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LIST OF PRINCIPAL SYMBOLS USED

Peak value of breakdown potential, voltse
R.M.S. breakdown potential, volts.

Peak value of breakdown stress, volts cm™1
R.M.S. breakdown stress, volts cm~—1l
Electrode separation, mms.

Critical electrodé separation, mmse.
Amplitude of electron, oscillation, mmse.
Gas pressure, mmse Hge

Wave=-length of applied field, cms.
Frequency of applied field cycles sec-1
Electron density, c.c.—1l

Frequency of ionisation, ionisations, sec~l

Frequency of electron attachment, attachmegts;
sec~

Townsends first ionisation coefficient,
ionisations per electron, per cm. travel

Number of attachments per electron per cm.
travel

Diffusion coefficient for electrons, diffusions
through 1 cm® sec~1

Electron mobility, velocity in unit field

Characteristic diffusion length of electrons, cms.




1. .

l.1. General considerations
Knowledge of high-frequency breakdown has

increased considerably in recent years, and though
sfudies are being increasiﬁgly pursued from a purely
practical standpoint; much research has been devoted
towards a better understanding df the fundamental
mechanisms both preceding, and following, the passage of
a luminous conducting channel in a gas. -In this chapter
a brief summary is given of high-frequency. breakdown, as

related to the work reported in the thesis.

‘An electrical discharge in a gas results from
the movements of large numbers of ions and electrons, and
breakdown theory must postulate a mechanism whereby lons
ére multiplied within the gas under the influence of an
: external field. The principles of electrical cohduction
in gases may be studied by expressing the electrical and
optical properties of the discharge in terms of atomic data

such as charge, mass, mean free path, gas pressure etce.

Y

1e2e dogo Qisgnazgeg.

Conditions are favourable for breakdown when
the gain in electron population due to ionisation processes

becomes equal to the loss of electrons from the systeme.
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The primary factor governing the production of electrons
is generally collision ionisation between electrons

and gas molecules. In a dece discharge, the production
rate/cm. travel (Townsend's o ), in a lifetime limited by
mobility drift to the positive electrode is insufficient
to account for the abrupt increase in electron density
iomediately preceding bréakdown, and a secondary source
of electrons 1s necessary to initiate a dischargee.

It was considered by Townsend (1947) that secondary
ionisation resulted from a number of mechanisms, notably
electron emission from the cathode due to photon and
excited-atom bombardment?, ionisation due, either directly
or indirectly, to positive ions, and cathode emission
due to positive ion bombardment. Experiments in the
1930's designed to measure the magnitude of these
secondary effects were not successful, and led some
workers to reject the interpretation put forward by Townsend,
| and to the introduction of 'streamer' theories.
‘Secondary electrons were considered to be generated by
photo-ionisation due to photoné produced in the electron
_avalanche (Loet & Meek (1940), Zeleney (1941)); such
new electrons could initiate new avalanches at points
remote from the source of the photons, producing such a

rapid propagation of the avalanche across the gap as to
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exclude the possibility of secondary ionisation due to

the relativeiy slow-moving positive ionse. In 1952 however
a series of precision measurements b& Llewellyn Jones and
his co-workers at Swansea (1952 a, b & c) showed that the
development of a discharge could, in fact, be explained
satisfactorily by a mechanism of the Townsend typee - They
concluded that no single secondary process can be said to
dominate, their relative importance being governed by such
factors as cathode surface and geometry. Quantitative
predictions 6f breakdown using unidirectional fields are
therefore somewhat complex, since they require numerical
data on the efficiency of ionisation due to a number of
processese. Breakdown resulting from the application of
a'high-frequency field, however, is somewhat simplerin

charactere.

1e30 rea e

The breakdown criterion in a gas stressed by
an alternating field may be described by a failure of
the equilibrium between the formation of electrons within
the test gap, and their effective removal from the intense
field regione. A slightly higher field than that necessary
to balance the opposing processes will cause breakdown to

occure

At a given field frequency the physical nature

of electron generation, and hence the breakdown stress,
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is a function of pressure and nature of gas, and the
separation of the electrodes. The importance of such
additional terms as electrode shape and size, and the
nature of the enclosing discharge chamber, has not been
fully realised until a comparati#eiy recent date, and tends
to cloud some of the early obser?ations.

hef. breakdown may be broadly classified into
three main frequency bands, though the precise frequencies
at which these transitions occur, and the efficiency of
electronic processes leading to breakdown within the ranges
bounded by these transitions are functions of the
parameters mentioned abovee Starting with a gas at
given pressure contalned between fixed electrodes (1e€0
constant pd), breakdown at low frequencies less than about
105 c/s is substantially the same as for de.ce. dischargese
Considering for example a 1 cm. air gap at atmospheric
pressure (Morgan 1953), the transit times of electrons

.

= 10~ secs, and even the slower-moving positive lons,
- jo~° secs, are short compared with the half-period

of the applied field, and breakdown occurs at the peak
of thé voltage wave, at a potential similar to that under
corresponding dfc. conditions. This region is defined

as the low freguency, or l.f. region, (Recent observations

by Fucks (1956) suggest that breakdown at the high-

frequency end of this region is characterised by a rise
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of sparking potential above the dsce value)e

As the applied field frequency is increased,
the quasi-static conditioﬁ is followed by a progressive
reduction of onset voltage to a fairly constant value.
This lowering of V 1is explained by the incomplete
removal of positive lons during a half cycle of the
field. A positive space-charge will therefore be
built up sufficient to distort the electric field
within the test gap, producing enhanced values of
(Remkema, 1928), and correspondingly lowering the
breakdown potentiale. Within the frequency range
describing these conditions e ofe
breakdown, 1s said to occure '

When a frequency of the order of 107 ¢/s is
reached, a further lowering of V, relatively uuch
greater than before, is encountered, due to the non-
removal of electrons during each half-cycle of the field.
Their accumulation within the gap increases the ionising
efficiency of the gas and consequently a lower fileld is
necessary to initiate a dischargee. At far higher
frequencies,)'loq ¢/s, & further t ransition is reached
when the frequency of collision between electrons and
gas molecules approaches the same order of magnitude as
the‘field frequencye. Here the electrons make many

oscillations/c¢ollision and their inability to ionize is

characterised by a sudden increase in V.
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In the region where the amplitude of electron
oscillation is confined to the inter-electrode

space, ultrahigh fregquency, or u.h.fe. breakdown, is
said to existe.

lelo High-freguency breakdown

.The region in which positive ion space-
charge affecté the sparking potential has been
investigated quite thoroughly in air and hydrogene.

Sdme of the early work was inconclusive because of the
relatively low frequency range then available, and in
some cases unreliable, owing to non-uniformities in field
distribution (caused by undesirable electrode shapes),
ahd contamination of the gas by mercury vapours The
latter would tend to give spurious values of breakdown
potential due to the Penning (1927) effecte Recent
observations by a number of workers, howe#er, notably
Seward (1939), Ekstrand (191,0), Pim (1949) and Bright
(1950), confirm a gradual lowering of onset voltage up
to 15% below the corresponding 50 ¢/s value.
Quantitative interpretation of results in this reglion
are complicated by the inherent field distortion within

the gap, though the breakdown criterion has been derived

" approximately by both Pim and Brighte

1e5e Ultrahigh-frequency breakdown

Under u.h.f. conditions, with electrons




Te
oscillating within the gap, the secondary sources of

electrons necessary for the initiation of a d.ce.
discharge, are no longer a prerequisite of breakdown.
Except at very low pressﬁre the production of electrons
is controlled almost entirely by ionisation caused |
by collisioné between electrons and gas molecules.

The breakdown condition at w.h.fe 1s.thus less
complicated than at lower frequencies or d.c., and may
be defined in terms of the generation of electrons by
primary ionisation and their loss by one or more of a

number of removal processese

The true nature of the w.h.f. transition was
first established by Gill and Donaldson (1931), who
used a long cylinderical discharge tube arranged
either parallel, or at right-angles to the external
electrodes. Breakdown observations using both
configurations showed a minimum in the‘v-r curves;
the transverse arrangement also resulted in a second
minimum, cauéed by electrons oscillating within the
éonfines of the gape .

Since 1946 a considerable body of experimental
evidence has accumulated of breakdown in the microwave
region, using both‘pulséd and sustained oscillations at
frequencies up to 10,000 Mc/s. A gquantitative picture
of breakdown under specialised condition at these

ffequencies has been developed by Herlin and Brown (1948)
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in the United States; discussion of results in this

field is reserved until latere

1.6e = e ak

At low gas pressures, the mean free
path of electrons becomes large compared with the
dimensions of the containing vessel, and collision
jonisation becomés highly unlikely. Using external
‘electrodes, breakdown under these conditions has been
studied by Gill and ven Engel (1948). Discharges
are initiatgd by electrons generated by direct
electron bombardment of the wallse. Because of this
the breakdown potential is shown to be independent
of the nature of the gas, but is a function of the
nature of the walls of the confining vessel.

1.7« The experimental problem -~ W.h.f. breakdown
mechanism ' .

Conditions are generally favourable
for an electrical discharge in a gas when the rate of
inerease of electron population due to collision
ionisation becomes egqual to the loss of electrons
from the systeme. In a dece discharge, this loss is
due primarily to the mobility motion due to the steady
fielde. Under w.h.f. conditions, however, electron
removal must be accounted-for by such factors as

diffusion, recombination and attachment.
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In the diffusion theory, developed by
Herlin and Brown (1948), diffusion is considered
to be the loss mechanism controlling the discharge,
and ‘it is possible to calculate the breakdown field
by equating the gain in electron density due to
cbllision ionisation to removal by diffusion.
The theory has beensatisfactorily tested in a
variety of gases at microwave frequenciese., Subjecﬁ
to certain limits, discussed by McDonald & Brown
(1949), the factors involved in a diffusion-controlled
system should be independent of frgQuency, and a
wide application of the theory over a considerable
frequency range might be expectede An analysis
of the results of several workers, in particular
those of Githens (1940) and Thomson (1937), at
frequencies up to 100 Mc/s shows satisfactory
agreement with the diffusion theory when treated with
respect to the proper variables. On the other hand, Pim
(1949), has obtained data at 200 Mc/s which suggest
that breakdown stress is independent of electrode
separation in the u.h.f. regione. This is at variance
with the diffusion theory, which demands a dependence
of breaskdown stress on gap width. Pim confined his
measurements to air, apd the discrepancy may partly
be explained by considering electron attachment to the

oxygen atoms presente. However, the possibility of
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¥.h.f. breakdown stress being a characteristic of
the gas independent of gan width has been supported
by the results of Pucks, Graf & Muller (1956), and
Prowse and Iane (1955) In the latter case, results
of an exploratory nature suggested constancy of
breakdown stress in both attaching and non-attaching
gases at frequencies up to 10 Mc/s.

The situation has been further obscured
by breakdown measurements involving short-duation
Wehefo nulses. Under breakdown conditions governed
by diffusion an electron may be considered tolhave a
mean life-time during which it achieves a Brownian
drift to the electrodes or laterally out of the
strongfield regione A discharge will occur if during
its lifetime an electron creates at least one new ion
pair by collision ionisation; thusit would be
expected that the time taken for an appreciable growth
of electron density to be considerably greater than
the mean 1ife7gn electrone Oscillographic measurements
of breakdown in a number of poiyatomic gases by Prowse
& Jasinski (1951), however, ha&e established that a
discharge can occur in time intervals the order of
10'8 sece after the application of the fleld, too
shoft for electrons to have diffused from the gape
Again pulsed measurements by Labrum (1947) suggest a

mechanism whereby the onset of a discharge 1s governed'
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by the build up of electron population to a
certain critical value, without any removal taking
place.
In view of the anomalies in breakdown

behaviour presented abovey, it was decided to make
a systematic investigation of w.h.fe. breakdown in
a number of gases, both monatomic and diatomic,
attaching and non-attaching, using properly
profiled parallel plate electrodes, and a frequency
range admitting of direct measurement of'applied
voltage. |

//fhe work repofted in this thesis describes
wehefe breakdown in hydrogen, nitrogen, neon and
air, and is concerned principally with the interpretation
of the breakdown measurements in terms of the mechanisms

preceding the onset of a discharge.

"
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CHAPTER 2. APPARATUS
The essential parts of the final apparatus
‘developed are shown schematically in Fig.l. Care
was taken in design to allow variation, over as wide

a range as possible, of all the important parameters,

namely:

Pressure and nature of the gase.

Electrode separation and size.

Field freguencye.

A prerequisite of breakdpwn is that a
triggerihg, or casual, electron be present within the
‘gaps A suitable means of irradiation was therefore
employed capable of satisfying this conditione.

The general lay-out of the apparatus is shown in

Figs. 2 (a) and (b).

2.1. The discharge chamber and accessories
A glass plpeline formed the basis of the

discharge chamber; the gomplete apparatus being shown
™dn Fig.3. The electrodes were centrally situated
in the chamber, their spacing being varied by the use.
of specially-éonstrubted bellows, and measured by
| micrometer heads referred to steel balls sunk into

the top of threaded shafts integral with the bellows.




Pig., 3. Discharge Chamber, Electrodes, and Accessories.
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2elele ischarge chamber _ '
The chamber, Fige 4, consisted of

a thick-walled Pyrex pipeline, 6" long and 3“ diasmeter,

‘specially made at the Wear Glass VWorks, Sunderland.

The horizontal open ends, fine~-ground and parallel

to one another, were vacuum-sealed to-mild steel

base plates using the epoxy resin Amaldite 103 (Johnson 195k ).

These metal=glass unions remained leak-~free for a period

of two yearse
Continuous circulation of gas in

the systéh was ensured by providing two outlet vents

in the discharge chamber. One of these openings,

centrally situated, also provided a path'for the

irradiating pulses, whose generation is described in

Section 2¢6¢2¢ Access to the interior of the c hamber was

made possible by a 3" diametér glass window, normally

gealed by a ground glass cover plate.

2¢1le26 Variation of electrode separation

An essential feature of discharge
chamber construction was that electrode spacing be
~ yaried without disturbing vacuum conditions. For this
reason the silver-steel shafts carrying the electrodes
were attached to a pair of bellows, Fige. 5, whose
end connections were designed to the requirements of

the system to allow vertical traverse of the shafts.
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The bellows were made by Negretti & Zambra Ltd.,

and incorporated the following features.

Each pair consisted of a stack of 9 Cu/Be
diaphrqgm capsules. The normal working deflection/
capsule, .05", gave a total movement (and hence
maximum electrode separation) of .9" at 22.5 mms.

The ends of each stack were not of the
normal typee. At one end was:

(i) A ring of metal, height 3/16", thickness
«015", and internal diameter .8", used to
seal the open end of the bellows to the
insulating bush centrally situated in each
base plate.

(ii) A central bush, 3/8" diameter, to support

the electrode shaft.

At the other end:

(i) An internal thread l/u" B.S.F., and .3"
deep, into which the shaft was screwed.
(1i) A steel spindle, externally threaded 3/8ﬁ
B.S.F. and of length 23", which passed
~ through a clearance hole in a rigid steel
plate‘and carried two special nuts,

bevelled circumferentially and situated

one on either side of the supporte

Y

This provided a suitable means of compressing
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or contracting the bellows, and
hence varying the electrode

separation.

2ele3e Measurement of electrode separation

' Micrometer heads with a vertical
traverse were used to measure the electrode
separation, and referred to the steel balls,
cemented iﬁto 900 counter-sinkings, at the
top of each spindlee. The micrometers were
suitably adjusted at zero gap width, this
positién being determined electrically using a

dece voltage source and milliametere.

2elele Vacuum and other congiderations

| In all the breakdown experiments,
measurements were taken with the discharge chamber
partially evacuatedQ Since the steel shafts passed
through the bellows to the chamber, a small gas leak
from the bellows to the chamber was inevitablee.
To overcome this, it was decided to ensure that the
gas pressure within the bellows be at all times the
same as that in the discharge chamber, and a device
similar to that used by Thomson (1937) was adoptede
The shafts were hollowed-out along thelir axes, and

radial slots then drilled at suitable points,
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providing an adegquate gas vent between the chamber and

bellows.
The chamber and fittings were mounted on
a rigid earthed steel structure. High-frequency
field connections were made to the bellows and transmitted
in this way to the electrodes. All other metal parts of

the system were earthed to the supporting structure.

2¢26 "~ Rogowski iled electr .

In bfeakdown measurements employing
simple plane-parallel disc electrodes, an undesirable
- non-uniformity of electric field distribution arises from
'edge' effects at the periphery of the electrodes.
Profiles of special shape, however, have been derived
by Rogowski (1923) to simulate a pair of infinite
plane conducting sheets, and so greatly reduce this
source of erfor. Such profiles were used in all the
breékdown measurements and are mushroom=-shaped surfaces
with plane tops joined to the stem by transition surfaces

of gradually increasing curvature.

26220 Qonstruction of profiles

So0lid brass cylinders were used as
the electrode material, profiled to the correct shape in

a lathe by optically projecting the image of the electrode




Pig, 6(a) Apparatus for construction of Rogowski Profiles
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mwﬁ?;ﬁéfaééhén:fg a’diét;ﬁt screeﬁ uponﬁwhicﬁ wéﬁg draﬁn
Rogowski profiles of different sizes, corresponding
to the diameter of each set of electrodes required.
A diagram of the apparatus is shown in Fig. 6 (a)e
Such factors as lens’ magniflcatlon, distance between
lens and screen, optimum illumination, etc., were

- determined by a set of preliminary experimentse.

The profile envelopes drawn on the screen
were constructed from a Master Profile contained in
a report by Jones (1953); scaled to give surfaces
of the required size.

.After carefully aligning the various components
the electrode material was filed ih the lathe until
the image of the profile almost coincided with its
corresponding surface drawn Oon the screen. )

Coincidence was then approached using succeedingly
finer grades of emery paper, and flnally by metal ‘
polish. Given pairs of electrodes were then ground
with alumina, in conjunction with a reference flat,
until plane top surfaces were obtainede
An internal screw thread was sunk into the

back of each electrode.: for attachment to the steel
shafts; to reduce overall weight the electrodes wére

hollowed out as far as possiblee. Typical electrodes

are illustrated in Figse 6 (b) and 6 (c). Four pairs

of electrodes were used; their dimensions are given in

Table 3 °
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2¢3 The vacuum system and pressure measurements

2.3¢1le Main vacuum system

The vacuum system, Figs. 7 & 8,

was designed to fulfil the following requirements:

(1) Be suitable for use with different
gases.

(1ii) Have provision for pipetting small
volumes of gas into the system.

(1ii) Have an accurate means of measuring
pressure.

(iv) Be free from mercury contamination.

Wide-bore Pyrex'glass was used
throughout the system to ensure a high pumping speed;
stopcocks were vacuum-tested with 10 mmse. plug bores
and sealed hollow plugs. Standard pumping procedure
was adopied, the backing pressure being derived from
a 'Speedivac' rotary oil pump, and the Rire-vacuum from
a single-stage 'Metrovac' oil diffusion pump, giving
an ultimate vacuum of 10'5.mms-lig., with a pumping
speed of 7 litres sec—l. Permanent ground joints
were sealed with black Apiezon wax; the stopcocks
were treated with Dow Coming high vacuum grease.
Two gas outlets .in the discharge chamber ensured

continuous circulation of gas through the apparatus.

A de.c. discharge tube was used




Fige 8.
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to give -a rough, indication of vacuum conditioéns in
elther the test or diffusion pump sides of the system,
the glow discharge 'blacking out' below a pressure |
of about 10-2 mms.lig. The tube was stressed by a

7 Kve dece supply, with large series resistors

to 1limit the current. |

Gas occlusion on the walls was reduced as
far as possible by passing a Tesla coil along the
system, and the electrodes cleaned by maintaining
a low pressure gloW'discharge.between them. Liquid
nitrogen traps were also incorporated.

After sustained pumping for 2-3 hours, a
'black®' discharge could be maintained, with the pumps
shut dff, for a period of time far exceeding the

duration of an e xperimental rune.

2¢3.2. Gas gupplieg

Provision was made for the inlet of
different gases into the apparatus via the pipetting
system shown in Fig. 8. Spectrally pure supplies of
the gases used wereAprovided by the British Oxygen
Company in 1 litre glass containerse. The alr used was

dried by bubbling through concentrated sulphuric acid

contained in Dreschel bottles, and finally through a
glass wool trap to collect any spray before being

pipetted into the.system, as shown in Fige 7.




Fig. 9(a) Modified Bourdon Gauge
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Hydrogen could alsé be generated by the electrolysis
of barium hydroxide in a similar manner to that
used by Thomson (1937); in practice, however, this

method was seldom adoptede.

203030 Prggggge megsu;:emggt

In order to avoid ﬁercury contamination
of the gas resulting in the undesirable (Penning(1927)
effect, différentiai gauges were used for pressufe
measurements Fig 9 (a), shows the modified Bourdon
gauge, most frequently used in the experiments.

The gauge wes calibrated against a mercury manometer

gituated in the reference side of the vacuum system,

~using the following proceduree

(1) Thefinner-portion:of the gaugé was ‘evacuated by
the test side of the vacuum system.

(11) The outer casing of the gauge, sealed:to the
reference side of the apparatus, was also
evacuatede Since no pressure difference
existed between the inner and outer
compartments the gauge then read zero;
the mercury manometer registered atmospheric
pressures

(1ii) A small quantity of air was admitted into
the reference side via a fine jet, and

readings taken of both the Bourdon gauge
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and-mercufy manometers  Further readings
were then taken until air in the reference
side.feaqhed étméspheric pressuree.

'(iv) The calibration curve so obtained is
given in Fig.1lO0. The curve is seen to
be linear from 40O mms.}lge down to 15
mms.}1lg, below which the gauge became less
sensitivé- For this reason low pressure
lmeasurements were taken using the Dial

Gauge described belowe.

A small moving bellows gauge, Fige 9 (b), was
also used, though on aécoﬁnt of its iimited range it
was utilised mainly to indicate equality of pressure
between the test and reference sides of the system in

the above calibratiqn.

Low pressures were recorded on a direct-reading

Edwards Model C.Gl Dial Gaugee

2else The Osclllatop

Preliminary meagurements were taken in
hydrogen using a simple tuned-amode tuned-grid oscillator,
but for the majority of gases the peak voltage available,
1000 v, was insufficient to break down the test gap in the

vehefe regione

A second oscillator was therefore used,




Fig. 11. Oscillator Output Circuit
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based on an ex-R.A.F. Transmitter TellS5LA, and
suitably modified. Details of the oscillator are

‘given in Appendix l.

Maﬁimuﬁvioiﬁégé'aéfééé'théftestfgap can best
be developed by using a tuned circuit critically
coupled to the driving oscillatore This is shown in
Figells Ly C13 formed the output elements of the
oscillatore (€313 was variable, and Lo could be set in
one of nine positions using S2. The oscillations
developed across L, 013 were transferred to the tuned-
element 13 Ci16 017 using the magnetig coupling loop
Mo A singlé loop of 13 gauge wire was employed, and
formed part of the inductive element of the circuit.

The setting=-up procedure was as follows.

» The master oscillator was tuned to the
required freguency (normally 9.5 Mc/gs), Lo and C13
then'being ad justed to give the approximate condition
for resonance, the accurate setting then being
effected by the trimming condenser Cjs. The position
of M was then adjusted for critical coupling and the
coupling element Lz Cyg C17 tuned to the frequency
of the master oscillatore Final tuning for maximum
output voltage was then performed using the triumer
C17. Under experimental conditions, Cp and €316

were pre-set in the positions deécribed above, the




Pig. 12, Voltage Measuring Circuit
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voltage required being coarsely and finely

ad justed by Ci} and C35 respectivély. Workihg

under these conditions, the power imput associated

with a given pre-breskdown voltage across the

electrodes was as small as possiblee.
fAjmaximum:volpagegqf;zgzoo volts.peak was

obtainable, thé:émplitude remaining constant at

any required wvaluees

2¢50 ta M reui

The output voltage was measured by employing
a diode voltmeter circuit similar to that used by
.Gilll& Yon Engel (1948), being based on two VR.78
diodes and an electratatic voltmeter, the reading
of the laﬁter being half the peak voltage appliede.
This method has disadvantages at both loﬁ voltages
(cramped scale) and high frequencies (Williams 1952),
but was found to work quite satisfactorilye.

The electrodes AB, Fig.l2, formed part of

the oscillatory circuit Ig C,4, tuned by Ci16
to the frequency of the oscillator as previously

described, Sects 2+.4¢ To ensure that the diodes
had a very small inter-eiectrode capaci tance,
indirectly-heated valves of the acorn type (VR.78)

were usede The anodes were connected to A & B and
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both cathodes Jjoined to the mid-points of two

2 M« resistancese These resistances were

sufficiently large not to disturb the oscillatory

circuit but passed ample current to work the voltmeter.
| The mid-point M being a potential node,

when'a voltége Esinwt is applied across AB the

potentials between T, and A or B is * F Esinwt

with peak valuest i E, The valves pass current until

at the peak there is no voltége across the valve,

which results in the voltmeter reading #E.

Screened leads were used, arfanged so that no
E.M.F. was induced in them from the generator.

Since the scale of an electrostatic voltmeter
is éramped at its lower end, three voltmeters of
different ranges were used in the»bfeakdown
experimentse. Calibration curves for the meters are given

in Chapter 7.

(i) Ayrton-Mather electrostatic voltmeter (low range)

This instrument covered a voltage range
0-130volts., and was sensitive above 4O volts.
Measurements in neoh and low pressure hydrogen were
‘recorded using this meter.

(11) Ayrton-Mather electrostatic voltmeter (medium
- ~ _range)

This voltmeter was most commonly used in the

breakdown experiments, being sensitive in the r ange 100-

600 voltse



Figes 13. Modified Voltage Measuring Circuit
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across A B could therefore be added or subtracted to
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(iii) Pye Scalalamp electrostatic voltmeter (high

. Having a sensitive range from 500-2,000
volts, this instrument was used for recording high-
volfage bréakdown. The scale was caiibrated in 100
volt intervals only (compared with 5 volt intervals
in (11) and 1 volt. intervals in. (1) above, ) and to
enable 1ntermediate voltages to be read with accuracy
the measuring circuit was modified to the form shown
in.Fig.ljo The voltage developed across the
potentiometer by the 120 voltse HeTs battery was
used to bias the electrostatic voltmeter and so
return it to nearest 100 volt intefval, the bias
voltage being measured on the test meter Voe  Since
the electrostatic meter passed no éurrent, flow was
confined to the closed circuit consisting of the
potentiometer and H.T. sourée, and never exceeded
1mA . The test meter recording the bias had a
resistance of 20,000~n.v01t-gnd passed very little
currente. \ The divided: fraction of the voltage

the rectified voltage by closing Sj.
This provided a precise method of sub-

dividing the electrostatic voltmeter scale, and

enabled small variations in breakdown voltage to be

identified.
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20.60 I:I‘as:iation

2.6.1 The irradiating spark gap

A necessary prerequisite of breakdown
is that a triggering, or casual, electron be.present
within the test gaps. _Statigﬁicq;uﬁime‘lags
agsociated wifﬁ é'ﬁiééhéréé{érégﬁsﬁally determined by
the arrival of this electrone The condition may
‘be aéhieved by photoéirradiatidn of the gap.
Irradiation by small radio~active capsules placed
behind an electrode is favoured by many workers,
but the possibility of secondary electrode effects
cannot be overlooked in this case. >M1d-gap
irradiation by means of a small subsidiary spark
in a side-arm of the discharge chamber was therefore
used; it has already been shown by Prowse & Lane
(1955) that if such a spark is generated at a
suitable distance from the gap, onset values of
breakdown stress are unaffected and statistical
lags considerably reducede.

The irradiator spark-gap, shown in
Fige 1), had cylinderical steel electrodes which
enabled its position to be moved magnetically in the
side-arm without disturbing the enclosing vacuum.
Leads of thick copper wire connected thé

electrodes to the spark gap; the glass tube



Fig. 15.

Neon, 9.5 Mc/s.
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joiningvthe two electrodes served as insulation
and prevented auxiliary sparkinge High-voltage
recurring pulses, sufficient ta break down the
gap, were applied to a pair of external copper
3s}¢§VQS,.qogégpppic~yith @he:elégtrodég, and L
thé pulsesgtyaﬁgfepreditolﬁhe;eleqtrqdes by‘
'caéacitatiﬁe coupling through‘the dividing glass
wall of the side-arm. Subsidiary glass arms
fitted to the irradiator tube by-passed the
electrodes and facilitated evacuation of the
apparatuse.

Breakdown observations in a numbef of
gases confirmed that onset potentials were
unaffected by irradiator position in the
neighbourhood of that commonly used (28 cms.
from mid-gap). Typical results for neon are

given in Fig.1l5.

2.6.2. Irradiator pulsing circuit
The circuit, designed to supply

high voltage pulses of known: frequency to the

irradiator spark gap, is given in Fige16.

A train of negative pulses from the multivibrator,
whose pulse recurrence frequengy as governed by the
C+R. time of the grid circuit, was normally 1,000

PPSe passéd to the cohtrol grid of the power peﬁtode



Pig, 16, Irradiator Pulsing Circuit
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PT.15. Assuming the pentode to be originally

in a conducting state, the arrival of the leading
edge of a pulse at the grid was sufficient to cause
cut-off. The anode of the pentode being
inductively loaded with a heavy duty (4 Kve) choke,
L., the change in current causeé by cut-off induced

an E.M.F. Ldi across ite At the end of the pulse
dt

from the mhitivibéétgr;hthé vgivé?feverted oncé
again to its conducting state. High-voltage pulses
were therefore d&veloped in the anode circuit of the
pentode at a frequency determined by the pulse
recurrence frequency of the multivibratore An
earthed coaxial feed carried the pulses, via the

irradiator switch to the external sleeves of the

irradiator spark gape.




BREAKDOWN IN HYDROGEN

T G Gy S

The breakdown measurements in hydrogen fall
into three main groups:
(a) the variation of breakdown stress
with electrode separation and gas

pressure .

(b) the variation of breakdown stress
with gas pressure for different

electrode geometries, using fixed

gaps -

(¢) low pressure breakdown measurementse.

3.1e Experimental procedure

The procedure adopted was falrly
standard for each of the géses usede. After pumping
down the test side of the vacuum system for two
to three hours, using the diffusion pump, backing pump,
and liquid nitrogen traps, samples of hydrogen were
successively pipetted into the system, and allowed to
circﬁlate‘before being flushed out by the pumpse.

Finally a pure sample of the gas, at the required

pressure was introduced. After the ultra-violet
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irradiating source had been switched on a small
_field was applied to the gape. This stress was
increased in small regular steps until breakdown
occurfed.

The threshold voltage for breakdown was
determined by re-applying the field at a slightly
smaller amplitude than that at which breakdown had
occurred, this process being repeated until the
minimum value was founde It was found necessary
to wait a minute or two between successive readings
to allow the gés to 'recover's Statistical
- lags were encountered, usually of the order of
secondse These times were relatively shorter in
hydrogen than in the other gases investigated,

agreeing qualitatively with measurements by Prowse

& Jasinski (1952).

3620 Variation of breakdown stress with electrode

geparation and gas pressuree
A typical family of curves relating

peak breakdown stress and electrode separation at a
frequency of 9.5 Mc/s is shown in Figel7. In each
case an increase in the electrode spacing causes a
rapid fall-off in stress up to a certain critical
value of tﬁe gap dey;. different for each pressure,

beyond which the onset stress decreases slowly with
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increasing gap widthe Measurements in gaps
greater than the critical value, dic., refer to
true wehefe breakdown, the electrons oscillating
within the .gap each half-cycle of the applied field.
The separation dec. corresponds to the point at
which electrons just reach an electrode as the
electric field reverses its signe.

The increase in stress a£ shorter éaps is due
to the fall-off iﬁ ionising efficiency resulting
from the removal of electrons to the electrodese.
Nevertheless lonisation in this reglon is still
ﬁore effective than in the corresponding d.c. case,
because the slower-moving positive ions are notremovede
The space-charge so built up is sufficient to distort

the field and so produce ‘'enhanced' values of ol

(Renkema 1928).

3e20le mer e by m
Referring once more to conditioms.in the
wehef. region, the total amplitude of electron
osciilation (electron ambit) may be calculated at
any point on a particular curve from the breakdown
data and a knowledge of the electron drift velocitye
The electric field may be written as E{ = Epsinwt,

and if it is assumed that the electron drift velocity
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ol
is in place with the field variation, then:
| Ve, = Vsinbt.
The electron ambit, tJe., defined as the distance
travelled in one half-cycle of the field, is given by:

t tz
de = f vodb = f VSiawt.db .

&

¢ k=0 , wk=0 }
'-‘Z/VSlnubdb [t't»wt=2]‘£
(]
_ 2 V
de“ ; —“p

The guantity V must now be replaced by data available
from the breakdown curves, namely E and pe Gill and
Van Engel (1949) point out that the value of V at the
peak of E/b is the decisive factore Accurate
valdes of drift velocity in hydrogen are not
available for the entire range of E/p measured ;

| howéver a sufficiently accuraterelationship can be
deduced by extrapolating the results of Bradbury

and Nielson (1936), and may be presented as:
v = 3'5)('0‘;. E/P

- ‘z
de = 3.5xl0° E '/ = 1-15x 1o E/ Cms.
Hence e /r e P (Q,L— Q-SMc/S)

The transition from hefe to weh.fe conditions must
inevitably occur at a finite range of gap width

rather than at an ideal critical value, due to a
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diffusion spread of electrons crossing the gape

‘A 'step' in the E~d curves would therefore be
expected, at the bottom end of which electron
removal would be complete. The top of the 'step'
is not clearly indicated in the hydrogen results,
and calculations of eléctron ambifs, Table 1, are
based on breakdown data at points where the curves

begin to smooth oute

TABLE 1. CAICULATIONS QOF EIECTRON AMBITS

€ . d Ie) | d(obs.
Volts cni! hmP. "3 . E/ P :..S.c; ) M(ITIS. )

820 26 31le ks 3e7 5
1,00 Sk 3846 Lelt5 o5
2280 | 114 2.0 2.3 3.8
2560 139 1.9 22 4O

I

It is seen from the table thét thecalculated values
of dece are in each case numerically less than the
electrode separatione. Hence electron removal of
these points is complete and at these and larger gaps

breakdown is under wehefs conditionse.




Fige. 18, Hydrogen, 9.5 Mc/s. Variation of Breakdown Stress
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3e2¢2¢ Qualitative interpretation of hydrogen

resultse :

Before discussing the results in

a quantitative manner, it is possible from the

geometry of the curves to obtain some information

... regarding the breakdown méchanisme A .direct

... .comparison with ‘the results of Prowse & Lane (1955)

and Fucks (1956) immediately shows a significant
difference in the form of the curves, for whereas
the results of Figel7 show a small but'steady
decrease in E with increasing d, Prowse and Lane
found breakdown stress to be independent of plate
separation in the w.he.fe region. As stated in
the introduction, their observations were of a
preliminary nature, and the anomalous results
may possibly be attributed to fleld distortion at
the edgea of the electrodess Moreovef, if in
fact uwehef. breakdown stress was a characteristic of
the gas independent of gap width, 1t would be
necessary for the E~P curve to exhibit a single
straight line for all gaps in the wehefs regione

Measurements were taken employing the éariables,

and are given in Fige18e It is evident from these

. results that the breakdown stress, though a linear

function of pressure for any given gap, nevertheless
decreases with increasing d, supporting the results

of Figel7e
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Since a gas breaks down when the gain in
electron density caused by ionisation just exceeds
their loss, a discharge is controlled by the
relative magnitudes of the removal processess In
a dece discharge, this loss results primarily from
the cépture by the electrodes caused by the
unidirectional fieid. Under w.hefe conditions
where electrons remain within the gap; their loss
must be accounted for by such factors as diffusion,
recombination and attachment. Hydrogen is a
non-attaching gase Recombination, discussed later
(3.4 ), should only become important at pressures
- of atmospheric order and above, far greater than those
employede. The diffusion of electrons in the
direction of the negative concentration gradient
towards the electrodes or away from the intense field

region, must now be considered.

An analysis of the results in the light of the
Diffusion Theory proposed by Herlin & Brown (1948)
is treated in Section 351, but it is at once
evident that the form of the curves do not contradict
the conception of a loss mechanism controlled by
diffusione In particular, reference may be made to
the lowering of the breakdown field at larger

separations, clearly shown in Figse 17 & 18e
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This 1owering would be expected in a diffusion-
controlled system, since electron losses are
pecessarily lower at larger separations.

guch a reduction is a fact demanded by the
Diffusion Theory. '

3e3e General considerations at ultra<high
freguencieses

Under u.hefe conditions, with an

electron able to move only a fraction of the
distance between the electrodes during a half-
cycle of the applied field, the physical mechanisms
governing both production and removal of electrons
differ from the corresponding de.ce. cases
Electrons accelerated by a unidirectional field
retain most of their kinetic energy during their
scatterAfollowing collisions with gas molecules,
since tpe mass of the molecule is large compared
with that of the electron. Thezaudqmly-directed
velocities immediately after collision contribute
nothing to the flow of electrons in the field
direction. Only the small component of velocity

in the direction of field contributes to an

electron currente.

The motion of electrons in a Wehefe

field must be considered in terms of two components,
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the oscillatory drift motion and the

random motion due fo s catter at collisionse.

It is inherent.that at high frequencies

and/or low pressures, electrons will tend

to oscillate out of phase with the field,

and the transfer of energy from field to

electrons will be incomplete.

The efficiency of energy
transfer, a function of applied frequency
and collision frequency, was first studied
by Gill and Donaldson (1931), and more

recently by Margeneau (1946) who derives

an 'effective field' Ee , related to the

applied field by the equation:

e = e (14 £D)

l:t_ - C.o“iSn.'on Frez'uenas of ﬁkcl'ro';s.
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The fractional loss in energy is thus governed by
the magnitude of ¥F « JPc varies with pressure, and
to some extent wifg the gas usede.

In hydrogen, for example, Fc = 1.02 x 109 P sec-1
(see section 3}5.2.). At microwave frequencies the
fraction § is thus quite large, but at the
frequencj£c9.5 Mc/s, and pressures (always > 1 mm.lig),

used in the experiments, its maximum value given by:
F — _q'SXIOG ‘._[L‘ 10‘3

—

R lozxlo

is small enough to be neglected.

Breakdown under the conditions described above
occurs when the net gain in electron population
due to collision ionisation just exceeds the net losse.
Under the experimental conditions, the factors most
likely to contribute to electron removal afe

‘recombination and diffusione

Zelie Regombination under experimental conditionge

The extent to which volume recombination
between electrons and positive ions influences the
growth of primary ionisation has been studied by a
number of workers, notably Brown (1948), under
conditions similar to those used, who conclude that
the density of the electpon cloud at breakdown is

low enough for recombination effects within the volume
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of the gas (thé rate of which is proportional to
the square of the ion concentration) to be
~neglectede. The problem has.been treated
theoretically by Hartman (1948)e An infinite
medium was considered (in which diffusion losses
aré,>by necessity, zero) and breakdown computed
with volume recombination as the dontrolling
mechanisme Such a system would require extremely
high gas pressures and very large, widely—spaced
plates ~ conditions well removed from the
experimental range considerede.

Three-body recombination at the walls of the
discharge ¢ hamber énd the electrode faces would be
expected to occur more readily, but since an
eledtron would need to be transported there by a

diffusive process such effects need not be considered

heree.

Removal by diffusion will now be considered and
it will be shown in the following sections that the
results obtained in h&drogen may be interpreted by
applying the Diffusion Theory to breakdown at m,h, T,

frequenciese.

3ebe Breakdown in hydrogen in terms of a diffusion-

—controlled mechanigm

(Theoretical considerations in this section

are based on that contained in the paper by Herlin

and Brown (1948)).




39

3¢5.1s  Diffusion Theory

If electron 1osses'before
breakdown are assumed to be due to diffusion
processes alone, the breakdown criterion at
ultra-high frequencies lends itself to mathematical
treatment in a relatively simple mannere Such
a theory has been proposed by Herlin & Brown (1948)
to explain breakdown at microwave frequenciese
Considering the flow of electrons from a volume of
high concentration, the total flow of particles
may be written és:

J = ‘“V(Dn)=—])vn~—nVD_ .30

: whére: T

electron current density1 elecsrons
sec™+ cm”

D diffusion co-efficient of electrons

n electron density

The second term in Egne 3.l. is
inserted to include the possibility of non-
uniformity in the field resulting in a kinetic~-
energy gradient (C.H. Kennard 1938)s The build-
up of ionisation leading to breakdown may be
studied by considering the continuity equation
for electronse Under the experimental conditions

employed, this may be written as:

dn _ Vn = VI
ot

3. 2.
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(V is the ionisation rate per electron, l.e. the
number of new ion pairs formed within the gap in

unit time by one electron).

The original electrons in the inter-

electrode space (provided by a flash of u.ve
from the irradiator) may be included as an
additionél term.in the above equation, but since
they are no longer necessary once collision ionisation
has set in, will not be included here.

" Substituting the value of given in Equation 3sl.,
and letting ¥ -~ Dn (the.;urrent density potentiaf):

3.3.

1 v - Vg + Y.y
D t D

As the electric field is raised a point 1is
reached where the ionisation just replaces diffusion
lossese Any increase in the field will then cause &
failure in the equilibrium, and the breakdown criterion

may thus be d efined by the condition:

Ve o+ (3w =0

e.. 3.k,

In explaining the results at 95 Mc/s by a

diffusion-controlled mechénism, it is first necessary

to establish that certain assumptions, basic to the

Diffusion Theory, are Jjustified under the experimental
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conditions usede These limits to the theory,
Brown & McDonald 19h9ﬁ are conveniently analysed by
referring the breakdown data to a set of proper

variablese.

The breakdown -field at high frequencies is a
function of gas pressure ( P ), wavelength ( ) ), and
a parameter Andescribing the electrode configuratione
A very useful set of variables involving the

fundamental units, volts andcentimedres is:

EN, pA, s P

The analogy between these variables and those
familiar té dece is readily seen, EN = V,
pA = pd; f?s)d has no meaning in dece The length
parameter N 15 called the characteristic diffusion
length, and 1is a measure of the life~time of an
electron ih the gap as limited by diffusion either

to the electrodes or laterally away from the intense

field regione

345.2. Examination of diffusion theory limits

(1) imi
The solution of Egne 3e4e for the case

of a uniform field may be given as?

q) = ASIn(%) 3.5.
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Where A = Constant, x = Distance, from one
electrode to some point in the gape A limit
exists to this uniform field condition in that
the size of the discharge veséel must be able to

sustain a single loop of a standing wave of the

fields
This may be written as:
‘ ¥4i > TA
or A2 2ZTA the limit being

described by equallity.

The largest value of 2wA , calculated from -
Section 3.5.3.; is le3 cmse Vhen this is
.compared with the wavelength of oscillations at
the highest frequency used, X = 3,150 cmse it 18
seen that the uniform field limit is readily
complied withe

(11) Mean free path limit
The diffusion theory is not applicable where

the electron free path becomes comparable with the

dimensioﬁs of the discharge tubes

That is, in all cases:

A> L
The mean free path may be obtained from the

relation TL = ./}Q , where Pc = collision

probability.

Hence: F/\ } :r'!;
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Using the value of Pc measured by Brode (1933),
the condition becomes: '

I
> L
PA > 5

It can be seenfrom Table 2 that at the extreme
pressure and plate separations used, the mefepe
is always very small compared with the diffusion

lengthe
E_PAT I

ondition for ..
rﬁr;ean-free path F'A 7 \,,( °1°1)
* Jimit ! .
P » mm.Hgq. N, cems pA.
26 G.215 5.6
54 C.194 104
11k 0.155 17.6
139 0.155 21.5

(11i1) Collision freguency transition
A further departure from diffusion-

governed breakdown occurs when the collision
frequency,\@.= 21 Fe , between electrons and gas
mqleculeé equals the field frequency;

The pressure at which this occurs
(corresponding to the change from many collisions per

oscillation to many oscillations per collision) can




Fig. 19. Hydrogen, 9.5 Mc/s. Variation of Breakdown
Potential with pd
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be approximately predicted from the formula
| fo = pVPc
where 0 is the random velocity corresponding
to the average electron energye
_Using ‘I‘ownsend 8 (19l+7) value for \/ given as 5. x 107
 Lcm. sec..l, and the value of Pc given in (ii) aboves
T el 1.02 x 10%
This is the limiting case and for the'theory to apply:
- fo { 1.02 x 107 )

_fo ums.Xlg
’ 1.02 x 109
Inserting the maximum frequency used, 9.5 Mc/se
p >  1.02 x 1070 mms.}g.

Since the minimum pressure used was above 1 mms.lig,

in no case was the imposed limit approached.

3¢5¢3¢ Applicability of the diffusion theory

In a dece discharge breakdown curves &as
a function of pressure (a@ constant gap width) or
electrode separation (at constant pressure) are often
drawn as Pashen Curves, in which breakdown voltage,
V = Ed, is plotted against pde. It is found that all
such curves have the same shape, i.ee the breakdown
voltage at a glven value of pde is independent of
either p or d. The same‘quantities can be related

to high-frequencies, and Figel9 shows V plotted against
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ba for a variety of pressures and e lectrode
separations at 9.5 Mc/se A minimum indicates a
point on a particular curve where the electron |
ambit just fills the tubee It is seen that
in the vehefe region the breakdown curves be
appfoximately parallel to one another but do not
coincidee The amplitude of V at a fixed value of
pd is thus dependent upon the relative magnitudes
of p & de This is consistent with the demands of
the diffusion theory, in which breakdown voltage is
a function of elecfrode separatione.

It is more informative &t wehef., however,
to express breakdown in terms of the proper variables
derived by McDonald & Brown (1949), and in this way
a direct test of the Diffusion Theorj may be mades
In a diffusion-controlled discharge the distinguishing
feature is that the life-time of an electron in the
:gap is limited by its removal by diffusion to the
boundaries, namely, the electrode faces or laterally
out of the intense field regione. This life-time
may be expressea direct in terms of the parameter A.,
which for a parallel plate electrode system is a
wfunction of electrode diameter and gap widthe
If breakdown in a particular system is diffusion

controlled, plots of effective breakdown voltage (EN)
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against pA give a unique curve, the magnitude

of EN at any point being independent of the
relative values of /\ or Dpe This provides a
quantitative test of the applicability of the
diffusion théory. If diffusion is the removal
mechanism of electrons, then plots of EA

against P A for various pressures and electrode
configurations should give a smooth continuous
curve, values of N having been computed on the
assumption that the mean life of an electron ¢reated
iln the gap is limited by diffusive processes alones
Calculation of Diffusion Lengths
The characteristic diffusion length of an

electron may bé calculated exactly for the parallel
plate spark-gap used in the experimentse.

| At short gaps, electron removal to the
electrodes dominates, whereas for larger separations
lateral diffusion away from the intense field region-

is the important factore
Incorporating both these terus, the diffusion

length A may be written, (Brown & McDonald 1949) as:

R - @y ) e

where 'a' is the radius of the electrodes.
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For a given pair of electrodes the diffusion
length is consequently a function of electrodé
separation. The 'A~type Rogowski-profiled electrodes
used in the above sxperiments were of maximuﬁ diameter
3.69 cmss and uniform field diameter 2.67 cus.

ILateral losses were considered to be effective after
the elecﬁrons had diffused from the uniform field
boundarye |

Inserting the appropriate value of ‘'a' in
equat;on-3.6.?) a curve was construcﬁed,vFigf 20, with
diffusion length plotted as a function of electrode

separatione
Variation of B Nwith p A

By computing the breakdown data in terms of EN
and pN\ , the series of curves displayed in Fige 21.,
was constrﬁcted. It can be seen that points in the
we.hefe region lie on a common curve, approximately
straight, which can be drawn so that no experimental
point varies from it by more than L% VEachj
discontinuit& appearing describes the condit;on that,
as the electrode separation is decreased at ‘a given
pressuré, a point is reached where the electron ambit
£111s the tubes | |

The results agree with the diffusion theory in
that poiﬁts in the we.hefs region lie on a smooth

continuous curve; and it is evident that breakdown in
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hydrogen at 9¢5 Mc/s is controlled by diffusion processese
Variation of EA with p) |

At high frequencies a further variable must be
considere_d, the wave-length )\ of the applied
oscillationse. This term may be included as fhe.
parameter p X- . |

-Where the data for a set of breakdown measurements
includes frequency variation as well as variation of
p &d, a thrge-dimensional plot méy be made of the
variables EN, p/‘,\ and p>\~ , and the data may be
represented by a sing}e surface. Within the uw.h.fe
frequgncy range, bounded at one end by the collision
frequency transition and at the other by the electron
ambit 1limit, there is no reason to expect any variation -
of EN with p >\ . This has >been demonstrated by
several workers, and is clearly shown on the solid

modél constructed by Brown (1955).

The frequency variation was not included in the
hydrogen results, but a set of measurements, Fig.22,
were taken at a Eonstant frequency of 5.5 Mc/s showing
' the same pattern as those at the higher frequencys
Spot values from the 565 Mc/s results are included in.
Fige 21,‘ these are seen to 11é on the general curve,
and indicate that breakdown in the radio frequency region

is independent of X e
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3.6, Effect of varying the electrode sigze

3e6ele D nce in view of previous result

| _ The results of varying the gas pressure
and electrode separation, discussed in Sections 3.2 =
5'3.5., indicated that breakdown in hydrogen in the
wehefe region is controlled by diffusion.
In these experiments ong important parameter, the
size of the electrodes,was kepy,constant.
Since the magnitude of the electrode radius plays
an integral part in controlliﬁg the lateral
diffusion of electrons, particularly at large
plate separations, it was considered that a series
of breakdbwn measurements involving electrodes of
various sizes was essential as a confirmation of
the applicability of the-diffusion theory in the

« wadd £ frequency rangee.

346626 Experimental considerations

_Electrod% of four different siges
were employed, all profiled to the Rogowski
patterne. %heir method of construction has been
described in Secfion 2¢26 The difference in-
size between the largest and smallest pair of
electrodes used was made as great as possible,
the upper limit being restricted by the diameter

of the Pyrex discharge chamber.
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Table 3 tabulates the dimensions of the
electrodes employed, the letters appearing
in the left-hand column are introduced to

discriminate between separate pairs.

TABLE 3 _ ROGOWSKI - PROFILED ELECTRODES

Electrode Material
- brass
Electrode Maximum Uniform
Type diameter Cms. field,
; _ ‘ diameter Cms .
3 A 3469 2467
§ B 3.15 2.06
| c 1.58 0.9
D O. 63 0039

- It was decided to observe breakdown as a function of

i pressure at two gap separations, 7.62 ums and 10.16 mmse.,
| fof each pair of electrodes, making a total of eight

j sets of readings. = - The characteristic diffusion

? length for each set of conditions was calculated by

! transforming equation 3.6 into the form:

i |
!

' .

i A

{

I

)

.

VEy » ()

| .
and the calculated values shown in Table L.
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TABIE Lo CHARACTERISTIC DIFFUSION IENGTHS

Electrode| A, cms A, cms
Type (a=7.62 (d=10.16
mms, ) mms . )
A 0.215 | 0.2792
B 0.205 0.2585
c 0.146 1 0.162
D 0.0748 0.0775

3666030 Experimental results

(1) At.d =.7.62 mmse. The family of curves

Shoﬁn:ih'Fi§:23-are ﬁhé‘rﬁds‘taken for the

different electrode sizes at a constant electrode
;separation of 7.62 mmse The voltage required

vto bréak down the gaﬁ at constant pd is seen to
increase progressively with decreasiné electrode
'diameter. This is an expected trend in a system
~governed by diffusion; electron losses by 1atera1_
diffusion being necessarily greater from the

smaller siged plates, a greater stress is needed

to initiate a discharge.

(1i) At 4 = 10,16 mms. Similar sets of measurements,
Fig 24, were observed when the sepafation was increased

to 10.16 mms. A comparison of breakdown fields




Fig., 25. Variation of E.Awith p A\ for Different Electrode

320

Diameters and Gap Separations.

T X
v
i X
o]
2%0 —
X
- Oy
a
240 — X
0
J x 7
a
£00 —~ 0‘
- EA U
volts .6
®v Ei E S
: €CTRvLe
160 — ot ‘7‘:::.“ LECPﬂRhT:-N Yo
i A' mms
— cé‘ A Yo 0
,SD lo - 16 X
A o 8 v
v lo - /¢
] &qu c Y ¢z I\
80 — & o 16 o
o9V Y.62 v
-1 A‘ é? D /0/(, b
. LR Y
v
LO—"‘ ;"
v‘
[ 3
O ) | l L] I k ' T ' v l ) ' 1 1
o 4 S t 6 Bo 24 £3 3e




52.

between similar electrodes separated by the

different gaps shows. that a smaller stress was
necessary to initiate breakdown in the larger
gapss This_phenomenon has alfeady been
encountered - Fig I8 - ana may be explained by
considering relative diffusion losses to the

electrodese.

3ebelye Presentation of results with respect
‘ to _the proper variabless

When the breakdown measurements are
presented as functions of EA and p A , Fig. 25,
the data lie on a continuous curve within the
‘1imiﬁs of experimental error (Section 7).
Results taken for the different eiectrode sizes
and separations over-lap one another over a
considerable range{
| These results confirm that u.h.f. breakdown in
hydrogén attﬁ&hﬁh fréquencies is governed by
a mechanism in which the growth of electron
population within the gap due to collision ionisation
is restricted by the diffusion of electrons, (a) to
the electrode faces and (b) laterally out of the
intense field region into the surrounding gas

and ultimately to the walls of the discharge

chambers - The relative magnitudes of effects (a)
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and (b) are functions of electrode size and

separatione

3eTe Low _pressure breakdown

Belele Value of low pressure data.

| The range of gas pressure studied
ih the experiments described, 10 mms -~ 130 mms.,
enabled an intérpretation of breakdown to be
made o&er a wide range of the variables involved.
A further pérameter frequently used in gas discharge
studies is the reduced value of the electric field,
Ex/p, and it is useful to discuss breakdown in
}terms of this quantitye. This applies in particular
to studies of ionisation coefficient. At high
éressures, E/p at breakdown was found to change
only slowly for considerable changes of P, R
and at the highest pressures used approached the
constant value E = 10 p. Studies of ionizing
efficiency were therefore confined to a range
EE/p limited from 10 - 20, and graphical
presentation of such results were unsatisfactory
owing to the insensitive nature of the curves.
Breakdown measurements were thus recorded at
relatively low pressures, where small changes in

p would cause substantial variations in Er/p-
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SeTe2e Experimenta tai

The Bourdon Gauge, normally used
for pressure measurements, proved unsuitable
for'recofding low pressures, being rather
insensitive below 16 mms.Hg (See calibration
curve, Section 2e3e30 )e As a result, a new
gauge was fitted to the vacuum system - the Pye
CG«1l Dial Model. The scale, calibrated from
0-4,0 mms.Xlg., was linear throughout the rangee.
_Below 3 mmseXlge., the irradiating spark in the
side-arm of the discharge chamber becamé diffusive
in nature and spread considerablye. Thé intensity
was reduced by adjusting the output impedance
of the multivibrator circuit (Section 2;6.2-)
and so lowering the amplitude of the irradiator
pulsee. Subsidiary observations, described in
Section 2.6.1., established that the breakdown
field remained unaffeéted by these<3hanges.

Zele3e Results of lo egsure

Breakdown measurements at three
electrode sepérations are presented in Figs 26,
as functions of gas pressure in the rangebo.j mms. 3g

- 20 mms.Xlge The curves exhibit the same general

pattern as those at higher pressures. Minima
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correspond to the electron ambit just
£illing the tube; the progressive
lowering of onset field with increasing gap
vseparation is agaein a result of the slower

removal of electrons by diffusion.

FeTolke Higg‘-fg- equency ionisation coefficient

The efficiency of ionisation in a
gas subjected to an electric field is conveniently
described in terms of an ionisation coefficient. \
In a d.c. field the primary coefficient of
jonisation (Townsend's &) is defined interms of
the electron drift motion towards the positive
electrode, by the number of new electrons
created by an electron travelling one centimeter

in the field directione

o 3¢
1.0 LS = TNe 2
or L = _—\i—
\'

o« is thus the
number of new
electrons produced Where

(by collision Y] = Average electron
processes) in each drift velocity
cm. of the gap, and And
hence may be written VvV = ionisation rate
asi o= MV per electron
| v. . i
. . » .o V
Rewriting this as ionisations/volt: H== = =
| Er VEe

v = pEn
But since /"'V ‘ . 39

Jd - ,;—E,: |



Fig.27. Hydrogen, 9.5 Mc/s.
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Under 9.h.f. conditions, the drift velocity
of electrons is produced by diffusion instead
of mobility motion, and a 'high frequency'
‘ionisation coefficient may be introduced (Brown
'1951), analago:ls to the first Townsend

!

coefficient; :’) .
' Le ? = Y
N DEr

For parallel plate electrodes:
vy . (_l_)Z
A .

Hence: ? = I with units Volt=2 . . 3.8.

Numerical values of ? were computed from the
low pressure breakdown data, and are ﬁresented
in Fig 27., as a function of ER/De The curveal
correspond to breakdown at the three different
gap widthse A further set of values is
included, taken from the higher pressure
measurements-., Section 3.2.

The curves form a common envelope at low values
of EY/p, corresponding to high pressures when

the electrons make many collisions/oscillationse

As Ef/p tncreases the curves begin to diverge;
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for a given value of Eg/p the ionising efficiency
is greater at the largest value of plate
geparation, indicating once again the relative
decrease in diffusion losses with increasing de.

Typical cases are illustrated in Table 5.

TABIE 5. HIGH-FREQUENCY IONISATION COEFFICIENT

R/P ‘ ?, Volts=2
d = 15.24 d = 12.7| 4 = 762
mms mns e _mmg e
13 7 x 1075 7x10°5| 7 x 107
16 2.2 x 10~% | 1.9 x 10~% | 1.5 x 10~k
20 bo6 x 10~% | L4e2 x 10~% | 3.1 x 107k
25 | 7.2 x 105 | 6.7 x 10™% | 4.6 x 10~k

These curves may be used to predict breakdown in

system using different field configurations.

Ze7e50 Low values of breakdown field

~ Examples are given in Table 6 of typical
measurements of breakdown stress and voltage

recorded in the low pressure measurementse
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TABIE 6 VALUES OF BREAKDOWN FIEID

d = 12.7 mmSe ! d =m
P Er VR P l Eer Ve
Jmm Hq | volts em Yolis . mm. ”3 volks em'| Volts.
244 96 122 1.25 17 117
ye75| 118 | 150 2.5 | 86 131
6.0 133 169 37 97 148
T2 145 185 5.0 113 172

.These values are considerably smaller than are normally
‘associated with spark qischarges in hydrogene From

a fechnical point of view a more thorough investigation
of optimum breakdown in this region may be of interest,
and given the correct conditions it is thought likely
that breakdown will occur at very low voltages.

This problem is discussed more fully in the case of

breakdown in air (Chapter 6).

38 Comparison of results with those of other
workerse

High frequency breakdown measurements
have been recorded in hydrogen by a number of!
workers over a frequency range -varying from 10 mc/s
‘to the microwave regione When these reéults lie
within the prescribed 1imits.for a diffusion-
controlled breakdoﬁn, a direct comparison of data

may be madee




Fig., 28. Hydrogen, 9.5 lic/s to 10,000 lic/s.
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_ The results described af.9.5 Mc/s conform with

those of McDonald and Brown (19#9); Je Thomson
(1937) and Se Githens (1940); this agreement
16 clearly i1lustrated in Fig 28., in which
breakdown has been computed as a function of
Er/pe The points lie on a smooth curve, with
EX/p tending to a constant value at high
pressures given by E = 10 p. This 1s in'
agreement with the value derived by McDonald
and Brown (1949)e From the evidence presented,
baséd on a quantitative prediction from the
Diffusion Theory, and by comparison with the
results of a number of independent workers, it
is concluded that the breakdown mechanism of
discharge in hydrogen at @weh.f. is controlled

by diffusion processess

349 Visual appearance of the discharge

3e9ele Genegg;‘gpservgfiogg

The form of the diécharge was
observed to exist in one of four possible
modes. Each mode was characterised by such
viéible'feathres of the discharge as colour,

intensity and extent. A tabulated description

of these modes is given in Table 7.
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TABLE SSIFICATION OF DI RGES
Mode Diffuse Colour Extent
or of of
Intense discharge Discharge ‘
A Intense Milky-white |Thin pencil,
broadening a little
at_electrode faces
B Diffuse . White with |Confined to inter-
trace of electrode space,
blue diameter & L
P
Cc . Diffuse Pale, Milky {Fills inter-electrais
: space and extends
little beyond it.
D Diffuse Light PurplejExtends into
surrounding gas

Anbther striking differencé existed. The onset of

the intense Mode A discharge was always accompanied

by large and sudden drop in the voltmeter reading

whereas the diffuse discharges, B, C & D, caused

only a small reductione. This drop in voltage, due

to the external circuit being loaded by the gap, is

referred to by Llewellyn, Jones & Morgan (1951),

in a study of maintainance and extinction potentials. |
Furthér, when the gas broke down in the form of Modes

B or C, an increase in the power supplied usually

caused an abrupt change to Mode A.

|



Fig., 29, Hydrogen, 9.5 Mc/s. Form of Discharge as a

Punction of Gas Pressure and Electrode Separation.
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'A record was kept, for each of the several hundred
discharge measurements in hydrbgen, of the form
of the discharge; the mode appearing under a given
éet of conditions was found to be a function of
gas pressuré, electrode separation and frequencye.
In terms of the'above parameters, it was found
possible to construct phase diagrams, indicating
the mode of the discharge at any given value of

p, d, or f. |

In Fig. 29, the appearance of the discharge és a
function of pressure and electrode separation

is shown at a constant freqhency at 9.5 Mc/8e

The boundapiés indicating transitioﬁs from one
mode-to enother have been marked as accurately '
as possible using the aveilable data. .A similar
surface, Fige 30, was constructed at a eOnstanf
pressure ofﬂllu mms.Hg., giving the form of the
discharge as a function of frequency and electrode
separation. Fewer measurements were avallable
fof this second surface, andlconsequently the

boundaries could not be defined so clearly.

3.9;2. Qualitative interpretation of visual effects
The mode of the discharge in relation
to the change from h.f. to u-h f. conditions is now

"examined, and reference made to the typical E - 4 curves
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in Fig. 31. An inspection of the curves indicates
thaﬁ at separations just larger than the critical
gap, thevform of the discharge changes from Mode B
(piffuse) to Mode A (Intense). It would, therefore,
appear that the’change in intensity and extent of
" the dischargé is‘related in some way to the physicél
transition from_h.f. to uehefe conditionse. A
qualitative interpretation of this transition is
now considéred in terms of the mechanisms controlling
a,maintaiﬁed discharge. On the h.fe (low gap)
side of the transition, electrons are removed from
the system by electrode capture. At u.h.f. (large
gap), some at least of the electrons are not lost
to the electrodes, and in a non-attaching gas
recombination is necessarily the removal mechanisme.
Ambi-polar diffusion (Townsend 1928) will restrict
the outward movément of electrons, but the situation
'is distinguished from that in a discharge restricted
by the walls of the tube in that no question of
surface recombination enters (except at the
electrodes)s It is thus considered that volume
recombination in the plasma is the-removal
mechanism for most of the length of the tube.
Measurements by Biondi aﬁd Brown (1949 (a) and (b))
have shown that at pressures greater than a few

mms.llg. electron losses are mainly of the
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recombination type. This case has been studied

theoretically by Davydov (1943), whose studies

are exemplified by a characteristic curve,

reproduced in Fige 32,

. Fig,32.
ELECTRON Davydov, (1943),
Density .
B Change in electron

"
density in a

homogeneous

électric field,

A

El_.EC rmc_"__ﬁl_-b E a

It is seen that the electron population increases

slowly with E up to a critical value A, (depending
on the conditioné of the experiment), upon which

" breakdown occurss The magnitude of ™M

then indreases rapidly along AB. It is to be
expected that when .the total nﬁmber of ions

rises beyond a critical value, the current d ensity
must show a suddén increase. With a given power
supply this should cause a decrease in the dischargs
colﬁmn. Although visual indications are not to be
relied upon as precise evidenée of current d ensity,
nevertheless the co-existence of a narrow bright
column with a non-luminous surrounding (the column
being narrow with respect to the electrode size)

is gufficient evidence of the contraction required
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by Davydov's theorye.
The quantitative considerations in Davydov's

- paper are based on the occurrence of stepwise
ionisation, and indicate that without such
processes the instability referred to would not
occur. The contractioﬁ of the luminous column
is therefore considered to beevidence of
existence of stepwise ionisation processes in

this kind of discharge.
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CHAPTER 4 =~ BREAKDOWN IN NITROGEN
Breakdown studies in nitrogen were conducted at
pressures up to 80 mms.Xlg. using various electrode
gseparations from 2 to 20 mms. The same pair of
electrodes (Type A) were used throughout the

experimentse.

Lele Experimental procedure

The experimental techniques employed
in recording breakdown measurements in nitrogen
were very similar to those described for the
hydrogen experiments. Statistical lags were
evident; at the higher pressures particularly
these sometimes approached a minute in duration.
Due to this factor great caPe was necessary to
pinpoint accurately the threshold potential of
‘the discharge, and a run in the gas required
geveral hours' recording. As with hydrogen,
the visual appearance of the discharge was

| observed to transfer successively through a series
of well-defined modes during each set of

measurements; the appropriate characteristics were

recordede.
Le2e Results at 9.5 M
Le2s1e . Variation of breakdown stress with electrode

separation

Typical results, with peak breakdown
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stress plotted as a function of electrode

separation, are given in Fige33. Each curve represents
breakdown at a given value of gas pressure. The
feamiliar sharp drop in the field E as it approaches

a critical value, followed by a gentle lowering of

the stress with increased electrode separation, is

again observed.

In order to establish that conditions in
gaps greater than the critica; value correspond
totrue u.h.f. breakdown, it is necessary to show
that within this region the amplitude of
electron'oscillation is always numerically less
than the electrode separation. The electron
ambit at and beyond the critical value of gap
wildth may be calculated by inserting}the appropriate
data in equation 3.1. The reéuired relationship
between electron drift velocity and E/p is obtained

from measurements by Nielson (1936), which show that:

V = 3.22 x105 x E/p
Since de = _2_
e
then at 9.5 Mc/s, de = _3.22 x 105 qus = 1.08 x 1071
X 9.5 x 10 xE mms.

Table 8 (a) compares the observed values of gap width

at which the curves begin to smooth out with the
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calculated values of idce at these pointse.

A 8 a

d.e neaarcritical values of
electrode separation

rrmnsl E B de d

volts calcu observed
cm.'ﬁ lated mms
ng

1k 660 | 4,7¢3 5Bel 8¢9
39 11,340 | 3507 3.9 7.6
| 57 12,000 ! 35.0 3.8  6.36

TABLE 8 (p)
Values of de wéll-within wehefe
region .
E E/ de a
volts P mme mms.e
_CUle ™

600 43 Le6l | 1016
500 | 35.7] 385 | 15.24

L720 éj gS 31 61 209 3 2

m

It is seen that in each case the amplitude of
" electron oscillation is considerably less than

.the electrode separation, showing thaltbreakdown
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- at these points is within the uehefe région.
The gaps at which electrons are just removed
from the system, corresponding to the change
from hefe to wehefs conditions, are not
clearly indicated in the E-d results in nitrogene
In Table 8 (b) the amplitude of electron
oscillation at gaps well beyond the critical
value is shown for the typical ) run at
14 mms.Xlg., and demonstrates that under these
circumstances electrons mové only a small
fraction of the distance between the plates
before their direction of motion 1s reversed
by the fielde.

Results at lower field frequencies were
restricted. dgsu+ rises sharply with decreasing

frequency édeu. o 1 g and consequently either
big

high pressures or large gaps were required to
fulfil w.he.fe. conditions. The electrode separation
could not be increased beyond 20 mms., and at high
pressures ( 80 mms.lig) even the maximum potential
available, nearly 3 Kv., was insufficient to break
down the gap. However, the limited measurements

taken indicated thaf the general pattern of breakdown

was similar to that at the higher frequencye
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Le2e2e Variation of breakdown stress with gas
' ~—DRressuree

Results of breakdown observations at

two fixed gaps for various gas pressures is shown
in Fige 34e At the plate separation of 6.35
'ngp;‘"},.tbe;Sba?p drop in field occurring at

39 mms.}Hg readily shows the transition from hefe
| to u-h;f. conditions, and. 39 mms.}lg may be defined
‘as a critical pressure Pc, analagons to the critical
électrode separatione

, When the pressure is inéreased'to

L35 mﬁs.lig., all electrons oscillate within

the inter-electrode spacee In the larger (10,16
mms ) gap, wehefe breakdown persists to a much
- lower pressure, the minimuﬁ being at about 7 mms.k.ge
Equation ).l can be altered to the form:

% = 1.08 x 10~1 g = Pc (at ‘transition)
and used to calculate Pce This gives a value of
Pc = 372 mms;lig., compared wiﬁh observed pressure
of 39 mms.Hge In view of the appraimations used

in deriving the above equation (Section 3.2.)

the agreement is considered quite satisfactorye.

Le3e . Breakdown mechanism in nitrogen

Le3ele Breakdown potential as _a function of Fde

Both nitrogen and hydrogen are non-
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'attaching diatoﬁic géses, and the close
similarities in breakdown behaviour observed

in the two gases at once suggeste a similarity
in breakdown mechaﬁism, namely diffusione.

The dependence of breakdown field on electrode
separation is clearly 1ndicated in ‘Figse 33 and |
34 Further information can be obtained by
computing breakdown as a function of Pde. This
is shoWn in Fige 35, in four of the curves d

is varied at a constant pressure; a typical

rﬁn ate fixed plate separaﬁion is also includede.
Minima correspond to electrons just in the gap
eech half-cycle of the fieid; breakdown at
gfeater values of Pa is in the wehef. regione

At a fixed value of Pde in the wehe.fs part of the
system it is seen that breakdown voltage lowers
progressively as the pressure is increasede.

{This difference, though small, is significant ).
The value of V required for breakdown is governed
by the rate at which electrons are removed from

- the gap, and the fact that the observed values
of V for each curve do not coincide at a given
Pd indicates that electron losses vary in each casee

Since the value of 4@ is unique in each curve at the

same pd, the differences in electron losses may be
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attributed tb differences in electrode separation.
This is consistent with the demands of the
diffus;[bn theory, in that removal of electrons is

a . function of electrode separation (equation
3e6)e

Le3e2e Interpretation of results on the diffusion
~theory

The most effective way of testing the

conformity of the nitrogen results to the diffusion
theory 1s by caicﬁlating values of /\ (the ch‘aracteristic
diffusion length) on the assumption thataiffusion is
the controlling removal mechanism,- and ,'transferring
t‘he b~reakdown data to the va‘rivébles EAand p N\ .
As described in Section 353, in considering

ushefs discharges in hydrogen, the diffusidn

theory requires that when breakdown measurements

in a partiéular gas are plotted in terms of these

. parameters, all poirits shall lie in a continuous
curve; - |

' This relationship is tested in Fige -36.,
in which effective breakdown voltage EA is plotted
as a function of p/\ for four separate runs

at pressures varying from 14 = 57 mus.tge Points
in the w.hef. region are seen to lie on a smooth,

almost linear,. curve,K the scatter of the points being

very smalle
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As previously stated, Section h;2., it
) was not possible with the apparatus employed to
reéord series of u.hefs measurements at frequencies
far removed from 9.5 Mc/se  However, in view of
the close similarity in form between the hydrogen
and nitrogen results, it is not considered likely
" that the pattern of measurements in nitrogen would
vary with freguencye It is concluded that under
Tehefe conditioﬁs the controlling factor restricting
the cumulative growth of ionisation in nitrogen
is diffusion of the eiectpons, either to the
electrodes or sideways out of the intense field
regione . |
Lelpe High-freauency ionising co-efficient
| Owing t o the relatively high pressures
used in the nitrogen experiments, the range of ErR/p
encountered was mther small, varying from ER/p = 3k
' (at the lowest pressure) to a limiting value given
by ER = 21 p gt high -densitiese Values of
the high frequency ionising co-efficient ?
(ionisations/volt2) in this region are given in
‘Table 9., and indicate the efficiency of ionisation
in nitrogen as a function of ER/p for two typical

electrode separationse
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TABLE 9. __VALUES OF J _, IONISATIONS, VOLT=2
d = 6.35 mms ] jéQ_LG_z%ﬂ__
E/p g B
3547 134 x 1075 33.8 6.2 x 1079
23,7  le24h x 10=5 28e2 3.52% 1079
22.8 9.8 x 10~ 26s0 2411 x 10~5
22.0  8+55x 10~6 22,4  1.82 x10~5
21.2  7.53x 10~6 212 1.13 x1079
No comparison between ? and the

corresponding dece co-efficient is possible,

as values of 9 are not available in the range

of ER/p usede

LeDe Vigual aspects of the discharge

The visual form of a discharge
was observed to fall into one of several discrete
modes. Each form differed from its neighbours
in colour, volume, and intensitye. Table 10
classified the various modes and describes the

%

visual characteristicse
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A O. DI RGE CHARACTERISTICS.
ode Diffuse Colour Volume of
or Dischargee
Intense '
A Intense Purple near} Intense filamenﬁ,

electrode, confined to
orange-red fairly narrow -
between. channel near
centre of
electrodese

B Diffuse | Milky-blue Narrow channel

: within inter-
electrode
space

Cc Intense Purple Four luminous
segmental : |

bands near .

electrode edges

D Diffuse { Milky-blue | Fills inter-
electrode space

E Diffuse Purple | Extends into
volume of

surrounding
ZaBe

It was noticed that, as in hydrogen, the
mode of discharge appearing was a function of gas
pressure and electrode separation, and it was again
found possible from the considerable number of
observations taken to construct a 'phase’ diagram;

Fige 37., relating the form of the discharge to p and de
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The general pattern can be seen to indicaie that
at the high values of pd, corresponding to
breakdown within the uw.h.f. region, the form

of the discharge changes from a diffuse gldw

to an intense conducting filament. Any
interpretation made from the above obéervations
regarding physical conditions in a maintained
nitrogen discharge must.necessarily be
tentative and qualitative in manner. Nevertheless,
it is considered likely that the suggestion wmade
in Section 3.9.2. in discussing the relationship
between the form of the_discharge in hydrogen
and the physical mechanisms maintaining it,

apply similarly to breakdown in nitrogene.
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CHAPTER 5 - BREAKDOWN IN NEON

Measurements in neon were conducted at a
‘constant frequency of 9.5 Mc/s, over a wide
range of pressure varying from L0 - 356 mms «
Hg., and using the 'A' type Rogowski-profiled

electrodes.

H5ele Experimental procedure
Owing to the low values of

breékdown potential encountered, slight modific-
ations to the apparatus were necessarye In the
voltage-measuring circuit a new electrostatic
voltmeter was installéd, reading 0-130 v.

(See Section 235.) The irradiating spark
tended to spread too much at low pressures.

This was counteracted by reducing the current
thpough it. Discharges at the shorter éap
separations were difficult to see, being
‘characterised by a glow of very faint luminositye.

For this reason all the neon results were recorded

with the room darkened.

5é2e Breakdown measurements

Curves showing the variation of
breakdown stress with gap width are given in Fige
38
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The low-range voltmeter was available only
for later measurements in neon; results
previous to this were restricted to conditions
in which breakdown occurred at potentials

200 volts. peak, corresponding to high pressures
and large plate separations.. The breakdown
curves at 272 mms. and 360 mms.Hg. are
typical of such results, and exhibit the
familiar gentle decrease in field as the
electrode separation is increased. VWhen it
became possible to record smaller voltages
breakdown studies were extended to lower
pressures and smaller gaps; three such runs
are included in Fig. 38 . The form of these
curves at short gaps is sohewhat différent from
the'other gases investigated, E changing
gquite rapidly with de. An explanation of this
phenomenon, in terms of ionising efficiencies,
is considered in Section 5¢5. Values of the
electron ambit at specified points may be
calculated from a knowledge of the electron

drift velocity at the appropriate values of

E/p, and using the equation:
v
LA

de =
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The most accurate determinations of
in neon, made by Nielsbn (1936) only cover a
range qf E/p from O-l.6e. Extrapolation of
this graph is necessary to determine v

at thé experimentally determined values of

E/p, values of de calculated in this manner are
given in Table 11, and compared with the

observed values of electrode separations at the

points considered.

TABLE 11 ELECTRON AMBITS IN NEON

Nielson (1936) (Extrapolated) de = 0.537 x E/p

D mmS.e E E/p de mms.] d (observed
MNMNS e

L6 265 5.76 3.l 38

L6 177 3.84 2.1 5.1

L6 137 . 3.0 1.6 6.35

217 386 1.78 0.96 2450

The calculations indicate that in each case the
amplitude of electron oscillation is less than the
gap width. These values, however, must be
treated with considerable reserve since the

v — E/p curve was only approximately linear, and




Fig, 39. Necn. Variation of Breakdown Voltage with Electrode
Separation.

2ho —

x
/r, 2 Blfmms “3

200

Breakoon 4
%LTAGE

Volts 1¢o —
2o A / 0/ /A’

80

L ' 1 jﬁ T ' ‘ T L r ¥
o L ] 12 6 2o
Etecrrone  OepARATIONS | mms d.

Pig., LO., Neon, Variation of Breakdowm Stress with Gas Pressure.

180 /
o d: T¢2mms

BQEAKWN _‘
STQESS /
Vo"’s e “1—0 [o) 2 .
N = o~
c_~-0 )‘4: Tmms
E O\O o/ /

loo — /‘

6o -~

o Lo ?0 120 foo 2o g2uo
Sas  Pressure, mme "3 'y




79

the straight-line extrépolation must necessarily
lead only to fairly approximate resultse.
Critical values of electrode separation
may also be found by plotting breakdown
potential as a function of gap widthe This is
done in Fige 39. | Voltage minima on these
éurves represent electron capture by,the
plates and indicate approximately the values of °
deCs These transitions are marked in Fig 38.,
and it is evident that in neon the breakdown
field at separations immediately beyond the
‘critiéal value shows a sharp drop before
smoothing out to the pattern familiar in the
other gases. An interpretation'ofAthis 
| phenomenon in terms of the-rate of growth of
-. ionisation is given in Section 5e¢5e.
Breakdown:at constant electrode sebaration
is illustrated in Fige 40 and shows E as a
function of p for two separations,
7.62 mms and 12.7 mms. At 42 mms.Hge a
minimum occurs in the 7.62 mms. plot, indicating

a critical value of pressures

5.3 Qualitative examination of results

Breakdown occurs when the ionisation
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.broduced by*the field just exceeds the neﬁ loss of electrons
froﬁ the gap. - In a diffusion-controlled system, this
loss results from diffusion, both to the electrodes and
1aﬁerally out of the intense field region. The rate of
removal under such conditions is governed by the mean life-
time, to, of an electron in thé gaD. In experiments
‘ conducted with electrodes of constant size tb is a function
of 4 alone. Under such conditions the breakdown stress
is thus a function of electrode separation. Neon is a
non-attaching, monatomic gas, and for a given value of p,
~Fig LO, a decrease in E is observed as the plate separation
is increased, immediately suggesting diffusion as the
electron removal factor, Similar‘efidence is provided by
plotting breakdown potential against pd to form the familisr
Paschen Curves; In Fig. 41, V - pd plots have been
constructed from data at 46-, 129-, and 217-mms Hg.
Unlike the d,é. case, it is seen that the breakdown curve
is not unique, but differs for each pressure run, indicating
that V at a given value of pd is dependent upon the parameter

d, as required by the diffusion theory.

5.4. Applicability of Diffusion Theory

The applicability of the diffusion theory to u.h.f.
breakdown in neon may be tested, in a similar mahnef to
hydrogen, by computing effective breakdown voltage, EA, as

a function of P N for a humber of sets of breskdown
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measurements, using values ef /\ determined on the
assumption that the mean 1life of an electron within the gap
is limited by diffusion processes alone. Since "A"-type
Rogowski electrodes were used inAall the neon measurements,
values of N in terms of the electrode separation were
calculable directly from Fig. .20, A

The EN -~ p\ plots are shown in Fig. L42. Although
the overlap of data from diffefent runs does not cover a
very wide range,ipoints in the u.h.f. region lie on the
- same smooth curve;: from this evidence it is concluded that
breakdown in neon under u.h.f's conditions occurs when the
gain in electron population by ionisation just exceeds the

lese due to diffusion.

5«5e Ionisation in Neon

As mentioned in Section 5.2, the rate of lowering of

- E with 4 is seen to be relatively.greater in neon (reference
to Fig. 38), than in hydrogen, nitrogen, or air. 4n
explanation of this is now considered. In the discussion
an ;mportant factor is a comparison of ionising efficiencies,
as a function of E/p, between neon snd the other geses
eéxamined. Values of ionisation coefficients calculated
from the breakdown data at 9.5 Mc/s are restricted owing to
the short ranges of E/p encountered. Measurements over
v'extended'ranges of E/p are, however, available from the

results of other workers. d.c. measurements, in terms of
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ion pairs/volt 3, are compared for the four gases in
Flg. 43(&), and the corresponding high frequency
coefficients ? similar in form to the above, in Pig. 43(D).
The fange of E/p encountered during breakdown studies in
each gas is marked in Fig. 43(a); it is evident from the
curves that in the neighbourhood of breakdown the ionising
efficiency rises more sharply with g/p in the polyatomic

gases than in neon,
The condition for a favourable increase in electron
) population leading to breakdown is thet an electron must

create one new “"ion.pair" during its life-time as limited
by diffusion.

This may be expressed as

Vi tD = 1 e o o s o o 5;10

where tb = mean life of electron, secs.
Vi = no. of ion pairs created/sec.
Vi = dfb E; where = electron mobility

ThereforéiVi o o _

The duration to is governed by the eiectrode config-
uratiOn, and for electrodes of constant size is a function of
electrode separation (Equation 3.6.)

In the polyatomic gases, where o/p rises sharply
wiﬁh E/p in the neighbourhood of breakdown, a variation in

to caused by a given variation in electrode separation will
require only a small compensating variation in E to satisfy

equation 5.1. Such a sequence has been observed in hydrogen
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nitrogen and air.

In neon, however, a similsr change in d would require
a relatively larger variation in the stress requifed to
initiatate breakdown; this would account for the form of
the E - 4 curves shown in Fig. 38.

Further evidence regarding the relatively slow rise of

ol/p with E/p in neon compared with the other gases may be

deduced from.the pulsed breakdown measurements of Labrum (1947),
and Prowse and Jasinski (1952). Measurements in neon
. similar to those given in Fig. 38 have been recorded by

'Rowbotham (1956).
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The breakdown investigations in air.may conveniently
be divided into two sections:- |
(a) Ereakdown as a function of p and d in the pressure
- range 15 mms.Hg - 70 mms.Hg;
(5) Low pressure measurements at fixed gaps.
"A' _ type Rogowski electrodes were used. The field
frequency, unless otherwise stated, was kept constant at 9.5

Mc/s.

6.1 Experimental procedure

"The gas samples ueed were drawn from the atmosphefe,
and carefully dried as indicated in Sect. 2.3.2. Statistical
lags assoclated with the discharge varied in duration from
a few seconds to upwards of a minute, and were more
prbnounced at the higher pressures., A feature of the ldw
pressure measurements was the small stress reqnired to
initiate a discharge; the significance of this is discuesed

in Sect. 6.5.2.

6.2 Variation of breakdown stress with electrode separation'

A typical family of curves relating peak breakdown

stress and electrode separation is shown in Fig. Ll4. At
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‘small gaps E drops sharply as d 'is increased until the
separation reaches a critical valué, different for each
curve, beyond which an abrupt "step" appears. As d is
still further increased, E falls off gently in the familiar
manner. The "step" in each curve gives a'visibie
indication of the change from h.f. to u.h.f. conditions;
thié can be confirmed by numerical caiculations of the
amplitude of electron oscillation at points bounding the
transition. An examination of Nielson and Bradbury's (1937)
curve for values'df E/p in terms of electron drift velocity
show that a fair approximation may be obtained from a
straight-line extrapolation of the form
V = 3.57 x 10° B/p

Substituting for V in equation 3.1. at 9.5 Mc/s giées

de = 12 E/P ¢ ¢ o ¢ o o o o bu1.
In Table 12, this relationship is used to derive de at the
top and bottom of "steps" in typical E - d curves.

TABLE 12. ELECTRON AMBITS IN AIR

Top or a

Pmms | bottom of E de |observed
Hg ~ "step" |volts/cm.| E/p| mms mms
14 Top 1300 93 11 7e3

" Bottom 640 U5.7]1 5.5 9.5
29.5| Top 2380 | 81 9.7 | 5.8

" Bottom 940 32 3.9 8.9
Lli.5) Top 2920 65 7.8 5.6

" Bottom 1620. 36 Le3 | 7.6
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' The calculdtions confirm that at the $0p of each "step"
the amplitude of electron oscillation is very alose to the
gap spacing; at the battom electrons are free to oscillate
within the gap each half-cycle of the field. Discharges
at separations exceeding this value constitute true u.h.f.

breakdown.

6.3+, Variation of breakdown stress with gas pressure and
field frequency

The effect on E of varylng the pressure at fixed
plate separations is shown in Pig. 45. In the u.h.f.
parts of the curves the onset field at a given pressure is
seen to decrease With increasing gap width, a feature
encountered in each of the gases investigated. In the
runs at d = 7.62- mms..and 9. 27 mms., crltlcal pressures
p , are 1ndlcated at 58 5 mmng and 8mmng respectlvely.
These compare very closely with the values 18.3 mmsHg and
7.9 mmsHg as calculated from the equation

pe . = 2B (from 6.1.)
The frequency variation for three electrode spacings -at
a pressure of 27.5 mmsHg is shown in Fig. 46, As f is
increased the electron ambit de is correspondingly reduced,
eventually just filling the gap; this accounts for the
observed variations in E. Under conditions removed from
Atnis transition, the breakdown stress is affected only

slightly by change of frequency over the range investigated.
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Gelte Breakdown mechanism in air

An encounter between a free‘electron and an oxygen
molecule can lead to the forﬁation of a negative ionf
The possibility of such attachments must therefore be
examined when considering factors conﬁrolling the growth
of eleétron density preceding an electrical discharge in
air., An analysis of the results at 9.5 Mc/s given below,
shows that any removal process other thén diffusion has
little'effecﬁ upon the build up of electron population
within the gas. However, in view of the fact that the
.probability of attachment is a function of gas pressure,
the conclusion that u.h.f. bresakdown in air is diffusion-
controlled must be reserved to pressure conditions not
exceeding 70 mmsHg, the highest density used. 1In an
éttempt to deduce some positive infbrmation regarding the
role of attachment in air, and also ﬁo explain some of
the apparently anomalous results obtained in this gas by
" various workers, the problem is discussed more fully in
Sect. 6.5.}

The relationship between breakdown voltage V and the
parameter pd for air is given in Fig. 47. Five curves
have been drawn for different values of p at 9.5 Mc/s;

. In each case V increases steadily with pd until a critical
value is reached at which there is an abrupt decrease in

.potential .down to the u.h.f. part of the curve. The
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vbreakdown ploté in this.feéion are similap to those 6bserved
.,in the other gases; (the intersection of the separate
curvés with a chosen-Ordinate corresponds to different
values of pd). The static (d.c.) breakdown curve for air,
as measured by Pim' (1949), is included fér comparison;
u.h.f. onset potentials are seen to be approximstely half
the d.c. values at similar magnitudes of pd (though it is
seen that the two sets of curves are not parallel to one
another) ; values in the h.f. region are also less than
under d.c. conditions owing to the non-removal of positive
ions from the gap. |

When the data is transferred to the proper variables
E A and;pA s points in the u.h.f. region fall on a single
smooth curve, Fig. 48. This is in agreement with the

requirements of the diffusion theory.

6.5. Comparison of results with other observers -
consideration of electron attachment

The results described in the previous section are in

quantitative agreement with those of "Hlerlin and Brown (1948)

at a frequency of 3,000 Mc/s. They appear to be at
variance, however, with those of Pim (1948 and 49), and
Prowse and. Lane (1955), who 6bsefved consténcy of breakdown
stress with increasing plate separation for discharges in
the u.h.f. region. ‘It is impossible to reconcile this

independence of E and 4 with & diffusive mechanism, in
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which the two quantities are related, Eqn. 3.8. Electron

attachment to oxygen molecules in eir may, either wholly
or partially, accoﬁnt for the differences in breakdown
behaviour; this possibility is now considered.

If electron attachment is included as a possible loss
me¢hanismAin the build-up of ionisation in_addition to
diffusion, the continuity equation 3.2. may be modified,

Brown (1955), to the form

—g—altl— = (V - V%a)n - VT
where Va = is the frequency of attachment
For a parallel plate electrode system, this leads to the
bregakdown criterion
0’ = va + D—Lr 2— e e o o o+ o o 6.2.
d .
¥ may be written, in terms of the first ionisation
coefficient & , and the avefége electron drift velocity, as
V = ¥ (see Sect. 3.7.L.)
Hence Vv = % Ep M-
By analogy with the above equation, the probability of
attachment /cm, _Q.}, is
Va = @ERr
Hence by substitution in eqn. 6.2.
¢ DWW . 1

i - — +
b

P r (E

00006\30

Equation 6.3., though relating o and B8, was not found

suitable for calculating the attachment efficiency under

)
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experimental conditions owing to a lack of relisble
information regarding numerical values of the related
quantities, However, a comparison between eqn. 6.3. and
experimental date in air has been made gréphically by
Brown (1955), in terms‘of E/p and pd. In the low pressure
region, where E/p is shown to be a function of pd, electron
diffusion controls the discharge., The high pressure
fesults of Pim are also included. In this region of low
'E/p breakdown becomes practically independent of pd,
interpreted by Brown as corresponding to to volume loss
of electrons ffom attachment.

This qualitative analysis appears at first sight
quite satisfactory in correlating the results of different
workers, A close inspection of Pim's 200 Mc/s curves
shows that at high pressures of atmospheric order, true
constancy of breskdown stress exists for all gaps in the
u.h.fs region, whereas at lower values of pressure, the
breakdown field decreases slowly with increased electrode
separation in a similar manner to the 9.5 Mc/s results and
alsc those of Herlin and Brown, each of whose measurements
were taken at préssures < 70 mnsHg. ‘Thﬁs an E - 4 curve
at constant pressure is not typical of u.h.f. bregkdown in
air throughout the pressure range. Electron losses would
‘therefore appear to be dominated at low préssures by
diffusion and at high pressures by attachment.

Measurements of the attachment coefficient @ have
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been made by Geballe and Harrison (1953), and although
the numerical results are still somewhet uncertain, it
trenspires that as E/p rises, @/@>passes through a
minimum,-at:%/p = 30, and subsequently increases. This
somewhat surprising transition, which occurs at a value
of E/p near to the minimum encountered at breadown,
indicates that within the experimental range the attachment
probability decreases with increased pressure,

This is in the opposite sense to the general assumption
made above. It must be stressed, however, that Geballe
and Harrison's measurements are not conclusive and were
recorded over only a small range of E/p.

A partial explanation of the discordant results may
also lie in the choice of electrodes of the different
observers. Rogowski® electrodes, used in the 9.5 Mc/s
results, are profiled to simulate an infinite pair of
parallel plates; the cylindrical cévities used by Herlin
and Brown elso approximated conditions of infinite plates
with a uniform electric field. Pim, on the other hand,
used spark gaps, domed very slightly towards the centre,
whilst Prowse and Lane adopted a pair of plane-parallel
discs. The possibility of field distortion affecting the

breakdown measurements of these workers cannot be disregarded.
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6.6 LOWw Pressure results

Gebole Advantages of low pressure measurements

Akt low pressure the reduced value of the breakdown
field E/p changes quite rapidly for'small changes in p.
Between 1 mmsHg and 20 mmng the range of E/p encountered
was quite considerable, and measurements in this Pegibn
were particularly useful for determining quantities related
to E/p, notably the ionisation coefficient., The numerical
values of breakdown stress recorded were considerably -
smaller than have been observed at microwave frequencies.
They are, however,.in qualitative agreement with values
reported by Paska (1955); their significance is discussed

in the following section.

6.6.2. Variation of breakdown stress with gas pressure

The curves shown in Pig. 49 represent breakdown at a
number of fixed gaps over a pressure range .3 mmng -

20 mmsHg. Diséharges in the smaller gaps afe confinéa to
the h.f, region; at larger separations the u.h.f. tran-
sitions are clearly indicated.'

The form of the curves is similar to those at higher
pressures, being characterised by a fg8ll in breakdown field
at constant pressure with increasing separation of the
plates. Only smail values of field were required to break
down gaps in the u.h.f. low-préssure region. Typical

values of V and E are given in Table 13
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TABLE 13, U.,H.F., BREAKDOWN AT LOW PRESSURES

' . |

d = 20.32 mms . d = 15.24 mms

PmmsHg| Vi volts | ER volts| PmmsHg| VR volts | ER volts

043 - 146 71 1.5 176 116
0.8 155 76 2.0 184 121
143 176 87 3.0 228 151

Even smaller breakdown potentials have been observed
by Paska (1955), who has studied the breakdown strength
of air between casual cylinders at a frequency of 77 Mc/s
within a pressufe range 0,01 mmsHg - 5 mmsHg. These
values, lower than are obtainable using microwave
oSgillations, are explained as follows., Using geometrically
-similar systems, microwave breakdown voltages are somewhat
1éss than those for.radio frequencies (Prowse (1950)). V
is detefmined by the electrode separation, gas pressure,
and field frequency, and limited by two main factors, the
collision frequency (Sect. 3.5.2.) and electron ambit
transitions. The electron ambit limit is seldom encountered
- in microwave breakdown, (the electrons move only a fraction
of a millimetre before their velocities are reversed‘by the
field), and canvbe avoided at radio frequencies by using
sufficiently large géps. However, the collision-frequency

transition at microwave frequencies occurs at a considerably
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higher pressure than at radio frequencies, and since the
efficiency of ionisation is greater at lower pressures,
it is possible for r.f. breakdown voltages recorded near
the minimum to be lower than those obtainable at micro-
wave frequencies,

Thus, by careful choice of freguency, gas pressure,
and electrode separétion, it seems likely that the break-
down potential of the gap would not be greater than a few
volts. A thorough investigation of obtimum breakdown in
the radio-frequency region may be'of considerable technical

importance.

6.7 Ilonising efficiency in air

The breakdown data in air were used to calculate
values of the high-frequency ionising coefficient ?
using equation 3.8. |
| Plots ofg as a function of ER/p are given in Fig. 50;
each curve corresponds to a pressure run at constant
electrode separation. On the high pressure (low Egp/p)
side, they come together to form a common envelope,
“departure from this occurs at values of Ep/p determined by
the individual gaps. For a given Ep/p the ionising
efficiency is seen to increase with electrode separation,
and'mcy be attributed to the lengthening of the life-time
 of clectrons within the gap. These curves could be used,
in conjunction withAeqn. 3.8. to predict breaskdown at

, varioﬁs pressures using different electrode configurations.
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6.8. Visual characteristics of the discharge

Observations of breakdown in air showed that under a
prescribed set of conditions the discharge was visible in
one of four different modes. In Table 14 each mode is

specified by its colour, intensity, and volume.

TABLE 14, DISCHARGE CHARACTERISTICS IN AIR

(I

Mode Intense

or Diffuse Colour Extent of discharge
A Intense Pink, white Confined well within
spots on inter-electrode space,
electrode
B Diffuse | Bright pink | Within inter-electrode

space; dark spaces
round electrodes.

C Intense Pink Within inter-electrode
space.
D Diffuse Faint pink Extended beyond inter-

electrode space but
dark space in central
region of gap.

In the neighbourhood of'the u.h.fs transition, the
form of the discharge changed from mode B to the intense
mode A, and was accompanied by & sharp drop in the voltmeter
reading, indicating a heavy loading of the circuit, Fig. 51,
constructed from a large number of observations, shows the
change in form of discharge in relation to electrode

separation and gas pressure, This phase-diagram can be




96
used to predict the discharge appearance under a given
set of conditions.v
An expianation similar to that given for hydrogen,
Sect. 3.9.2., is thought likely to explain the change in
nature of the spark in the vicinity of the u.h.f.

transition.
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In all of the'diagrams, the valuesof electric stress
are based 6n,indicated voltages. The meters used were
calibrated in terms of the electromotive force of two
standard cells,

In ail cases thé percentage error decressed with

increasing voltage, as shown in Table 15.

TABLE 15, VOLTMETER ERRORS
: .

Meter. Instrument Error
: Range (Volts) (per cent)

—

Pye Scale-Lamp ‘
e-static 1000 - 500 3 -1.2

Ayrton-Mather
(high range) 530 - 110 L= 1.8

Ayrton-Mather :
(low range) 120 - 40 6~ 1.4

It will be recalled that measurements of breakdown
voltage were made by using étepwise increases in the

applied voltages. In the higher wvoltage range the last
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increase between no-breakdown and breakdown did not exceed
5 volts, and in the lowest range 2 volts. -

Precautions were taken to ensure that the finite
lengths of the connections to the electrodes and to the
diodes should not introduce an error. A parallel-wire .
tfansmission line was commected between the final tuned
circuit and the electrodes; the side-branch taken from
points near ﬁhe electrodes to the diodes was so adjusted
thatvthe total run to the electrodes was equal to the total
run to the diodes. This total run was itself only a small
fraction (5%) of the shortest wavelength used.

Pressufes were read to-5 mmsHg, in the higher range
(sbove 15 mmsHg) by means of the modified Bousden Gauge.
The calibration (Section 2.3.5.) was repeated at regular
intepvals, and no»point ever departed from the original
curve by more thane5 mm Hg. The diaphragm gauge used
for the low-pressure measurements in hydrogen and air
was subject to an error not exceeding 2i% of the full-scale
reading (40 mm Hg). In the figures the pressures used
are indicated pressures not corrected for fluctuations
in laboratory temperature:, and this may account for
occasional departures frbm regularity, such as appear in
the V-pd curvesg fér air, Fig. 47.

The electrode separation could be measured with

altogether greater accuracy than the voltage or the gas

pressure, and no sensible error arose in this connection.
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Also no appreciable error occurred in connection with
frequency measurements; the wavemeter readings agreed,
within the precision of reading, with the indicated

frequency of the oscillator.

===000000000===
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- APPENDIX 1

THE OSCILLATOR

The oscillator circult is shown in Fig.-52; Three
frequency ranges were available, 5.5 Mc/s - 10.5 lc/s;
3 Mc/s = 5.5 Mc/s; and 200 Kc/s - 500 K¢/s.  The
circuit of Fig. 52 only includes components relevant
 to the highest frequency range. |

Oscillations were generated by a series-fed Hartley
oscillator, based on value V1 and the tuned elements
I1CoCz.  Condenser Cg was variable, and with Cyz was
fitted with a UNI slick 7-stop mechanism, arranged so

that pre~determined frequencies could be rigidly held or

returned to, These stops could be released at will.
The condenser wés trimmed to allow fine adjustment of
ffequency. The oscillations were fed, via 3;, to the
control grid of the power amplification valves Vg and Vg,
strapped ih parallel. H.T, for thege valves, I'200 volts,
was delivered thr ough currént-limiting resistors and
H.F.C. 1. A milliemeter in the anode circuit, M,
provided a useful guide for determining resonance
conditions.

The oscillations were delivered to the output tuned

circuit Lo C33 through Cy.
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.t Circuitt Components

Valves V3 VT104 (ML6)

V2 and Vx VT105 (PT15)
Chokes H.F.C.1 8.8 mH
H.F.C.2 2.5 mH
H.F.C.3 15.5 mH
Condensers Cp .o0dpF Cg <003y F
| Cz 10 p F Cg +004 pF
Cz 11-135pp F C10 +0002 p F
Cy <005y F C11 +5, F
G5 005 F C1p +004, F
Cg «0002pF C13 +01pF
'Cy  .0003pF | C4 +004p F
Resistors Ry 1.5~ Rg 50K
Ry 20K Rg 15K
Rz l(j - Ryg 7+5K =
Ry 19,5~ Ryp 5K -
Rg 20K Rig 5.1K
Rg 75K - Rz 350 -
Ry 12K.a Rjg 20 .
---oobOOOooo---\
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