown, on this hypothesis of unidirectional field removal. The
observed amplification will be dependent on the extent of ioniza#iion
in the gap and the partition of the electrons thus formed to the two
electrodes. In what follows any chenge in the partition of electroms
will be npglected. The observed electron amplification will then depend

on the net rate at vhich an electron has an ionlzing collision, ¥, and

the time during which such an electron is in the gap, tL. Thus,

A=f(v,tL) esocee 9.2
In the present case, E ot remains constant and is sufficiently

large compared to Edc’ to say that E dc contributes a negligible amount
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to the electron energy. Thus, the electron energy and hence ¥ may

be regarded as constants during variations in Edc'
Using the modified diffusion length defined by equation 9.1,

the mean electron lifetime, tL’ at breakdown with a unidirectional

field, Edc’ 18-

s, *(:%m *}" ceeens 9.3

™is applies to conditions Just before breakdown in the absence of
an injected electron stream. When amplification is high the elec-
trons are generated predominently in the body of the gas so that the
injection of electrons may be regarded as a negligible perturbation
of the systemoonsidered by Varnerin and Brown. FMurther their treat-
ment applies to individual electrons, before the build up of space
charge, which are the conditions expected in the present case.

Equation 9.3 shows that the electron lifetime may be expected
to increase as the unidirectional fleld is reduced. Thus if it is
postulated that Edc is progressively reduced during the amplification
changes of figures 8.4 and 8.5, a pogressive increase in t; 1s to be
expected. Hence the electrons would be available for a longer time
to lonize at the same rate so that the emplification would increase,
a8 expressed by equation 9.2.

Substituting for tL from equation 9.3 in equation 9.2 glves:-

B 2 = -
1)1 de
A=f<\v _{“g +( > }’> XY 9-"-
*DLA T\ B
vhich expresses the way in which A varies as Edc is progressively

reduced.
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To make quantitative estimates of the rise of amplification it
1s necessary to specify the form of the function of equation 9.4
As already stated the strict treatment of electron flow at high
amplification has been found to be intractable. The following
approximate treatment is therefore adopted.

If a current, 1,,18 emitted into the gap from the emitting
electrode, the number of these emitted electrons in the gap at any
gliven time is 1etL. During the lifetime of these electrons, tL’
they will each create \[:tL new electrons. These in turn, each
generate vtL other electrons during thelr lifetime and so on. Hence
an electron cloud is built up in the gap over a period of time to give
the total number of electrons, N, in the gap when the steady state is
reached as!

1ty + 1.8y ¢ Wby - 44 bp. (th)a + ceee
sunmed to 1nfinity.

Each of these electrons has a lifetime of tL so that the rate
of loss of electron fram the gap is %I. which may be evaluated by

sumning the above sdries to give,

i
<]
1-yty,
It is then possible to obtain an approximate expression for the gap
i
transmission coefficient, defined by '.l.'8 = -Ia, if it is assumed that
e

the partition of these N electrons to the two electrodes is indepen-

dent of E Then if y is the fraction of N reaching the collecting

dc.
electrode,
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1%7{' 1 }.1
2
and = "2“7{1- '7} ssesse 9.5

If the flow of electrons from the holes 1s assumed independent

of gap conditions, ie 1s constant, so that, remembering ie «i ,
20

2 .2

A= [ 3 =T ssescer 9.6
i

120 € €

The function of equation 9.4 mey then be evaluated from equations

9:5 and 9.6 to give;
. -1
Aon:[-l - 71\2 +<§%§>2} ] vevess OuT

vhere, A 1is the constant of proportionality of equation 99 6.

Equation 9.7 may be rewritten in the form

cesvsee 9.8

>l
4

1
o 7\9 +.v2

Where, "E
A= 'abdc andve=}\9-y

It is now possible to make a quantitative estimate of the change
in Edc required to account for the slow rise of amplification of figure
8.4 If Edc,. is the initial field and Edca
equilibrium has been reached, equation 9.8 sghows that,

@) - {_-1}

is that remaining after

vhere Ao = A
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and the suffixes 1 and 2 refer respectively to the values of these quan-
tities initially and vhen equilibrium has been reached. If it is
assumed that Edc:. is the applied unidirectional field of 32 V/cm the
value of Edca
drift field by 12 V/cm would suggest that such an hypothesis of

may be calculated as 20 V/cm. This reduction of the

progressive field removal could be tenable quantbatively.

Preliminary experimental measurements of amplification as a
function of drift field have been made by Nicholls (1960) (figure 4.1)
vhere a decrease of amplification with increasing drift field is
evident at high amplifications. However, as the above theory suggests,
the drift field present during experiments of this type 1s in doubt,
so that direct measurement of the change in drift field for a given
amplification change must be viewed with caution. However,
measurements of this type do give support to the theory.

9.2 Suxrface Phencmena

It has already been suggested that surface phencmena are the
most likely cause of the slow changes in gap current. These changes
may be explained in terms of a slow partial removal of the drift field,
if the electrode surfaces are covered by partially conducting dielec-
tric fiims.

Thus it will be postulated that there are two dielectric films, dis-
tributed evenly ever each electrode. Inthe work that follows no
properties will be assumed for the films other than to assume them to be
leaky dielectrics, capable of representation by a parallel combimation

of a large capacitance, CF, and large resistances, RF' It will also
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be assumed that the electrodes are continuous i.e. that the presence
of holes may be neglected.

| When ionization occurs in such a gap with a small drift field
applied, positive ions go preferentially to the cathode and electrons
to the anode. Hence there is a net flow of charges onto the electrode
surfaces vwhich can only be neutralized by conduction through these
surfacess If the film resistance is assumed high the flow cf such
currents 1a severely limited so that there is a Budld up of charge
on the surface of the f£ilm (figure 9.4). This charge is built up so
as to progressively incréase the unidirectional voltage dropped across
the fiim. Since the overal unidirectional voltage, Ve, remains
constant the gap voltage, vdc’ and thus E(1c <= vclc / a) ere progressively
decreased. Iﬁ is therefore concluded that the drift field in such a
gap may be expected to be progressively reduced by the flow of
unidirectional gap current.

Thts current flow will, on the principle of continuity, be that
in the extermal circult i.e. :la. Part of this current flows through
the film leakage resistance, RF’ and the rest (that forming the surface
charge) charges the film capacitance, Cpe Thus for low frequenciesthe
gap mey be represented by the egu:lva.lent circuit of figure 9.5. Here
G represents the gap and is shown as a passive conductance to express
the fact that a conduction path can be maintained by lonization under
Ush.f« fields in the absence of a drift field. The gap capacitance

is small and has therefore been neglected.



9T-.

The voltage dropped across the two films in series will be
called the polarization voltage, Vp. The rate of chamge of V:p
will be the rate of charging of the leaky capacitors, CF » by

the current ie s 80 that,

%;Bra.i(ia-é) crseee 9410

This equation may be solved for Vp by using the transfom Vp =
2t
Vp' € TF, and putting Vp—.-. 0 at t = 0, to give,
2t 2¢

-— % £=1)

v a-%' -G?TF-f iao G-TF «dt. seese 9'11

P G

(+]

vhere tp = CFRF’ the time constant by which a surface charge leaks
through the £1lm and will be referred to as the reMtion time. It
is of interest to note here that the relaxation time is a character-
istic of the film material only; for if CF and RF are expressed &s
functions of the permittivity, GF, the resistivity, Ops and the
geometry of the :l"i.lm, it may be shown that Tp = €pe Op The measure-
ment of tp ie thus significant in the determination of the f£ilm
material.

The voltage across the gap, Vdc, at a time, t, after ionization

began 1s therefore,
2 3 2t
'S =V -—2—-.5 i .f 1. ¢ F «dt, ssssess 9.12
2 2
o

de CF

Here, Vﬂ is theinitial voltage across the gap and factors of 2 in the
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final term allow: for the fact that there are two equal f£ilms.
This equation expresses the way in which the drift field, Vdc/d,
is expected to be progressively vred.uced by the flow of unidirec-
tional current.

T™is cwrrent, 12 s is controlled by the discharge ‘i,tsel_f and
1s the result of the application of this drift field ( dey a) to
the discharge. The flow of current across the gap 1s dependent
on the electron flow pattern in the gap, which 1is essentially a
balance between drift and diffusion rates. This problem has been
analysed in detail in Chapter 6, but quantitative evaluations of
the eleciron flow pattern for amplification greater than unity
have been found to be intractable. It is therefore necessary to
confine discussion to the case when the amplification is high, and
to take the approximate results of the previous section, vhere
changes in the partition of electrons are neglected. The amplifica-
tion and thus the gap current,/ 't:ere shown to increase as the drift
field decreases. The effect of gap conditions on the flow of charge
carriers in the :gap may thus be expressed in the relation, 12 = 12
(Euhf’ Vdc) or referring to figure 9.5 by G = G (Euhf’ vd.c)'

A possible feedback mechanism which could explain the amplifice-
tion rise of figures 8.4 and 8.5 may now be seen to be as follows.
Following the loop round, a change in u.h.f. field will increase 12.
™is causes an increase in VP and thus & decrease in Vdc’ vith a time
constant defined by both film characterlstics and the current flow in

the gap (as defined by equation 9.12). This decrease in drift field
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<Vc1c /d) results in an increase of electron lifetime in the gap and
thus a rise in amplification as indicated by equation 9.8. This
implies an increase in gap current closing the positive feedback
loop. |

The equivalent circuit of figure 9.5 may be extended to show this
feedback loop. Figure 9.5 already includes the mechanism by which Vie
is varied by 12. It therefore remains to include the effect of this
charge of Vd.c on the electron flow pattern in the gap. This may be
included by replacing the gep conductance, G, by a voltage controlled
conductance, & (E e’ vdc) as shown in figure 9.6. ‘The gap conductance

represents the :le - vd.c characteristics of the gap which may be derived

from equation 9.8 as

2‘. + A2

A
iazievo 1

Ke
N.P.
// 8ince the surfaces are charged by the flow of gap current it is to be

scecne 9015
+ y2

expected that the time constants assoclated with the removal of drift
field will be dependant on electron flow in the gap. Thus the time
constant 1s expected to be dependent on gap conditions e.ge. gas;
pressure etc. In particular, for a given drift field the gap current,
12 , has been shown experimentally (Chapter 4) to increase with u.h.f.
field applied. Thus the polarization voltage is expected to build up
more rapidly at higher u.h.f. fields so that the time constant
.a.ssocia.ted. vith the removal ¢~ the drift field will decrease. This

hes been confirmed experimentally.
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T™e hypothesis of drift field removal by the charging of
insulating surface films, would therefore exgain the instabilities
observed in the amplification. It remains to obtain independent
evidence for surface polarization. Experiments désigned to attempt
this are described in the next chapter. In the meantime the drift
of the initial gap current, iao’ will be congidered in terms of the
above hypothesis.

9.3 A possible Explanation of the Observed Drifts in the Initial Qap

Current, 120'

The feedback mechanism of the previous section is applicable to
cases whenionization and thus amplification is high. The present sec-
tion will deal with the case when the probability of ionization is so
small that the injected current gives rise to current flows consisting
mainly of electrons.

The electron flow under such conditions has been analysed in detail
in Chapters 5 and 6. There it is shown that of the current injected,
ie’. the majority diffuees back to the emitting electrode to give a back
diffusion current of :LB. The remainder, a fraction Ts, crosses the gap
and forms the current, 120. It may be showm that the gap transmission
coefficient, T , and thus 1 , increase with the drift field in the gap

(vdc /d) o

The currents, 120 and i.'B" consisting mainly of electrons, flow to
the collecting and emitting elecirodes respectively (figure 9.7) so that
the films on both these electrodes become negatively charged. The

voltage, Vc, dropped across the collecting electrode film will be so
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directed as to reduce the gap voltage and that across the emitting
film
electrode) Ve, to increase the gap voltage. Thus,

\'}

de = V2 + ve - Vc (XX R YY) 9.1’-’*

It may be shown (Chapter 5) that '1'8 = -%5, thus the current, L,
is much larger than 120, 80 that Vc is small compared to Ve and
equation 9.1l shows that the flow of these currents result in an
increase in Vd ® Thus on switching on the filament ie is established
and the gap voltage (and thus the drift field) progressively increased
by the predominant charging of the emitting electrode surface by the
current, 15.

Vhen ionization is small and g drift field only acts, the expression

for Ts (equation 6.25) mey be further epproximated to give

ead
ng . [N NN N ] 9'15
ad 4 N
€ +2b €

vhere, & is Townsend's first ionization coefficient. This shows that
the slow rise in drift fleld results in a slow increase in ‘].‘8 and thus
a progressive increase of 120. Hence the initial rise of 1ao shown in
figures 8.1 and 8.2.

The increase in iao of figure 8.2 corresponds to an increase of Tg
by a factor of l.47. Fram equation 9.15 it may be shown that this
corresponds to & change in E; from the applied field of 32 V/cm to
approximately 70 V/cm, when"l-fg changes from .085 to .125. Thus it
may be concluded that the initial rise of figure 8.2 may be explained

by the progressive Incresgse i‘if.Edc resulting from the gradual bhuild up
SRR
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of a polarization voltage of approximately 38 volts.
When the steady state is reached all the current flows through

the f£1ilm risista.nces so that Ve = iBRF and Vc = ieRF' . Thus remembering
that TS = 'fm’ equation 9.1l4 gives the gap voltage in the steady state

e
as,

1
= v + i [N Smaunes - sseses . 6
vdc 2 RF 20 eq (Tg ) 9.1
eq
vhere, 1 and T are the steady values corresponding to a field

20
eq eq
in the gap of vd.c/d. A valus of the film resistance, Ry, may be

calculated from this equation. For the case of figure 8.2 Rp is
found to be approximetely 101°gq.

Equation 9.16 shows that the value of V3o 18 coutrolled by the

film resistance. Fram this equation 1t may be shown that, at low
emplifications the higher thils resistance, the more the polarization

voltage and thus the larger the value of E ca.t equilibrium. Hence,

d

a may be expected to increase with increasing film

resistance. The varying extent of the 1"0 rise, observed experimen-

(equation 9.15) Zsoe

tally, mey therefore be accounted for by variation in RF from experiment
to experiment. This is expected to imply a variation in film thickness.
Further, the instabilities in amplification depend on the resistance
of the film being high. Hence the resistance of the film links the
instabilities of emplification with the initial drift of 120. Thus in
the absence of a rise of 120, RF must be small and thus little or no
instgbilities of amplificatiua would be expected. This link has been
observed experimentally in that instabillities most often occur after a

large rise of 1 .
20
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It should be noted that the feedback mechaniun here is somevhat
different from that at high amplification. When ionization is small
the current, 120, 1s related to the unidirectional field by the gap
transmission coafficient of equation 9.15. This shows that iao
decreases (and iB increases) with d.ecreasing'unidirectional field,

E. . This is the rveverse to that which occurs at high emplification,

dc®
where ie increases with Edc' However, there is still an overal positilve

feedback as a consequence of the predominance of iB._



104,

CHAPTER 10

EXPERIMENTAL DETECTTON OF SURFACE POLARIZATION

In the pfevious chaptér 1t has been suggested thaet insulating
surface £ilms exist on the electrodes which can be charged by the
flow of unidirectional gap current. In the present chapter methods will
be described by which the resultant pélarization voltage may be measured
experimentally, and various predictions from this hypothesie verified.

In the work to be described the filament is inoperative and there
is no injected current. (The flow of gap current is caused by running
a u.h.f. discharge in the gap). Apart from this, the apparatus is as
described previously (Chapters 2 and 3).

If the fllms are initially uncharged and s voltage V,a is applied
to the gap, the resultant fleld in the gap, Edc’ will be the geometrical
field Ve/d. The ush.f. breakdown stress is therefore expected to be that
corresponding to this field (Va/ d). However, if the gap is broken down,
some unldirectional current will flow and the surface films will charge
up to some polarization vol*age, Vﬁ. Thus the gap voltage, Vdc, will be
reduced to (V2 - Vp)° Cn terminating the discharge the residual drift
field 1s (Va - Vp)/rl so that subsequent u.h.f. breakdown stresses are
correspondingly modified.

Thus & gap with insuleting filums over the electrodes is expected
to have two types of breakdowmn stress. The initial breakdown stress
corresponds to zero polarization voltage and subsequent or secondary

breakdown stresses are dependent on the polarization voltages.
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Determination of a secondary breakdown stress may be used to
measure ‘the polarization voltage, Vp. It has been pointed out in
the previous chapter, that it is possible to derive the breakdown
stress with a superimposed drift field from breakdown data for the
pure u.h.f. case using the modified diffusion length given by
equation 9.1, Similarly for a given pressure and breakdown stress,
the modified diffusion length may be derived from the EA, pA plot
for pure u.he.f. breakdown. Using this value of the modified diffu-
sion length, it is possible to calculate the drift field from eque-

tion 9.1, and thus VP from the relation
V -V

E, = Fi

de

These methods were applied o deduce the polarization voltage fram
a series of measurements of u.h.f. breakdown fields. Experimental
results described in the present chapter will be confined to similar
conditions to those present in the preceeding chapters so that an
indicaetion of the presence of surface po]m'izatiop here is evidence
for the presence of such polarization in the previous vork. |

10.1 Measurement of the relaxation time

If a film 1s charged and the charging current ended, the charge
elowly leaks through the internal resistance of the film, RF’ with a
time constant of the relaxation time of the film. Thus the relaxation
time of the film, TR = CTRF’ can be determined by measuring the u.h.f.
breakdown stress after_success:l.ve time intervals and using these to
calculate the potentisl drop across the film and so its variation

with time.
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A typical plot of u.h.f. breakdown stress as a function of the
time after the termination of a previous discharge 1s shown in
figure 10A.1. Whe;\ this time is short the sacondary breakdown stress
is seen, in this case, °. to be close to that for the pure u.h.f. case,
indicating that the resultant drift field is nearly zeros As fhe time
increases the film gradually discharges and the drift field approaches
its geametrical value of Xa/d. In this case the relaxation time is
seen from figure 10.1 to be approximately 3 hours.

The initial breakdown stress referred to above is ﬁt for zero
polarization voltage and thus corresponds to that approached when
the time between successive discharges is large (i.e. 209V/cm on
figure 10,1). This is found to agree with the breakdown stress
expected vhen the polarization voltage is zero, i.e. the breakdown
stress corresponding to & drift £1e1d of V2/d. Figure 10.1 serves to
demonstrate that the initial and secondary breakdown stresses are
clearly distinguishable experimentally.

The secondary breakdown stress measured immediately after a
discharge was found to vary widely from £ilm to film. 'mé range of
values was .found to extend from that corresponding to zero drift field
up to that with B, = Va/d. vhen no polarization was detectable.

When the drift field, E, , is mo small (<5 volts/cm) that 1t
scarcely campetes with diffusion as an electron removal mechanism, the
u.hef. breakdown stress is indistinguishable from that wvhen E. = O.

de
The indicatlon of a breakdown stress corresponding to pure w.h.f.
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breakdown does, therefore not necessarily mean that Edc = 0, but that
By, <5 volts/cm.

It i1s expected that E. cannot be reduced to zero by the charging

de
of surface films, since some charge will leak through the film resis-
tance which must be replaced by & unidirectional current flow across
the gap. This necessitates some remaining drift field to Just un-
balance the discharge sufficiently to supply this unidirectional
current. Further it follows that the higher the film resistance, the
less unidirectional leakage current flow and the leas residusl uni-
directional fleld across the gap. Thils implies that the higher the
polarization voltage, the higher the f£ilm reslstance. From observa-
tion on the secondary breakdown stress it is thus possible to get some
idea of the fiikm resistance. Likewise the variation in this stress
from experiment to experiment may be attributed to variation in film
resistance. This agrees with the conclusion in.section 9.3 that
similar variations of the instability and drift of gap current result
from variations in film resistance.
10.2 Cyclic application of E c

If after charging the film, the discharge is terminated and V2
is reduced to zero, the polarization voltage, Vp will be left across
the £1lm and will give rise to a field of E; = -V I/d in the gap. If
VP = V2 , the breakdown stress should then equal the initial stress
with the film discharge and V2 applied across the gap.

Experiments carried out in this way confirm this view. Figure 10.2

shows time plots of the sequence of operations used and results

obtained.






108.

Curve A shows how the applied unidirectional gasp voltage, Va,
is varied, and Curve B shows the u.h.f. field to give breakdown
and subsequently to maintain the discharge. The gapsin this curve
correspond to..termination of the discharge and the peaks are the
breakdown values. Curve C shows the observed unidirectionsl current
flow, :l2 s vhich represents the film charging current, while Curve D
glves e diagrammatic representation of the suggested charge variation
on the electrode surfaces.

Starting on the left of figure 10.2 (t = 0), the film is charging as
a consequence of the field Edc s 8applied to the maintained discharge.
Curve C shows the charging current. After 5 mins. the discharge is
terminated and at 10 mins. Va is reduced to zero, so that a unidirectional
field of -V p/d. is left across the gap. The next breakdown stress
corresponds as predicted to a drift field of Ve/d. since V, = ve.
Curve C shows the film discharging as the polarization is reduced
by the flow of gap current in the reverse direction to normal since
the field is opposite to narmal. A subsequent breakdown measurement
(33 mins.) thus corresponds to the pure w.h.f. case. This suggests
that & discharge in the gap in the absence of an applied unidirectional
field can iremove: surface polarization and reduce V p/d to less than
5 volts/cm.

At 40 mins., Va is reapplied and the breakdown stress corresponds
the breakdown stress is more critically

de
dependent on the drift field; thus V }/d is zero to within less than 0.1

to Ve/d. For this value of E

volt/cm., Thus it may be concluded that a discharge in the absence of
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a drift field removes the surface polarization. This is as expected
since a pure u.h.f. discharge between similaf electrodes 18 essentially
a symmetrical system, with no net flow of charge carrlers across its
boundaries and thus no net flow of charging curreati

After this bréakdown (42 mins.) the £ilm is recharged by the
current :I.a (Curve C) so that a subsequent discharge 1s that for the
pure u.h.f. case. At 64 mins., va is agaln removed and the condltlons
at the beginning of this sequence are resestablished. This sequence may
be continued indefinitely with similar results.

It was shown in the previous chapter how the gap could be
represented by ‘the equivalent circuit af figure .5, In the present
experiment the battery supplying Va has effectively been replaced by
a square wave generator, figure 10.3a. Thus the current waveform should
be similar to the differentlal form of these applied square waves
(figure 10.3b). The similarity of this waveform with that of Curve C
is immediately apparent.

10.3 Calculation of £1im constants

From information gained from these experiments 1t is possible
to derive values for the internal resistance of the film, RF’ its
capacitance, CF’ and an approximate value of the film thickness, dF'
Ag before it is assumed that there are precisely similar uniform
films completely covering the opposing faces of the electrodes.

In the previous chapter an expression was derived for the
polarization voltage, VP, in terms of the film capacitance and the

unidirectional gap current, i , (equation 9.12) as
2
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2t 2t
2 =F 4

V =2==—.c¢ f i.¢ «dt sesves 101

r & y 2

In the above experiments, Vp is measwred from breakdown
measurements, 1.a as a function of time while the film 1s charging
and the relaxation time, Tp, from measurements similar to these of
figure 10.1l. It is therefore possible to evaluate G’F fran equation 10.1.

Since the film may be expected to be very thin the width of the
charge layer may be expected to be of the order of film thickness, dF.
Thus a velue of dF calculated from CF by assuming the film to be
equivalent to a parallel plate capacitor, must be regarded as an
effective thickness. The true thickness 1is probably a few Kﬂgstram units
greater than this. Nevertheless such calculations provide a useful
indication of film thickness, but requiEFe same assumption as to the rela-
tive permittivity of the fiim material,/ Further, the relaxation time is
CFRF so that 1t may be used to calculate the resistance of the £ilm and
its resistivity, UF’ since the effective dimensions of the film are
known.

In the particular case of experiments described in this chapter,
the properties of the film assumed present, we¥e as follows.

Cp = 3500 pF
El"/dF = 1.8 x 107w
Assuming ep = 1, dF s 500 Jo\
Ry = 102

cF = 10*8q. cm.
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It is thus concluded that in this typical case, the experimental
observations are explicable with a £1ilm 500 X thick, with s resis-
tivity of 10*2q.cm.

Values o;’ RF are found to vary widely from film to film,
probably corresponding to variations in thickness. The values of RF
obtained here may be compared with those calculated from the initisl
rise of ieo (Chapter 9 section 9.3). Thus in the particular case of
the rise of 120 shown in figure 8.2, RF has been shown to be 1.4 x
20'°2. This value and that above ave within the range of Ry observed
experimentally. This illustrates the range of RF vhich may be
observed from experiment to experiment. Reasonable agreement ﬁas
been found between the values of Rp calculated from the initial rise
of ieo’ and by the present method, confimming the hypothesis of the
presence of a film.

10.4 Use of the ellipsoid field meter

Anh alternative measurement of the field in the gap and thus the
polarization voltage, may be made using the ellipsoid field meter
already described. This instrument may be calibrated in terms of
known unidirectional fields and subsequently used for direct
measurement of the field resulting fram the polarization voltage, Vp.

Calibration is carried out by discharging the film and applying
known unldirectional voltages across the gap when the field is the
gecmetrical field, Ve/d. The £f1lm may be discharged by allowing sufficient
time for the charge to leak through the internal resistance of the film.

Alternatively, when the relaxation time is too long for this to be
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convenient, a u.h.f. discharge may be run without angpplied un:l.direc-'
tional gap voltage, when the film should be discharged as a consequence
of the symmetry of a pure u.h.f. discherge as described previously.

The method of measurement 1s to run a discharge in the presence
of an applied drift field, terminate the discharge and remove the
applied voltage. Any drift field remaining is fhen due to surface
polarization only, and may be measured with the field meter.

As a consequence of the square law nature of this instrument, it
is relatively insensitive 'a.t small values of field strength. This may
be overcame to a large extent by using a thinner fibre, which reduces
the torsional control and thus increases the sensitivity. However,
the frequency of cscillation end thus the calibration, then becomes
critically dependent on the amount of damping and thus on the gas
pressure. An alternative solution, vhich has been applied in many experi-
ments, 1s to use the fact that a small change in.field strength is more
easily detectable at higher field values. ©Thus the field in the gap 1s
reinforced by effectively increasing the gap voltage before measurements
are made. |

Fields measured with the ellipsold fileldmeter agree completely
with those obtained by breakdown stress measurements. This is true
independently of the wvay in which the film 1is discharged for calibration
purposes. ‘Thus there is complete confirmation of the previous work, and,

therefore, considerable evidence for surface polarizatiom.
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CHAPTER 11
THE FORMATION AND REMOVAL OF SURFACE FILMS

Evidence having been found for the presence of surface films, the
present chapter will deal with attempts to remove them and avoid their
formation.

In the experiments described so far, Apiezon greasewss used in the
taps, Apeizon o0il in the Diffusion pump and Amyl Acetate had been used
for deposition of the oxlde coating on the filament and cleaming the
electrodes. It was felt that these substances, present as impurities
in the system, might be responsible for the present of an insulating
surface film. To reduce the partial pressures of these impurities a
more efflcient system of cold traps was therefore consldered desirable.
Since at this point in the work the apparatus was moved to a new lab-
oratary, the opportunity was taken to redesign the vacuum system com-
pletely. This system is shown in figure ll.1l and was used throughout
the work that follows.

The basic principles used in the design of the new system were as
followa.

1. The chamber was isolated from the pumping system by a cold trap

(¢ in figure 11.1). This was to preveiut back-flow of impurities

i.e. o1l vapours etc. into the chamber.

2, A system of cold traps (A and B) was placed close to the chamber
to trap any impurities that were released from surfaces during an
experiment.

5» The pumping iine waes shortened, so that the diffuesion pump vas as
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11k,

close as possible to the chamber. This allowed more rapid
pumping so that the chamber could be isolated from the pumping
system by a stop-cock sooner, and thus there is less time
during which the flow of vapours from the pump might contaminate
the _chamber.

The gas pipetting and the pressure measuring systems were
isolated from the chamber by cold traps (Aamd B) to prevent

exchange of vapour impurities between these sectiomns: To further

facilitate this, separate pumping lines were used to the gas pipetting

and the pressure measuring systems (via D) and the chamber (via C).
Each of these lines contained a cold trap to minimise enchange of
vapours via the pumping system. In particular the system was
arranged to prevent Acetate vapour from the electrodes in the
chamber fram contaminating the whole system.

Provision was made to introduce gas into the chamber at a previously
determined pressure. To facilitate this & 6 stage pipetting system
was used and a needle valve installed to provide delicate control

of the filling operation. The needle valve was bypassed by an ordi-
nary tap to facilitate pumping of the system on the far side of the
valve. In the event of accldentally filling the chamber to too
high a pressure,.the gas in the chember could be expanded into
section X, and a second attempt at f£illing could then be made:

If lower pressures are required than are measureable on the

gauge, these may be measured in expansion 4 or 5 and then further

expanded into the chamber.
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In the experiments that follow Silicone 01l type TO4 was used
in the diffusion pump and Silicone grease in the taps. No filament
was installed.
Following the installation of this vacuum system & series of
experiments were undertaken to test the efficiency of the system
with respect to film build up. The method used to detect films was
by the following series of operations based on the results of Chapter 10:~
&) Any residual polarization of the f£ilm was removed by wunnmings-,
& pure u.h.f. discharge.
b) A unidirectional voltage, va, was applied to the gap and the
ueh.f, breakdown stress measureds This corresponded to a drift
field of Xg volts/cm. During the discharge which followed, the
£ilms, if present, were changed to same voltage, Vp.V v
¢) 'his discharge was terminated, leaving a field of —2-(1—2 in the
gap, vhich was determined by measurements of the secondary u.h.f.
breakdown stress.
the
The difference of /breakdown stresses measured in steps b and c,
then indicated VP. If the film 1is thin: it may be expected that VP
be small. Thus Va - Vp = Va and the measurement of Vp is made in a
region vhere the u.h.f. breakdown stresa is critically dependent on Vdc.
Thus regarding the indication of a polarization voltage (i.e. a differ-
ence in the two breakdown stress measurements) as indicating the presence
of a film, this method is a sensitive indicator of the presence of films.
A series of experiments was undertaken in which the electrodes were

cleaned, quickly put into the chamber and pumPing commenced. On filling
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with hydrogen or argon to a given pressure (about 5 mm.Hg. ) tests

vere made for films using the above technique. These suggested that
there was less surface polarization if traps A and B were applied in
addition to trap C during pumping. If pumping was finished after only
& short time, the chamber filled and tests made rapidly, the polariza-
tion detected was found to be very =mall.

A further decrease in the polarization voltage was found to occur
if the electrodes were cleaned with Jewellexns rouge only, rather than
with amyl acetate. In later experiments rouge was used exclusively
for cleaning purposes.

To conclude, surface polarization may be reduced if (1) traps A
and B are applied early in the pumping stages (ii) the pumping time is
réduced to a minimum and (1i1) jewellerns rouge 1s used for cleaning the
electrodes.

It would therefore appear possible to reduce the initially detected
polarization to an acceptable level using these techniques, but complete
removal doeslnot appear poésible. Further there is some evidence for an
incraase of polarization with time on leaving the system to stand. ‘This
is, however; only e small effect.

Davies (prdvate cammunication) has shown that silicone grease
rapldly forms a layer over metal surfaces by condensation from vapour
contaminating the systeme The above results are compatible with the
idea that some film may be built up in this way. However, the results
are by no means conclusive. For instance slow oxldation of the electrodes
caused by the presence of oxygen as an impurity might cause this increase

of polarization on leaving the apparatus to stand. Further, there is no
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reason to assume that one mechanism only exists.

11.1 Cleaning Electrodes by Bambardment with hydrogen ions

Llewellyn Jones and Davies (1951 a and b) have shown that the
varietions of d.c. sparking potentisl after prolonged bonbardment of
an oxide film with hydrogen ions, 1is compatible with the idea that
this film is slowly removed by this bambardment. Thus if the presant
film were one of oxide, it might well be removed by running a hydrogen
discharge in the gap. It 1s interesting to note that Llewellyn Jones
and Davies (1951a) used silicon greased taps but mercury diffusion
pumps isolated by liquid air traps. The impurities in their system may
therefore be expected to differ fram those inthe present system by the
presenee of pump oil vapour. However, the diffusion pump is well
isolated from the chamber by traps A, B and G, (Figure 11.1).

Following Llewellyn Jones and Davies an attempt was made to clear
the residual polarization by running a discharge in hydrogen. A uni-
directional field of 500 volts/cm was applied together with a u.h.f.
field. The discharge was run for a few weeks and periodic tests of
surface polarization were made. These revealed that surface polariza-
tion wvas increasing with time and eventually almost all the unidirectional
voltage was dropped across the films. Further running of the discharge
did not affect this condition. Further experiments using a 50 c.p.s.
alternating voltage in place of the unidirectional voltage across the
gap, vwhen electrons and ions alternately bambard each electrode, gave
similar results. These cobservations suggest that the f£ilm was being

built up rather than being removed.
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Upc to this point in the investigation no film or tarnish had
been obgerved on the electrode surfaces: However, after running
the discharges described above there was considerable tarnishing
of the electrodes and films, exhibiting interferencefringes,

were clearly visible.

11.1.1 The form of discharge observed

With such films, the form of discharge observed in the gap,
with combined unidirectional and u.h.f. fieldswas of interest.
A pure u.h.f. discharge at higher power than would give breakdown
is observed as a cylindrical glow, between, but not touching, the
electrodes (figure 11l.2a). It does not f£ill the full width of
the gap and 1s usually asymmetrically positioned. This position
fluctuates over the electrode surfaces, remaining in any one place
for only a short time.

On applying a high unidirectional field to this, the glow itself
is unaltered. However, with fields a.bové about 100 volts/cm, there:are
occaslonal bright flashes on the cathode: sirface followed by a fillamentary

originating from

discharge across the gap ow:hgmmw/ the point of the flash (figure 11.2b).
Imnediately following this, the glow moves awsy fram the region vhere the

bright flash occurred. These fllamentary discharges occur at random times
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and the bright flash can occur anyvwhere on the electrode surface, but
only on the cathode.

The mechanism of this discharge has not been investigated in
detall. However, the bright flashes on the electrode might be the
result of the film breaking down under the high unidirectional field
resulting from surface charge on the film. It is suggested in section
11.3, that the relaxation time is compatible with & film of silica. For
such a material the breakdown stress would be sbat 10® V/cm. This would
correspond to a voltage across a £ilm 3 x 10~° cms thick of 30 volts.

It is therefore to be expected that the film might break down if the
applied unidirectional gap voltage was greater than same 60 volts. In
practise bright flashes on the surface are only observed if the voltage
is greater than thisvalue, suggesting that these represent points at
vhich the film has broken-down.

The cathode wvas pitted after this experiment suggesting that
considerable energy is released during this breakdown. A yellow deposit
was aftervards found on the walls of the chamber, close to the gap,
suggesting that same brass had been removed from the cathode. In their
work on pulsed microwave discharges in resonators (A = 10 cms), Prowse
and Jasinski found similar bright spots on their electrode surfaces
which showed the spectrum of the electrode material. Their electrodes
were also found to be pitted.

A possible explanation of why these flashes omly occur on the
cathode might be that the incidence of positive ilons plays some part in
initiating the breakdown of the film, e.g. by the secondary emission of

elecirons.
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It 1s to be expected that the surface charge is drained around
the point at -which the £1lm broke down. Thus in the vicinity of
this point the breakdown stress will correspond to that with an
additional unldirectional field:. Hence a movement of the glow to a
region vhere the electrons have & longer time to lonize and the glow
is easier o maintain, might be expected to follow the film breakdown.
This would explain the observed movement of the glow.

1l.1.2. Films observed after discharges in hydrogen

™e typical film observed after running a discharge with an
alternative unidirectionaL/;gdc.psa. alternating field superimposed
on the ushef., for a few weeks will be discussed in detaill.

Over the emitting electrode surface (cathode) there was an
apparently uniform £ilm exhibiting interference fringes around the
edges of the electrodess Over the surface bounding the discharge, the
film was unaffected by c1ea.niné with dry tissue or acetone vhereas the
back of the electrodes, which showed some tarnish, could easily be
cleaned with acetone. Thus there appears to be some fundamental
difference between the film over the electrode surface and the tarnish
behind the electrode. The existence of interference fringes round the
curving surface of the electrode may thus be interpreted as & region
vhere the £1lm over the electrode surface reduces in thickness. Thus
the £1ilm appears to be confined to the region of the electrode bounding
the discharge of which figure 1l:3 shows a cross-section. From observa-

0
tion of the fringes, the £ilm thickness 1s of the order of 10% A.
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Over the collecting electrode (anode) the £1lm appeared to be
less uniform. Around the curved edges of the electrodes interference
fringes were again cbservable in day-light. A sketch of the fringes
observed under sodium light is shown in figure 1ll.4. No fringes were
observed in the central region vhich appeared to be clean, but some
darker and lighter regions were observed around the holes, as is
suggested in figure 1l.k As with the emitting electrode the f£ilm
appeared to be confined to the surface bounding the discharge. On
both electrodes, no interference fringes were found on the electrode
assembly except over the region bounding the discharge.

The following conclusions may be drawn,

a) Since the film is confined to surfeces bounding the discharge,
it is probable that the discharge 1ltself was responsible for the
formation of the films.

b) The fact that the film on the cathode is, in general, thicker
than that on the anode, suggests that some positively chaerged
ion is involved.

It is interesting to note that result a) is at variance with the

corresponding results of Llewellyn Jones and Davies.

11.2 Bambardment with Argon Ions

In analysing the processes of £ilm f£ometich by a discharge, it is of

interest to have some knowledge of the part played by the gas itself.
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Thus the above experiments were repeated using argon at about 5 mm

pressure. Such experiments are also of interest since Farnsworth
and his colleagues (1955) have suggested a method of cleaning surfaces
employing argon ion bambardment.

Here again a f£ilm was built up confined to the surface bounding
the discharge, but of quite a different nature from that formed by
a hydrogen discharge. It appeared white vwhen seen by the naked eye
and exhibited no interference fringes. When viewed under the micro-
scope, 1lluminated with light parallel to the electrode surface and
using a magnification of 600, the 'film' was seen to have a grandar
structure. These 'particles' were apparently distributed evenly over
both electrodes.

On the cathode, the particles appeared Just less than 1y across.
Large aggregates of these particles, piled to a depth of 2-4 particles,
were common. These were of no definite shape, but ranged from lines to
circular structures. The background particles were of constant den-
sity right uplto the boundary of these aggregates.

On the anode, the particles were again about lu diameter in the
centre of the electrode, but decreased to half this diémeter at the
edgess A few small aggregates were observed but these were rare,
consisting of not more than {fén individual particles (i.e. much
smdller than observed on the cathode).

The density of particles was difficult to determine due to lack of

resolution. However, they appeared to be Just sufficiently dense to
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cover the electrode surface and in places there appeared to be more
than one layer of particles.

The fact that this film differs considerably fram that formed
in the presence of hydrogen, suggests that the gas plays scme part
in the process. It would be interesting to find the way in which
thege films differ chemically. However, there i1s iu general too
little material to perform any definite tests. Nevertheless, an
X-ray powder photograph was taken using some of the f£ilm built up
in argon. Unfortunately, the result showed an amorphous structure
and no elements could be detected.

11.3 Relaxstion time

On the face of it, the material of the film could be recognissd
by measuring the relaxation time and comparing it with values
measured on materials in bulk or calculated fram the product of the
registivity and permittivity of the materials. However, it is not
certain that the properties of the matsrial in bulk are applicable
to very thin films. For instance, if the film thickness 1is less than
the mean free path of electrons in the material (of the order of 100 X)
an abnormally low resistance with corresponding decrease in resistivity
from the value from measurements on the material in bulk, might be
expecteds Thus it 1s likely that the relaxation time, TR decreadges
with £1lm thickness when this thickness is less than ebout 10° X. How-
ever, for films of thickness greater than 10° X, the mea.suremént of T 1is

F
expected to provide a useful indication of the material of the film.
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The ellipsoid field meter 1s a satisfactory device for the
measurenent of relaxation times. The film may be charged by

running a u.h.f. discharge in the presence of an applied unidirectional
gap voltage. Direct measurement of the field resulting from the
polarization voltage may then be made as a function of time after
termination of the discharge and removal of the applied gap voltage.

The ellipeoid in no way interferes with the charge on the sur-
faces, s0 that the voltage across the fllms may be measured while
retaining a high insulation of the surface. It is thus possible to
measure the decrease in voltage as the surface charge leake awny
through its own internal resistance. In this way a direct measure-
ment of the relaxation time constant of a film 1s feasible, provided
that the rate of charge of voltage is sufficiently small to emable an
adequate nmuber of ellipsoid swings to be dbserved.

The relaxation time of the film deposited by prolonged discharge
in hydrogen (section 1l.1.2) was measured using this technique. A
plot of polarization voltage against time is shown in figure 11.5,
which indicetes a relaxation time of about 2 x 10° mins (about 2 days).
Comparing this with the time constant of 200 mins— obgerved in the case
(Chapter 10) when Apiezon grease and oll was used in the system, suggests
that there are different £1lm maferials in the two cases. This indicates

that the grease or oil played some part in the formation of the f£ilm.
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The film with Apdézon grease and oil was only some 500 X thick
vhich is of the order of the expected mean free path of an electron,
g0 that a low value of Tp might be expected. Measurement of TP with
a film built up as the above, which did not exhibit interference
fringes and thus was expected to be thinner, but was sufficiently
thick to give considerable polsrization, gave relaxation times of
similar order to those indicated in figure 11.5. On the other hand
for very thin films exhibiting only a small amount of polarigation
& much smaller value of TR did occur. To conclude, it would appear
that TP and thus the film material in the present experiments differs
fron that vhen Aplezon grease and oll were used.

Comparison of the value of TR for the £ilm built up by prolonged
discharge in hydrogen, and relaxation times calculated from properties
of various materials in bulk suggests that this film consists of silica
for which the expected relsxation time 1s 5 x 10® wmins (fused silica).
Comparison of the relaxation times of films buil‘.t up by discharges in
argon and hydrogen suggest that the materisls are different in the two
cages. However, this difference might be the result of differences in
the structure rather than in the chemical composition of the film.

Fxperiments of this type can thus be used to investigate the
nature of f£ilms built up under differing conditions. In particular,
the nature of the present film might be investigated by measuring the
relaxation time of films built up by discharges when the different.
inpurities in the system are present in varying amounts. In this way
those impurities contributing to the formation of the film might be

traced. This type of experiment has been only partially attempted in
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the above work. A detailed investigation would provide an interesting
experiment for the future.

11.4 Monitoring Film Thickness (in Argon)

The effective resistance of the film is -ZB, so that essuming a
constant resistivity, the relative thickness o? a film may be easily
obtained fram simultaneous measurements of VP and 12. Prior to an
investigation of the rate of increase of this relative thickness as
the £ilm is built up by the discharge, the Vp - 12 characteristics of
various films built up in argon were measured to ;zestahlish the way
in vhich the measured relative thickness 1;2, can vary with Vp.

A series of experiments was thereforezcarried out in which 12 and
Vp vere measured, for various values of applied gap voltege Ve. '.'Ihé
experimental procedure was as follows:

a) The film was discharged by use of a pure u.hef. discharge in the
gap, and observation made of the unidirectional current, 12 » which
flowed during the process and tended to zero as the process was
canpleted.

b) A unidirectional voltage, V2 was applied to the gap and the u.h.f.
breakdown stress measured. Values of breakdown stress thus obtained
were used to plot a calibrated curve of breakdown stress against Ve.
This was then used to determine the gap voltage, vd.r: » Tor subsequent
experiments.

c) After this breakdown, % min was allowed for the f£ilm to charge up and

so approach the ateady condition. The current :La was then measured.
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d) Immediately after this measurement, VP was measured by terminating

the discharge, reducing V2 to zero, and then determining the

breakdown stress. From the calibrated curve derived from results

(b) the value of Vp corresponding to this stress was read off

directly. (This method was found to be most accurate since

Vp = Va).
Curve B of figure 11.6 is a typical plot of i, against Vp for a given
filme Curve C, 18 the film resulting fram B after running a discharge
for 35 mins with full power wehof./ gzilgl\‘}e = k4O volts. As expected this
f1lm (C) has a higher effective resistance than the originsl film (B),
which may be interpreted as an increase in thickness. The corresponding
plote of Vp against Ve are shown in figure 11.T.

One interesting case which often occurred has properties typified
by curves A of figures 11.6 and 11.7. Figure 11l.6 shows that above a
polarization voltage of some 30 volts the current, 12, rises steeply.
If theepplied voltage, ve, (figure 11.7) is raised above the value to give
Vp =~ 350 volts, little further increase in Vp occurs. This 1s as expected
if the film itself had broken down at a value of VP of 30 volts. The
rapid rise of current before this (figure 11.6) suggests the onset of
sane ionization phenamena in the film itself. The fact that curves
B and C do not show this tendency to a maxlmum value of VP and a 'runeway'
of 1a s suggests that these films are thicker than A and thus require a
greater value of VP to break them down. Experiments to test this have
not yet been attempted, but would provide interesting data on the
mechanism represented by curve A.

If this were true, this would p:rovide a simple means of investiga-
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ting the breakdown of .thrinr di-electric films. Having completed
such work, measurements of the film breakdown stress might provide

& very accurate means of measuring £ilm thickness.

11. 4.1 Measurement of the rate of formation of a film by a
discharge in Argon

In these experiments the film was allowed to build up under a
u.h.f. discharge with an applied unidirection gap voltage of l&OV(Va ).
During this process the thickness of the film vas monitored by periodic
measurements of 12 and Vp, the latter by periodic memeasurements of the
w.h.f. breakdown stress.

In the particular experiment described below V’p remained at 35.9
volts to within the accuracy to which it could be measured (=2%). On
the other hand 13 showed a progressive decrease with time, as shown in
figure 11.8.

On switching on the discharge, with the films initially discharged,
1.2 rose to a high value and then drifted batk over the first 20 secs.
This can be interpreted as the charging of the film by 12. As the film
is charged the voltage across the discharge decreases and hence 12
decreases towards ite steady value. Once the film has been charged, the
vhole of the gap current must flow through the film leakage resistance.
Since Vp is essentially constant, this implies thet 12 can only change
if the f1ilm resistance changes. Thus the decrease of 12 with time must
correspond tqQ an increasing film resistance. Assuming the resistivity
is constant this may be interpreted as an increase of film thickness, 4 .

v F
Thus remembering dp e 12 and VP is a constant, figure 11.8 may be
e
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replotted as '11_ against time (figure 11.9) which is essantially a plot

2l

of the relative film thickness against time. This suggests that there
is a slow build up of the film to twice the thickness in about 10 mins.

This rate of bulld up corresponds to an increase of about 0.5 x
10~% cm in £1lm thickness, and 10~* cn® in film volume, during 10 mins.
Ass;ming' that one molecule has a volume of 10~22 cms®, this would suggest
that 10® molecules must be defosited in ten minutes. On the other hand,
if the ir;purity responsible for this film occurred in the gap at a
pressure of 10~° mm. Hg. » the gap would only contain some 109 molecules.
This suggests that the whole of the material diffuses into the gap during
this ten minutes.

Teking the diffusion coefficient as belng about.l. in c.g.s. units,
the rate of flow of vapour into the gap can be estimated at 10° molecules/
sece Thus the time required to build up the above £ilm would be of the
order of 10° secs. This rate of flow 1s clearly insufficient to explain
the observed rate of build up.

It is unlikely that the impurities exist t0 any higher pressure,
unless present in the gas introduced into the chamber. Cold traps would
be expected to trap any organic vapours which might be present and it 1is
unlikely that any substance not trapped would be responsible for the
films.

There 1s the possibility that the observed rate of build up is
ficticious. If the resistivity were to increase steeply with £ilm
thickness in the region in which this experiment were performed, it might
be possible to explain this rapid increase in film resistance with a

much smaller increase in f£ilm thickness. As discussed in the previous
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section some variation of this form mey be expected for films of
approximately 10~® cms thick. It is therefore likely that vhat is
observed is the deposition of a thin layer on a f£ilm of about 10~° cmr
thick to give a greatly lacreased film resistance. Thus this does not
rule out impurities as a source of film material.

The dip of figure 11.8, which occurs at about 30 secs. does not
always occur, and at present there 1is insufficient information for an
explanation to be attempted. Consideration of the decrease in the rate
of build up of the film at 1300 secs. likewise requires further informa-
tion before & definite explanation can be presented. However, possible
explanations might be that the film is flaking: off the electrodes as
rapidly as it 1s put on, or that there is a @splettidni of vapour round
the gap, or that there 1s some change in resistivity. There is further
evidence for the first of these in that a white deposit slowly forms on
the bottam of thechamber. Further such a flaking- off of the film would
explain the observation that the resistance of a film decreases on
standing. Thus film C could be reduced to film B by leaving overnight.

The fact thet such observations as those described sbove might be
explained in terms of some eleciron bombardment conductivity, emphaslses
the need to repeat these experiments with films of kaown thickness and
to obtain independent measurements of the resistivity. Fundamentally
such experiments are necessary for complete justification of this form
of measurement of f£ilm thickness. Nevertheless Becker (1904) and Ansbacher
and Ehrenberg (1951) have shown that bombardment witﬁ electrons of energy

of those present in the above experiments, is unlikely to produce a marked

effect. RNevertheless to clarify the mechanism of the above measurements
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further controlled experiments using known impurities are desirable.

11.5 Conclusions

There appears to be considerable evidence that the film is bullt
up by the discharge. This is indicated by the predaminance of the
film over surfaces bounding the discharge and by the increase in
resistance of a fi1lm after subjection to the presence of a discharge.

In general, the film is built up on both electrodes, but there is
a tendency for there to be a thicker film on the cathode, suggesting
that some positively charged ion is responsible for the build up of
the f£ilm. The fact that it is built up on both electrodes 1s to be
expected in a system where the electron energy 1s supplied predaminantly
by & ush.f. field. Under such conditions a considerable flow of positive
ions to the anode may be expected and thus a film is built up on the
anode as well as on the cathode.

Possible origins of the film

Since the fllms are often vislble and sometimes cause a deposit
et the bottan of the enclosure, they cannot consist of adsorbed gas
but must be of material solid at ordinary temperatures. Thus it is
likely that the ions which eventually cause the build up, are derived
from large impurity molecules.

It i1s to be expected that these impurity molecules are co-valent.
Thus they can only be ilonized by the breaking of a co-valent bond so
that a corresponding negative ion i1s to be expected. However, experi-

mental observation of the films suggest that this negative ion plays
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no major part in the formation of films.

A possible source of these impurities is the silicones empldyed
in the pump oil and tap grease. As already mentioned Llewellyn Jones
and Davies did not use silicone pump oil and they apparently did not
have £ilm formation. Another source could be glass decamposition
products sputtered fram the walls of the enclosure, but if this is so
it is dAifficult to see why Llewellyn Jones and Davies did not have

film formation.

Silicones
Silicone greases and oils consist of polymers contalning the

fiiloxane radical:~- -
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Dibeler, Mohler and Reese (1953 ) have made mass spectrograph studies of

the ions formed by electron bambardment of hexamethyl disiloxane,
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Table 1l.1 Mass spectra of hexamethyl disiloxane ((2113)e SIaO

a
e
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(&
147
162

Ion Relative intensity at TO volts Appearance
naninal electron energy Potential eV
(ca) s1 o+* 124 25
(cn:-3 )581*' 11.8 15
((:11:-s )58120"‘ 100 : 9.6
- + -
(CH3 )88190 <03

Table 11.2 Mass spectra of octamethyl trisiloxane (C}Ha)BS:LaO2

m{ls

63+ T
Te3
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Ion Relative intensity Appearance
potential eV
i 6 -
(033)53120 o 0:35
(cxé)asﬂ 42.9 12
(cn-5 )631302“-' 12.8 22, 13.6
('CH;, )_’81;"02"' 100 9.6
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The relative intensitles of the icns and the ionizing potentiale
(appearance potentials) are shovn in tables 11.) and 11.2.

For both these compounds the most probable ion is that formed
by the loss of a wethyl radicle, Cﬂa, with an ionization potontial
of 9.6 eV,

Since these silowmnes contain the basic radicals likely to
occur in silicone grease it would appear reasonable to assume that
silicone greade vapour may be loniged in a plasma in e similar way to thess
siléxanes. The ionizing potential wonld thus appear to be of the owder of
10 eV. This 1a below the minimum ionization potentials of both hydrogen,
13.59 eV, and argon, 15.75 eV, B - E¥ and A - AY respactively). It is
thus to be expected that the probability of ionlzation of the grease
molecule is greater than that for a gas molecule since many more
electrons will have en energy greater than 10 eV than will have an
energy greater than 15 or 15 eV.

The vapour pressure of silicone is approximately 107> mm.Hg. It is
ghown in section 1ll.4 that the reté of build up of the £ilm suggested in
this section (11.4) could not be accounted for with such a small vapour
pressure of impurdity. HNevertheless, tﬁe doubt attributed to the inter-
pretation of these results in the previous section, suggest that
silicune greace need not be ruled out on these grounds.

Glass decomposition products

Bi11 and Evett (1959) bave obtained evidence that pyrox glass
chemically sputters in the presence of gaseous ions; liberating

impurities into the system. They have suggested that these dscomposition
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products can account for insulating films over metal electrodes, which
polarize in the way deacribed above. Farnsworth (1958) has suggested
a process of electrode cleaning employing bombardment of the surface
with argon ions. Bill and Evett have suggested that the varying
effectiveness of this method, may be accounted for by the decomposi-
tion of glass during bombardment and beke ocut.

It would therefore appear likely that the present films are built
up by glass decomposition products. Bill and Evett have found little
sputtering of the glass by bombardment with neon ions. Thus it would
be interesting to see whether such films are built up in neon. If they
are 1t would appear that glass decompomition is not responsible for the

impurity involved.
The material of the film

The material of the film itself has not been investigated chemically.
It is, however, of interest to see how the depende. cy of the nature of
the £ilm on the gas used might be explained.

If the ions were formed by breaking of a co-valent bond; on
neutralization by an electron on the e;ectrode surface they would form
radicals with free bonds. It is well known that such radicals are
unstable and thus they would be expected to undergo some cheumical °
change. Possible forms of change would be:

a) Cambination with other similar radicals to form polymerisation
products. This would appear to be unlikely in view of the small

number of impurity ions striking the surface.
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b) Combination with incident ions of the gas of the discharge.

Hydrogen might form such bonds but not argon in view of 1its

inert nature.

c) Some rearrangement to give an unsaturated molecule.
d) Decomposition into two or more molecules.

In the case of hydrogen, there will be a large flux of hydrogen
ions to the surface, so that hydrogenation of the impurity radical is
a likely process. In the case of argon no such process can occur so
that rearra-ngement or decomposition would be expected. The partici-
pation of the gas in this way would account for the differences in
the type of film observed in the presence of the two gases.
Conclusions

There is firm evidence for the busld up of films by & u.h.f. dis-
charge. It does not appear that these films can be accounted for in
terms of the electrode material or the nominal gas. Two possible
sources of impurities are from silicones in the tap greese and
diffusion pump oil or from the chemical decamposition of glass. In
section 11.3 it was suggested that the film resulting fram a prolonged
discharge in hydrogen wvas silica and that the material when silicones
were used differed from that when Apiezon grease and oll were used.
This would suggest that glass, present in both cases, was not pi'edun-
inantly responsible. It is therefore thought that silicones are the
most likely sources of film material, although glass may also be a
contributory factor.

Te methods of investigation developed here, are applicable to a
more systematic study. Experiments of pérticular interest would include



137.
a camparison of f£ilme built up in various gas (particularly neon)

and measurement of theeélectrical properties of thin films.
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CHAPTER 12

CONCLUSIONS

Measurements of amplification of an electron stream crossing
a region of u.h.f. field, have indicated the importance of diffusion
in the transport mechanism. As the u.h.f. field is increased, the
drift fileld has a slowly decreasing control over electron flow.

Thus as breakdown is approached the discharge is largely diffusion
controlled and 1s expected to exhibit similar properties. Two forms
of discharge have been identified theoretically, one occ;:rring at
lov amplifications when the drift field largely controls the flow
and the predominant electron source is the emitting electrode; the
other at high amplifications when diffusion largely controls the
electron flow and the predaminant source of electrons 1s collision
ionization in the gas.

A theory of electron flow by a cambination of drift and dffusion::
has been worked out for low amplifications. Calculations from this
theory suggest that the ionization rates in present case are larger
than those determined from discharges in unidirectional fields.

At higher gas amplification instabilities were observed in the
unidirectional gap current, vwhich have been traced to the presence of
partially insulating surface f£ilms over the electrodes. It has been
shown experimentally that a unidirectional field cannot be maintained
at its applied value vhen swrface films are present. Further,
experimental evidence suggests that this £ilm is built up by the

presence of a discharge, probably from heavy impurity materials in
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the gap.

These conclusions suggest that in the basic experimmnt, in which
amplificationsare measured in conbiined u.h.f: and drift fields, there
is considerable doubt as to the value of the drift field. For a given
applied ggp voltage, V2 ’ a'nd a glven gap current, 12, once the film

is charged the polarization woltage is 2123F and the drift field 1s

(v_e'aie.RF) » Thus measured values of R, might be used to evaluate
the dgﬁt fileld in any experiment. However, since the f1lm is thought
to be built up by the discharge so that RF is increased,the value of RF
in any case is also in doubt.

It has been suggested that Silicone vapours are largely responsible
for the build up of the film. If this is so, formation of f1ilms could
be prevented by using a high-purity vacuum system, in vwhich all such
impurity vapours were eliminated. However, such a system would still
be contaminated with glass decamposition products, especilally as the
glass would have to0 be baked ocut, a process which Bill and Evert
claim to accelerate the decomposition of glass. Further it appears
likely that such decomposition products would form f£ilme over the
electrodes even in the absence of a discharge. It, therefore, appears
likely that it is not possible o remove the surface films campletely.
Nevertheless it has been shown that even with the present vacuum system,
it is possible to reduce polarization to an acceptable level. However,
amplification measurements may be made in the presence of films provided
the uncertainty in the value of RF is reduced. This may be achieved by

reduction of the impurity level so that the rate of Hwild up of the
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film is reduced, or by the deliberate introduction of films of

resistance large compared to that which will be built up. The
value of RF may be measured by the methods already described and
the drift fleld at any instant celculated.

When instabilities in gap current arise there 1s a progressive
increase in amplification with time which has been found to be the
result of a progressive decrease in the drift field due to charging
of the films. Thus effectively, plots of amplification against
time are to be regerded as plots of amplification against d#ift field
on somemn-linear scale. Knowing cF end RF’ vhich can bhe measured by
the methods developed, the drift field at any instant may be calculated
fram equation 9.12, so that measurements of amplification as a function
of drift field at constant u.h«.f. field are obtained.

Thus it is conduded that measurements of amplification and thus
the ionization rate are possible 1n the presence of surface polariza-
tion, by applying a correction for the potential drop mesulting fram
the unidirectional current flow through the film. FFurther measure-
ments of amplification would therefore appear profitable, even if

surface polarization cannot be completely removed.
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APPENDIX 1

The design of a Light-Sensitive Bistable Circuit

A transistor bistable circult of the type shown in figure Al.l
has been treated by Wolfendale, 1957, who showed that the two stable
states were both controlled by Tl, one with T1 taking maximum current
(bottoned) end one with Tl taking negligible current (cut off). When
Tl is e phototransistor, the treatment of Wolfendale requires modification
to include the effect of light incident on the base of Tl.

Light incident on the base will, if the quanta of energy are in excess
of the band gap energy, produce hole-dectron pairs. Since the minority
carriers will be swept over the collector base potential barrier on

diffusing to it, these will be extracted by the gollector fram the base

reglon. Thus the indidence of light glves rise to an effective forward
current injected into the base. A similar process occurs as a result of
the thermal production of hole-electron pairs glving rise to a collector
leakage current in the ordinary transistor. The effect of admitting
light mey- thus be considered as adding a further component to t_he
collector leakage current, Ico'

It may be shown (Wolfendale) that the loop gain of this circuit
at low frequency 1s approximately -f-:a, The condition that stable states
exist 1s that the loop gain may be ?'educed to less than unity. However,
for triggering action it is necessary that the gain rises above unity so
that R2 must be greater than Rs.

In the stable state in which T1 is bottomed, the gain is reduced
t0 below unity by the following action. The bottamed condition may be

regarded as a forward bias of the base-collector dlcode, sothat a
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current Id. flows between collector and base. This dibde effectively
shunte R with R, (figure Al.2) so that the value of the collector
load of T (Ra) 4s effectively reduced. Provided this current flow
is sufficient to reduce the effective collector resistor so that the
loop gain drops to below unity, this state 1s stable. Any flow of
, and thus

a
decreace the loop gain further. Hence the incidence of light onto T1

collector leakage current, Ic o’ would mearly increase I

when in this state, would have no tendency to trigger the circuit and
would in fact increase the stability of the state. Thus provided the
circuit parameters controlling the stabllity of this state are chosen
neglecting the collector leakage current, there is no tendency for the
circuit to be triggered fram this state by either light or temperature
variations.

The stability of the state when Tl is cut off however, may be
shown to be dependent on the collector leakage current. Vhen Tl 1s
cut off, the emitter-base dilode may be regarded as being baclc-biased
sufficiently for there to be negligible current flow across it, so that
only the collector leeskage current flows 1n the base circuit (figure
Al.3).

Swming potentlals in the emitter-base circuit of figure Al.3:

R:LIE2 = Vb + Ico R‘ + Veb

If Vebo is the emitter-base voltage required to back bias the emltter-
base dilode sufficiently to reduce the loop gain to unity, the condition

that this state be stable 1s that the diode be biased further back than
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this by the flow of the emitter current of T2 through R:. l.e.

Rlxee >V + T B 4V
- -
or I <3 {Ie R Z¥ - vebo}
4 2
I I >&dI R -V -V
! co R4 e, 1 b ebo

the loop gain becomes greater than unity and the circuit switches to
the states with T1 bottomed. This increase in Ic o Tay be arranged
to be the result of i1lluminating 'l'l,wheﬁ the circuit may be triggered
fram the state with Tl cut off to that with T1 bottomed.

If Ic o 1s the value of the collector leakage current in the
absence of illumination and I +A Ico is that with sufficient
1llumination to Jjust trigger the circuit, A Ic o 18 the trigger
sensitivity and is given by
; {IRRI - Vb - Veb o} - Ico'

It may be seen from this equation that the level of illumination at

IR
vhich the circult triggers may be varied by adJustment of -%3- . In

o

a Ico=

a practical circuit this may be achileved by a variable resis;or in
series with either Rl or R4.

Any light signal will-be camposed of a background illumination
(noise) superimposed upon the signal itself. Should the general
background iliumination glve variations in excess of A Ic o’ the circuit
will be triggered by background alone. Thus it is necessary that the

trigger sensitivity, A Ic o’ satisfies the condition:

1
Al >§‘ {IQRJ. B (vb + vebo) - IcoR} +a I,
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when the background illumination fluctuates so that Ico varies in the
range from Ic o to Ico + A Ic':o'

It should be noted that changes in temperature also contribute to
A Iéo' Thus 1t is necessary to include in A.Iéo not only maximum
background fluctuates but also meximum temperature fluctuations. This
limits the sensitivity of the circuit to small changesin illuminstion.

Thus, it may be concluded, that when Tl is cut off this circuit is
triggered by light pulses of increasing illumination, whereas in the
bottamed condition the state of the circuit may be made insensitive to

illuminatdon or tempersture fluctuations.
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APPENDIX 2

The Analysis of a System with Positlive Feedback

Consider a simple loop containing an emplifier, with a ga.in,' G,
and an attenuator which feeds a fraction, g, of the output back to be
added to the input without phase change round the loop (positive feed-
back). Assume some time constant, v, in this feedback loop, which may,
for simplicity, be represented as a series resistor and shunt capacitor.
The complete circuit is showm in figure 8.7.

Let the operatlonal parameter of this circuilt be 6. It will be
assumed that 8 is applied to the loop time constant element as a voltage:
Thus for positive going step inputs, the transfer function of the loop
time constant element will be (1 - e"t/ .

Thus, it may be shown that if a step function of amplitude, GI’ is
put into the loop at the input, the output will be a time function given
by:

=0 G
° "I (1.p.060-cYT))

with a maximum value (t - o) of

e

sscens A2.1

=aI G [ A XN NN A202
1l- g6

From this equation two conditions of the loop may be recognized. If

ao(ma.x)

Be(1 - %)< 1, 6, Vill have a finite value, but if BG(1 - A Y
eo becanes infinite. In this latter case, once the loop is set up the
output voltage is independent of the input voltage.

Coneider the case when a step increase frexﬁ unity to (}1 is applied

to the gain of the amplifier, G, where 'BGI > 1. Then before the applica-
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tion of the step, G = 1 so that 0 < 1 and there is a steady output

given by:

1
% =% T-F

tesees A2.3
On increasing G to a value Gx’ an > 1. However, since t is small,
(1- e"t/?“) is small so that aG:.(l - e"t/a‘) < 1 and equation A2.1 shows
that the output is controlled by the input initially.

Thus on applying the step function to G, t = O so that Bﬂl(l - e"t/a‘) :
= 0 and there is no change in the value of @ presented by the feedback loop
to the adder. Since G =1 initially, the output, eo’ is then the input to

2]
the amplifier, -f-i[-_ﬁ’ (fram equation A2.3) amplified by a factor Gl 1. e.

°
8,(initial) = 7=

B .Gl ..l...' Ae.u

This rise in @ ° will occur instantaneously.

t-:_"t/ %) will increase with time allowing

Subsequently, EGJ.(l -
increased feedback so that @, slowly rises. Eventuelly GJ.B(J' - e‘t/ k)
approaching unity and eo then runs to infinity. The time reguired to
reach the condition vhen 8 o™ ® after the application of the step, may

be found by equating 015(1 - e"'t/ T) to unity, to give a time

1
T.En{—-—-—GB_ 1}
1

T™is shows that as G:. increases, the time to reach this condition
decreases.

Thus, the time variation of eo for the case of G:.B > 1 may be
derived, - for an increasing step applied to G , from equation A2l,

as the curve of figure 8.8b.
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Repeating the above procedure with B(a‘r1 < 1, gives the response
of the stable system to a step increase of G. In this case the
maximum value of eI will be finite. On applying the step function to
G/xtfffebe the same instantaneous rise as described above, followed by
a gradual rise of eo, as defined by equation A2.1. This gradually
epproaches a maximum value of the input amplified by a factor of

G.
1—-'-—%6— (equation A2.2). This is plotted in figure 8.8c.
Ha
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