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CHAPTER 1. IRTRODUCTIOH

Knowledge of high-frequency breakdown has

. inoreased considerably in recent years, and though
studies are being inereasingly pursued from a purely
practical standpoint; much research has been devoted
towards a better understanding of the fundamental
mechanisms both preceding and following, the passage of

a zuminous canéuetiné channel in a gase. In this chapter
a brief summary is given of high-frequency, breakdown, as

related %o the work‘raportad.in.tbe thesis.

An electrical dischaége in a ges results from
the mevéments of large numbers of ions and electrons, and
breakdown theory must postulate a mechanism whereby ione
are multiplied within the gas under the influence of an
external fielde The prineiples of electrical conduction
in gases may be studied by expressing the electrical and
optical properties of the diécbarge in terms of atomic data

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

le2¢ Qog. dischargege |
Conditions are favourable for breakdown when
the gain in eleciron population due to ionisation processes

becomes equal to the loss of eleclrons from the systeme

SRAR URTVESS
W BC!E:\BEfl‘?o,"b
2930

3&-Tion
L/Br.f«:?‘(




2e

The primary factor governing the production of electrons
is generally collision ioﬁisation between electrons

and gas molecules. In a ds:cs discharges; the production
rate/cm, travel (Tovnsend's ™ ‘), in a lifetime 1limited by
mobility drift to the positive eiectrode is inéufficieht-
to sccount for the abrupt 1ncﬁease in electron density
immedistely preceding brea&down, snd a secondary source
of electrons 1is necesssery to initiate a discharge.

It wae considered by Townsend (1947) that secondary
ionisation resulted from a number of mechanismsg, notably
electron emission from the cathode due to photon and
excited~atom bombardment; ionisation due, either directly
or indirectly, to positive ifons, and cathode emisaion
due to positive ién bombardment, Experiments in the
1930's designed to measure the magnitude of these
secondary effects were not sucesessful, and led sotie
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 photone produced in the electron
avalanche (Ioeb & Meek (1940), Zeleney (1941)); such
new electrons could initiste new avalanches at points
remote from the aource of the photons, producing such &

rapid propagation of the avalanche ascross the gap as to
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exclude the possibllity of secondary ionisation due to

the relatively slow=moving positive ionse. In 1952 however
a series of preoiaion measureuents by ILlewellyn Jones and
his co-workers at Swanses (1952 a, b & o) showed that the
development of a discharge could, in fae%, be explained
satisfaotorily by'a meehaniem of the Townsend type. They
concluded that no single secondary préoeaa can be said to
dominate, their relative importance being governed by such
factors as oathode surface snd geometrys Quantitative
predictions of breakdown using unidirectional fields are
therefore somewhat complex, since they regquire numerical
data on the\efficiéncy of ionisetion due to a number of
processes: Breakdown resulting from the application of

a high-frequency field, however, is somewhat simplerin

character.

13

The breakdown criterion in a gas étresee& by
an alternating field moy be described by a fallure of
the equilibrium between the formation of electrons within
the test gap, end their effective removal from the intense
field region. | A slightly higher fleld thern that necessary
To balance the opposing proeesées will cause breakdown to
ccoure |

At a glven field frequency the physieal nature

of electron generation, and hence the breskdown stress,
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is a function of pressure and nature of gas, and the
separation of the eleotrodes. The 1mpertanoe of such
‘ adéifional terms aé electrode shape and size; and the
nature of the enclosing discharge chamber, has not been
fully realised until a comparatively recent date, and tends
t0 cloud some of the early'abeervations.

h.fs breaskdown may be broadly claesified into
three maih frequency bands, though the precise frequencies
at which these transitions occur, and thé efficiency of |
electronic processes leading to breakdown within the rangéa
bounded by these transitions are functions of the
paraneters mentioned above. Starting with a gas at
given pressure containeﬂ‘between fixed eleotrodea (i.e.
constant pd ), breakdowniat low frequencles less than about
10° o/s 1s\aubstant1a11y the same a8 foP dece. discharges.
Considering for example a 1 cme air gap at atmospheric
pressure (Morgan 1953 ), the transit times of clectrons

-~
= |0 geps, and even the slower-~moving poaitive ions,

= 10°> gags, are short compared with the half-period

of the applied field, and bhreakdown ogcurs at the peak

of the voltége wave, at a potential similar to that undep
corresponding d.ce. conditions. This region is defined

as the low fregueney, or l.f. repion, (Recent observations
by Puecks (1956) suggest that breakdown at the high-

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

As the applied field frequensy is increased,
the quasi=static condition is followed by a progressive
reduction of onset voltage to a fairly constant value.
This lowering of V 1s explained by the inocomplete
removal of positive ions during a half coycle 6f the
fields A posltive space-charge will therefore be
built up sufficient to distort the eleotric fleld
within the test gap, producing emhanced values of «
(Reukema, 1928), and correspondingly lowering the
breakdown potentiale ¥ithin the freguency range

deseribing these econditioens high

is said to occurs

Vhen a frequency of the order of 10‘10/9 is
reached, a further lowering of V, relatively much
greater than before, is encountered, due to the non~
removal of elegtrons during each half-cycle of the field.
Their accumulation within the gap increases the ionlising
efficliency of the gas and consequently & lower fleld is
neceasary $o initiate a diseharge. At far higher
freguenciesy 7 10"' ¢/8, a further transition is reached
when the frequency of collision between electrons and
gas molecules approaches tpe same order of magnitude as
the field frequency. Here the electrons make many
‘ogcillations/collision and their inability to ionize is

chaeracterised by & sudden increase in V.



6o

In the reglion vhere the amplitude of eleotron
oscillation is oonfined to the inter-electrode

space,
sald to ezist.

lelho

The region in vhich positive ion space=
charge affects the sparking potential hss been
investigated quite thoroughly in air and hydrogene.

‘Bome of the early work wéé inconclusive because of the
relatively low fregueney range then available, and in
some cases unreliable, owing.ﬁe nonsuniformi ties in field
distribution (caused by undesirable electrode shapes),
and contaminatien of the gas by mercury vapour. The
latter weuld iend‘ta give spuriéusvvalueé of breakdown
potential due to thé»Penning (1927) éffect. Recent
cbservations by a number of workers, however, notably
Seward (1939), Ekstrand (1940), Pim (1949) and Bright
(1950), confirm a gradual lowering of onset voltage up

. to 15% below the éorrespanding'§0Aq/s values
Quantitative interpretation of rasults»in‘thié region
are complicated by tha inharent field distortion withip
the gap, though the breakéown criterion has'been derived
approximately by both Pim and Brighte

1 5&

Under uwehef» conditions, with electrons
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oscillating within the gap, the secondary sources of

electrons necessary for the initiation of a dece.
discharge, are no.longér a pferequisite of breakdowne
Except at very low pressure the production of electrons
is controlled almost entirely by ionisation caused -
. by collisions between electrons and gas moleculese
The breakdown condltion at u.h.fs i8 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 procegscss

The true nature of the u.h.fs transition was
first established by G611l and Donaldson (1931), whe
used a long c¢ylinderical discharge tube arranged
either parallel, or at right-sngles to the external
electrodess Breakdown observations using both
configurations showed a minimum in the V= curves;
the transverse arrangaﬁent also resulted in a second
minimum, caused by elestrons oscillating within the
confines of the gap.

9ince 194f a considerable body of experimental
evidence has accumulated of breakdewn in the miorowave
region, using both pulsed and sustained osclllations at
fraequencies up to 10,000 Hc/s. A guantitative picturev

\\V/’ﬂdagf,Ezgakdnmn-”*ﬂen apeeialised condition at these
\ .

~+rlin and Brown (1948) |
k
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in the United States; discussion of results in this
‘field 1s reserved until later.

1.6,
| At low gas pressures, the mean free
path of electrons becomes large compared with the
dimensions of the containing vessel, andldollision
ionisation becomes highly unlikely. Using external
electrodes, bréakdown under these conditions héa been
studied by Gi1ll and ven Engel (1948). Discharges
are initiated by electrons generated by direct
electron bambardgent of the %alls, Because of this
the breakddwn potehtibl is shown to be independent
of the nature of the gas, but is a function of the

nature of the wélle of the confining vessel.

1.7 The experimental problem = w«h.f« breakdown
~gechanism

Conditions are generally favourable

for an electrical discharge in & gas when the rate of
increase of electron population due to collision
ionisation begomes eéual to the loss of electrons

from the systems In a dece discharge, this loss is
due primsrily to the mobtiity motion due to the steady
flelde Gnder u.h.f. conditions, however, electron
removal must be aecounted 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 méahanism coatrblling the discharge,
and it is possible to caleulate the breakdown field
by equating the gain in electron density due to
ecllision 1onisatian to removal by diffusion.
The theory has beensatisfactorily tested in a
variety of gaéee at microwasve frequencies. Subject
to certain limlts, discussed by MeDonald & Brown
(1949); the factors involved in a diffusion-controlled
systemﬂsheu;d be independent of freguency, and a
wide application of the theory over a comsigderable
fregueney range might be éxﬁeated. An analysis
of the results of several workers, in particulay
those of Githens (1940) and Thomson (1937), at
freguencies up 30 100 He/s shows satisfactory
agreemont with the diffusion theory when treated with
respa&t to the proper variables. ©On the other hand, Pim
(2949), ﬁas obtained data at 200 Me/s whioh suggest
that ‘Breekdown stress is independent of electrode
separation in the w.h.fs« reglon. This is at variance
with the diffusion theory, which demands a dependence
of breakdown stress on gap width. Pim confined his
neasurements to aiy, and the discrepancy‘may partly
be explained by considering electron attachment to the
exygen atoms presente Hewgver. the possibility of
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u.h.fe breakdown stress belng a characteriatic of
the gas independent of gap width has been supported
by the resulte of Pueks, Oraf & Muller (1956), and
Prowse and Isne (1955). In the latter case, results
of an exploratory nature suggested constancy of
breakdown stress in both sttaching and non-attaching
gases at frequencies up to 10 Mc/se

The situation has been further obseured
by breakdown measurements involving short-duation
ushefe pulsess Under breakdown conditions governed
by diffusion an electron may be considered to have a
mean life~time during whioch it achieves a Brownian
drift to the electrodes or laterally out of the
strongfield region. A discharge will occur if during
its lifetime an electron oreates at least one new lon
palr by collision fonisation; thusit would be
expected that the time taken for an appreciable growth
of electron density to be considerably greater than
the mesn life an electron. Cseillographic measurements
of breakdown in a number of polyatomic gases by Prowse
& Jasinski (1951), however, have estsblished that a
discharge can occur in time intervals the order of
10‘8 secs after the application of the fleld, too
short for electrons to have diffused from the gap.
Again pulsed measurements by Iabrum (1947) suggest a

mechanism whereby the onset of a discharge 1s governed
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by the bulld up of electron population to a
‘aertain oritieal value, without‘any removal taking
places |

In view of the anoﬁaliee in breaskdown
behaviour préﬁented above, 1t was decided to make
a systematic investigation of u+h«fs braakﬂdwn in
a number of gases; both mqnatemié and dlatomic,
attaching and nen-~attaching, using properly
profiled'parallel plate electrodes, and a frequency
range admitting'of.direct measﬂrement'of applied
voltago. |

The work reportedvin this thesis deseribes
U:shefe breékﬁown in hyﬂéogen; nitrogen, neon and
air, and is eonoerned‘principally with the interpretation
of the breakdown measurements in terms of the mechanisms

preceding the onset of a discharge.



Pig. 1. Schematie Diagram of Apparatus.
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CHAPTER 2e APPARATUS

The essential parts of the final apparatus
developed are shown schematically in Fig.l. Care
. was taken in design to allow variastion, over as wide
a range as possible, of all the important paraﬁeters,

namely?

Pressure and nature of the gase.

Electrode separation and size.

Field frequency.

A prerequisite of breakdown 1ls that a.
triggering, or casual, eleéctrob be present within the
gap. A suitable means of irradiation was therefore
' employed capable of satisfying this condition.

The general lay-out of the apparatus is shown in
Figse 2 (a) and (b)e

A glass pipeline formed the basis of the
discharge chamber, the complete apparatus being shown
in Fige3. The eleotrodes were centrally situated
in the chamber, their spacing being wvaried by the use
of specially-cohstiructed bellows, and measured by
micrometer heads referred to steel balls sunk into

the top of threasded shafts integral with the bellows.



Fig. 3. nischafge Chamber, ¥lectrodes, and /eccessories.
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The chamber, Fige 4, consisted of
a thick-walled Pyrex pipeline, 6" long and 3" diameter,
speclially made at the Vear Glaes Vorks, Sunderlande
The horizontal open ends, fine-ground and parallel

te one anothepr, were vesouum=-sealsd to mild steel

bese plates using the eposy resin Acaldite 103 (Johnson 1954 ).

These metal glass unions remained leak<~free for a periocd
of two yesrge

Continuous circulation of gus in
the pystem was ensured by providing two ocutlet vents
in the discharge chember. One of these openings,
centrally situated, alsoc provided a path for the
irradiating pulses, whose generation 1s described in
Section 2.6.2¢4coess to the interior of the chamber was
made possible by a 3" diameber glass window, normally

'eealed by a ground glass cover plate.

2‘. 1' 2'

An essential feature of discharge
chamber construction was thét electrode spacing be
varied vithout 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 syeteﬁ to allow vertical traverse of the shafts.
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The bellows were made by Negretti & Zambra Litd.,

and incorporated the following features.

Bach pair consisted of a stack of 9 Cu/Be
diaphragm 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 type. At one end was:

(1) A ring of metal, height 3/16", thickness
+015%, and internsl diasmeter .8"; used to
seal the open end of the bellows to the
insulating bush centrally situated in each
base platee.

(11) A central bush,; 3/8" dlameter, to support
the electrode shafltes

At the other enq:

(1) An internal thread 1/4" Be.3.F., and 3"
A deep, 1ﬁto which the shaft was screved.
(i1) A steel spindle; externally threaded 3/8"
B»S«F. and of length 23", which passed
- through a clearance hole in a rigld steel
plate and carried two special nuts,
bevelled circumfereiitially and situated

one on either side of the supporte.

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

separation.

Qe 103Q

Micrometer heads with a vertical
traverse were used to measure the electrode
separation, and referred to the steel balls,
cemented intb 900 gounter-~sinkings, at the
‘top of each spindles The micrometers were
suitably adjusted at zerc gap width, this
position being determined electrically using a -

deCe ioltage source and milliemeter.

2-102;0

In a1l the breakdown experiments,

measurements were taken with the discharge chamber
partiaslly evaauated. 8ince the steel shafts passed
through the bellows to the chamber, a small gas leak
from the bellows to the chamber was inevitable.
To overeome this, it was decided to ensure that the
gas pressure vithin 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 adopted.
The shafts were hollowedwout along their axes, ahnd

radial slots then drilled at suitable pnints,
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providing an ajequate gas vent between the chsmber and
bellows. |

The chambher and fittings were mounted on
a rigid earthea steel struoture. Hi gh-frequency
field conne¢tions were made‘to the bellows end transumitted
in fhis way to the_ elegctrodes. All other metal parts of

the system were earthed to the supporting structure.
242

262e1s

In breakdown measurements employing
simple plane~parallel disc eleetrodes, an undesirable
non-uni formity of elestric 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 gb greastly reduce this
gource of error. Such profiles were used in all the
breakdown measurements and are mushroom-shaped surfaces
with plane tops joined to the stem by transition surfaces
of gradually increasing curvature.

202420

8olid brass cylinders were used as
the electrode masterial, profiled to the correct shape in

& lathe by coptically projecting the image of the electrode
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surface on to a distant sereen upon which were drawn

Rogowski profiles of different sizes, corresponding
to the diameter of cach set of electrodes reguired.
A diagram of the apparstus is shown in Fige 6 (a).
Such factors as lens magnification, distance between
lens and screen, optimum illumination, etc,;‘were
determined by a set of ppeliminary experiments.

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

After carefully sligning the various components
the electrode material was filed in the lathe until
the image of the profile almoast coincided with its
corresponding surface drawn 6n the soreen.

Coinclidence was then approached using succeedingly
finer grades of emery paper, and finally by metal
polishe Given pairs of electrodes were then ground
with alumina, in conjunction with a reference flai,
until plane top surfaces were obtained.

An internsl screv thread was surk into the
baek of each electrede: for attachment to the steel
shafts; to reduce overélllweight the electrodes were
hollowed out as far as possible. Typical electrodes
are 1llustrated in Figge 6 (b) and 6 (c)s Four pairs
of electrodes were used; their dimensions are given in

Table 3.



Fige 7. vacuum System.
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The vacuum system, Figs. 7 & 8,
wes designed to fulfil the following requirements:

(1) Be suitable for uae with different
gases. -

{11) Have provision for pipetting small
volumes of gas into the system. -

' (811) Have an sceurate means of measuring
rressares.

(1v) Be free from mercury contamination.

Vide~bore Pyrex glass was used
throughout the aystem to ensure a high pumping speed;
stopcocks were vaouumwtested vith 10 ums. plug bores
and sealed‘hollow plugse Standard pumping proocedure
.was adopted, the backing pressure beiﬁg derived from
a 'Speedivac' rotary oil pump, and the _fd re=vacuum from
a single~stage 'letrovac' oil diffusion pump, giving
an ultimate vacuum of 10~5 mms.llg., with a pumping
speed of‘7 litres seo*l. Permanent ground Jcinis
were sealed with black Apiezon wax; the stopoocks
were treated with Dow Corning high vacuum greases
. Two gas outlets in the discharge chamber eﬁsured
continuous circulation of‘gas'through the apparatuse.

A de.ce discharge tube was used



Figoe 8. Vacuum System. Test and Gas Supply Side
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to give a rough indication of vacuun conditions in
either the test or diffusion pump sides of the systém;
" the glow discharge iblacking out' below a presaure

of about,legz ums.}ige The tube was stressed by a

7 Kve dece euppzy;.with large series resistora

- to limit the current,

Gas ocolusion on the walls was reduced as
far as possible by passing a Tesla coil along the
system, and the eleatrodes ¢leaned by maintaining
a low pressure glov discharge between them. Iiquid
nitrogen traps were alse incorporated.

After sustained pumnping for 2«3 hours, a
~ 'black' discharge could be maintained, with the pumps
shut 6ff, for'a pericd of time far exceeding the

duration of an e xperimental ruane

2.3.2. Gas supplies |

Provision was made for the inlet of
different gases into the apparatus via the pipetting
system shown in Fige. 8¢ Spectrally pure supplies of -
the gases used wvere provided by the British Cxygen
Company in 1 litre glass containerse. The alr used was
dried by bubbling through concentrated sulphuric acid
contained in Dreschel bottles, and finall& through a
glass wool trap to collect any spray before belng
pipetted into the system, as shown in Fige 7»



Pig. 9(a)
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Hydrogen could also be generated by the electrolysis
of ﬁarium hydroxide in a similar manner to that
used by Themsen (1937); in practice, however, this
method was seldom adopled.

2¢3e35e

In order to avoid meroury contamination

of the gas resulting in the undesirable ( Penning, 1927)

effectg differential gauges were used for pressure

measurcments Fig 9 (&), shows the modified Bourdon
gauge; most frequently used in the experimentse

The gauge was c¢alldrated against a mercury msnometer

situated in the reference side of the vacuum system,

using the following procedures

(L) The inner portion of the gauge was evacuated by
the test cide of the vaguum syatem,'

(i1) The outer oasiﬁg of the gauge, sealeﬂgto the
reference slde of the apparatus, was also
evagcuatede Since no pressure differenve
existed between the inner and outer '
éompartments the gauge then read 38293
thée mercury mancmetor regigteréa atmospheric
pressures R

(111i) A small quaentity of air was admitted into
the reférenee slde via a fine jet, and
readings taken of both the Bourdon gauge



" Fig. 10, Bourdon Gauge. Calibration Curve
41 {x'/
»
P
x
u-—i l/
Bovades ,'/
Gause /7
CmsS .
4o /(/
i Test Pressoxe x
- ATmoSPuerit Pressume - G /
3% /l
. x
3%~
-
X
/
37 /x
&J x
s
~4
M4 x
T v A Y ‘ Y h 3 TV — 1’ y T A 2 A J L] 1 v LJ
oo t50 Neo YSo '
Pressue DiFFerence BeTween TEST awe REFERENCE

Sices ofF OGAusE, X mms



3 3

and'memw mmmeteem . Further reaﬁ&uga
were then taken until axr ih the veference
side maahw atmeapherie pressure.

{iv)  The calidbration curve so cbtained is
piven in Pig.10» The curve is seen to
be lineay £rom 4CO mms.ilge down to 15
mns« 338 below which She geuge beoame Jess
senaitives For thias ma@m low pressure
measurements were tsken using the Dial
gauge described belows

A smail woving bellows guuge, Fige 9 (b), wes
also used, though on acoount of ita limited ronge i¢
vas utilised meinly to indicete equality of pressure
between the test ond refepence cldes of the system in
the sbove eslibration.

Iow pressures werec m«mraea en a ﬁimt«maﬁhng
Dwards Nodel C.G'1 Dial Gauges

Prelininery msasurcments vere taken in
hydrogen using s simple tunedwanode tudedegrid oacillator,
‘but for thc majorify of gas'es the peak woitage aveilable,
088 v, wao insufficient %o break dowm tho test gop in the
veheDs ragione

A second oacillator was therefere uysed,



Fige 11, Oscillator Output Circuit
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baaged on an ex~R.A.F. Transmitter Te1ll54A, and
suitebly modifiede Details of the oscillator are
given in Appendix 1l.

Maximum voltage across the test gap can best
be developed by using & tuned cirecuit oritically
.coupled to the driving oscillator. This 1s shown in
Figelle Ip G313 formed the ocutput elements of  the
oscillator. di}swas iariablé, and Ip could be set in
one of nine poaitions using 82. The ascillatigna
developed across Ip C33 were transferred to the tﬁnéda
element Lj Cy6 C37 using the magnetic coupling loop
Mes A single loop of 13 gauge wire was employed,; and
formed part of the inductive element of the circuite.
The setting=-up procedure was as follows.

The master.osqillater wag tuned to the
requirved frequensy (normally 9.5 Mc /s), Lp and C13
then being ad justed to'giva the approximate conditicn;
for resonsnse, the accurate setting then being |
effected by the trimming comdenser C15, The position
of M was then adjusted for critical coupling and the
- coupling element Iz Cyg G317 tuned to the frequency |
of,thé msaster ascillaﬁar. Final tuning for maximum
outpﬁt valtége wes then performed using the tidmmer

c;ﬁ. Under experimental conditions, 03 and C36

were pre~set in the positions described above, the
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Fig. 12,

Voltage Measuring Cirecuit
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voltage required being coarsely and finely
adjusted by C13 and C15 respectivelys. Vorking
under these conditions, the power imput assoclated
with a-given‘preﬁbreakdawn voltage across the
electrodes was as small as possible. o

A maximum voltage of 2,200 volts peak»waa
obtainable; the amplitude remaining constant at
any required wvaluee |

The output voltage was wmeasured by eﬁploying
a diode voltmeter circuif similar to that used bﬁ
3111 & Von Engel (1948)y being based on two VR.78
diodes and an electrotatic voltmeter, the reading
of the latter being half the peak vcltagé'applied.
This method has disadvantages at both low voltages
(eramped seale) and high frequencies (wuuams 1952 ),

but was fourd to work guite satisfaotorily.

. The electrodes AB, Fig.1l2, formed part of
the oscillatory cirouit Iy Cyq, tuned by Cyg
to the frequency of the oscillator as previocusly
described, f6cte 2.4 To ensure that the diodes .-
had a very small inter~eleatrode capect tance,
indirectly~heated valves of the acorn type (VR.78)

were useds The anodes were connected to A & B and
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| both cathodes joined to the mid~points of two
2 MuuresistancesQ These resistances were
suffioiently large not to disturb the oscillatory
| cireuit but passed amplevcurrent to work the voltmeter.
The mid-point M being a potential node,
when a voltage Esnwt is applied aaress AB the :
potentials between T, and A or B is T EEsinut
with peak values:tﬁEb The valves pass current until
at the peak there is no voltage scross the valve,
which results in the voltmeter reading ZE.
o Screencd ieads were used, arranged 8o that no
E.l.Fe was induced in them from the genaratore
8ince the scalé of an eleaﬁrostatic veltmeter
is cramped at ite lower end, three voltmeters of
different ranges were used in the breakdown
experiments. Gglibra%iqn gurves for the weters are given

in Chapter 7 -

This instrument ccvered a voltage range

C=150voltas., and was sensitive above LU volts.
Measurcuents in neﬁn and low preéaure hydrogen were
recorded using this meter. | |

(11) .Ayrt6n~ﬁather clectrostatic volimeter (medium

. This voltmeter was wmost commonly used in the

breakdown experiments, being sensitive in the rangé 100~

. 600 voltse
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Pige 13, Modified Voliage Messuring Circuit
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(i11)  Pye Scalalamp eleetréatatic vnltmeter'(high

Having a sensitive range frcm 500~2,
valts. this . instmument was nsed for recording highe )
voltage braakdown. ‘The scale'was ealibrate& in 100
volt intervals only (compared with 5»volt intervala
in (11) and 1 volt intervals in (1) abovs, ) and to
eaable intemediate valtages to be read with agcuracy
the measuring cireuat was modified to the form shown
in Figel3e The voltage developed acrcsa the
potentiometer by the 120 voltss HeTo battery was
used to bias the electrostatic voltmeter and 80
return it to neapest 100 voit interval, the bias
voltage being measured on the test meteﬁ Voe éinee
tﬁe clectrostatic meter passed no current, flow was
confined to the closed eircﬁit copsisting of the
potentiometer and H.T. source, and never exceeded
laf « The test meter recording the bias had a
resistance of 20;&00.n.vn1t'and passed very litile -
eurrente The divided: fraction of the voltage
asross A B could therefore be added opr subtracted to
~ the reetified voltage by closing 83.
| | This provided a precise method of sub«~
dividing the electrostatic voltmeter scale; and
enabled small variatiens ia breakdowh voltage to be
identifiede |



Fige. 14s The Irradiator Spark Gep
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A necessary prerequisite of breakdown
ie that a triggering, or casual, electron be present
within the teét gﬁp; Statiatical time lags |
agssogiated with a diascharge are usually determined by
the arrival of this elegtron. The condition may |
.be achieved by photg=irradiation of the gape |
Irradiation by amalz;§aéio—ao%ive eapsulea placed
behind an electrode is favoured by many workers,
but the bossibllity of segondary electrode effects
cannot be overlooked in this case. Mid~gap
irradiation by means of a small subsidiary spark
in s side~arm of the 4lscharge chamber was therefore
usedj; it has alresdy been gshown by Prowse & Lane
(1955) that if such a spark 18 generated at a
suitable distance from the gap, onset values of
breakdown stress are unaffeeted and statistiecal
lags considerably reducede

The irradiator sparkwgap, shown in
Fige 14, had cylinderical steel eleetrodes which
enabled its position to be moved magnetically in the
side~arm without disturdbing the enclosing vacuule
Leads of thick eopper wire eonnected the
electrodes to the spark gap; - the glass tube



Fige 15, Neoﬁ, 9.5 Mc/s. Breakdown Potential as a
Function of Irradigtor Position
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‘Joining the two electrodes served as insulation
and prevented auxilisry sparking. High-voltage
resurring pulses, sufificient to break down the
gaps were applied to a pair of external copper
s8leeves, concentric with the electrcdes; and
"fthé ?ulseéﬁfréﬁéferréd‘to’the'eléétraaes'by f”l
capaaitétiﬁ¢fébuéiiﬁé;tﬁrbugh ihe:éividing glass
wall of the side-arme. Subaidiary glass arms
fitted to the irradiastor tube by«pasaec‘the
electrodes and facilitated evacuation of the
apparatuss.

Breakdown observations in a number of
gases confirmed that onset potentials were
unaffected by irradiator position in the
neighbourhood of that éummonly used (28 cus.
from mid-gap)s Typleel presults for neon are
given in Fig.15.

20 6. 2’&

The circuit, designed to supply
high voltage pulses of known frequency to the
irradiator spérk gap, is given in Fig.l6.

A train of negative pulses from the multivibrator,
wvhese pulse recurrence frequengy as governed by the
CeR. tiume éf the grid oireuit, was noramally 1,000
ppsé passed to the control grid of the powef pentode



Fig. 16. Irradiator Pulsing Circuit
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PTe156 Agsouming the'pentode to be originally

in a conducting state, the arrival of the leading
edge of a pulse at the grid was sufficient to csuse
gub=off. The anode of the pentode being
inductively loaded with a heavy duty (4 Kv.) choke,
Le; the change in current ocaused by cut-off induced
an E.M.P. Lg%_ across ite. - At the end of the pulse

from the multivibrator, the valve reverted once
apgain to its conducting sféteo High=voltage pulses
were therefore developed in the snode cireuit of the
pentode at & fregquency determined by the pulse
recurrence frequency of the maltivibrator. An
‘earthed coaxial feed carried the pulses, via the
irradiator switeh to the external slseves of the

irrgdiator spark gaps.
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QHAPTER 3e

BREAKDOVN INK HYDROGEN

—— e aasah. g -aney o

The breekdown measuremsnts 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 fized

gaps

(c) 1low pressure breakdown measurements.

The procedure adopted was fairly
stanﬁarﬂ for‘eaoﬁ of the gases usede After pumping
down the test side of the vacuum system for two
to three hours, using the aiffusion punp, backing ﬁump,
and liguid nitrogen trapa, ssmples of hydrogen were
suceessively pipetted inte the ayatem! and allowed to
circulate before being flushed out by the pumpse.
Finally a pure.samplé ef.the gas, at the required
| pressure was introduced. After the ultra-~violet



Fig. 17. Hydrogen, 9.5 c/s.
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irradiating source had been switched oh a small
field was spplied to the gap. This stress was
‘inereaped in small regular steps until breakdown
occurred.

The threshold voltage for breaskdown was
determined by re-applylng the field at a slightly
smaller amplitude than that at which breakdown had
occurred, this process being repeated until the
minimum value waé founde It was found necessary
to wait & minute or two ﬁétween successive readings
to allew the gas to 'recover's Statistical
lags vere éneauntered, usually of the order of
secondse These times were relatively shorter in.
hydrogen ther in the other gases investigated,
agreeing qualitatively with meaaufements by Prowse
& Jasinski (1952).

=L

3.2+ Variation of breakdown stress with electrode
epprati as_Dregaure

D1l 811U _;_‘_{__

e

A typieal family of curves relating
peak breakdoﬁn stress and electrode separation at a
frequenagy of 9.5 kic/s is shown in Figel7s In each
case an increase ik the electrode spacing causes a
rapid fall=off in streas up t0 a certain critical

' value of the gap deu. different for sach pressure,
beyond whieh the onset stress deareaaea slowly with
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increasing gap widthe HMeasurements in gape
greater than the critical value, :doe, refer to
true V.he.fs breakdown, the electfons oseillating"
within the gep sach halfecycle of the applied fielde.
‘The separation d.c. corresponds to the poini at
which electrons just reach an electrode as the
electric field revéreea its signe

The increase in stress at sherter gaps is due
to the fall~off in ionising efficiency resulting
- from the removal of electrons to the electrodese
Nevertheless ionisaetion in this region is etill
;ore effective than in the ediresponding d.c. cnse,
‘because the slower-moving positive fons are netremovede
The space~chsrge so bullt up is sufficient to distort
the field and 80 produce ‘enhanced' walues of «

(Renk.ama 1928 )c )

Je2ede

Referring once moée tc conditionsin the
u«hefs region, the total amplitude of electren
oscillation (eleotren ambit) may be calculated at
any point on a particular curve from the breakdown
data and a knowledge of tne‘eléotron drift velocity.

The electric field may be written as Ey = Epsinwt,

and if i1t 15 assumed that the electron drift velocity
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16 in place with the field varietion, then:
The electron ambit, de., defined as the distance
travelled in one hslf-cycle of the field, is glven by:

t ta
de = f Ve db = f Vsinwt. db.
’ t, h

k l;:.-o‘wl::o
=2 /Vs[nalbolk [(;:n;,ul:=2-g
0
: d'¢'= 'Z‘_): _\l
o X Nk

‘The éuantity V must now be replaced by data available
7 fz'bm the breakdown curves, namely E and pe Gill and
Van Engel (1949) point cut that the value of V at the
peak of E/p is the deeisive factor. Accurate
values of drift velocity in hydrogen are not
available for the entire ranga'of E/P measured;
however a sufficiently accurate relationship can be
deduced by extrapolating thé resuits of Béadﬁury
and Fielson (1936), and way be preeented ass:

vV = 35xlo"='/r

Heace de = 3-5x[0®. E | ||5xlo"§F cms,
' PTGk 9.5 Me)
The transition fz»om hefs to yehsfe conditions must

inevitably ocour at a finite range of gap width

raéher than at an ideal oritical value, due to a

|
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diffusion spread of electrons crossing the gape

A 'atep! in tha'E-d'durvea wq&ié.therefore»ba
expected, ét_the bottem end of which electron
removal would be cémpleteu The top of the ‘step’
1g not clearly indicated in the hydrogen results,
and oalculstions of electron amhité, Table 1, are
based on breakdecwn data atupoiats.whem@ the‘curvea

begin to smooth oute

Fo | Er [ de(eal) | dCbo

__Mms __tams

820 | 26 | 3leb | 3.7 | 5
100 | 56 | 386 |  hen5|  be5
2280 | 114 2.0 | 2.3 | 3.8
2560 | 139 | 1.9 | 2.2 ko0

It is seen from the table that thecalculated values
of Gece aAre in each cese nameriaélly less than the
»electrede separatiocne Hence electron removal of
these points is complete and at ﬁhese.anﬂ larger gaps

breakdown is under wahef. conditionse
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3+2.2 Qualitative interpretation of hydrogen

Before discussing the resulis in
& quantitative manner; it is pessihie frem the
geomedry of the curves to obtain some information
' regerding the baaékdawn meéhanism¢ A direot
comparison with the results of Prawne'& Isne (1955)
and Fugks (1956) immediately shows a significant
difference in the form of the curves, for whereas
the results of Fige17 shov a small but steady
decrease $n E with increasing 8, Prowse and Lane
found breakﬂewn stress to be independent of plste
separation in the w.h.fe region. As steted in
the introduction, their observetions were of a
_prelimznary‘ﬂaturé, and the anomalous results
may possibly be attributed to field distortion at
the edges of the electreodes. Moreover, if in
fagt u.hefe breakdown stress wéa a eharaeteristie.ofl
" the gas independent of gap width, it would be |
necessary for the E~P curve to eshibit a single
straighﬁ line for all gaps‘in &ﬁe Uehefe regione
Measurements were takén employing the variables,
and are given in Fige.18s. It is evident from these
results that the breakiown stress, th&ugh a lineap
function of pressure for sny glven gap, nevertheleas
decreapes with increasing d, sﬁpvorting the results

of Figel7e



354

S8ince a gas breaks down when the gain in
electron dénsity’cauaed by icnlsation ausi exceeds
their diosss a discharge is controlled by the
relative magnitudes df'the removal progesses. In
a deoe discharge, thls loss results primarily from
ihe capture by the eleetrodes eauﬁed by'the
unidirectional field. Under u.h.f. conﬂttions
vherse eleotrens remain within the gap, their loss
must be accounted for by sueh factors as diffusion,
regombination and attachmente Hydrogen is a
non-attaching gass Recombinetion, discussed later
(344 )y should only become important at pressures
of atmospheric arﬂer and above, far greater than those
employede  The diffusion of eleotrons in the
direction of the negative oqneenﬁration gradient
towards the eleetrodes 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 (19a8)
is trested in Section 3.5.1; but it is at once
evident that the form of the ocurves do not contradict
the ocnception of & loss mechanism controlled by
‘diffusiona In particular, reference may be made to
the lowering of the breakdown field at larger
separations, clearly shown in Figse 17 & 18.
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This lowering would be expected 1n a diffusion=

controlled system, since electron losses are

negessarily lower at largér separationse

Such a reduction is a fact demsnded by the

. piffusion Theory.

3.3, General comsiderations ‘at ultra-high
Under u.hefs conditions, with an

electron able to move cnly & frastion of the
distance between the electrodes during 8 halfe
cycle of the applied fleld, the physical mechanismas
governing both production and removal of electrons
differ from the corresponding d.cs cases
Electrons accelerated by & unidirectional field
retain most of their kinetic energy during their
agatter folloving collisions with gas molebules,
since the mass of the molecule is large compared
with that of the electrom The mpdonly-direoted
velocities immediately after collision contribute
neth&ngjﬁo the flow of electrons in the fleld
direction. Only the small couponent of veloclity
in the direction of fleld contributes to an
electron current.

The motion of electrons in a W.h.f.

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

rahdom motion due to saatter at ecllisionse.

It ie ipherent that at high freguencies
and/er low pressures, eleotrons will tend
to osclillate out of phase with the field,
and the transfer of energy from field %o
electrons will be incompletes

The efﬁoiency of energy
transfer, a functaibn of applied frequency
and collision frequency, was first asfudied
by Gill and Donaldson (1931), snd more
| regently by Margeneau (1946) who derives
_an ‘effective fleld' Be , relsted to the
 applied field by the equationt

e - ES(1 Y £)

R_ . collision Fretivenc‘s

OF Q‘ﬁci'hms R I
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The fractional loss in epergy 48 thus governed by

the magnitude of %e  Fe varies with pressure, and
_to some extent with the gas useds

In hydrogen, for example, fo: = 1:02 x 2.09 P geg~t

(Bee asotion Baﬁ'as)a' At microwave freqnenciea thé
;fraetian g, is ‘thus qnite largg, bnt at the |
frequency; 9.5 Me/e, and pressures (azways 1 mnelig),

used in the experimentg, ita maximun value given by:

(9
£ 102 x lot

is small enough to be negleateda

Breakﬂown under the conditions aeseribea above
ogours when the net gain in electron population
due %o cqllisica iontsetion just eaneda the net loss.
Under the experimental oénﬁitiuas* thé'faetdrs mogt
likely te caﬁtrlbutevtp electroa‘zemaval are
recombination and diffusion.

The extent to which vaiumé‘rebombination;
between aléétnbns and positive ions influensges the
growth of primary lonisation has been studied by &

' number of workers, notsbly Brown (1948), under
conditions similer to those used, who conclude that
the density of the~eleetron‘¢10ud‘at breakdownlis

low enough for yecamhinat$9n.effects*wiﬁhin the volume
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of the gas (the rate of which is proportional to
the square of the ion concentration) to be
noglecteds The problem has been treated
theoretically by Bartman (1948). An infintte
medium was consideredl(in which diffuaion losses
are, by negessity, zero) and breskdcwn computed
vith volume recembination ss the eontrolling
meghanistis Such a system would reguire extx*emely
high gas preaauh&a and very large, widélx»apaeed
plates ~ conditions well removed from the
experimental range considereds

Three-beﬂy recomh&nation at the walls of the
A diaeharge chamber and the elee'&mda faces would be
expected to oeccur mora resdilys but sinee an
electron would need to be transported there by a
diffusive provess such effects need nnt‘be considered
heres | |

Removal by diffusion will now bhe considered and
i1t will be shown in the felloving sections that the
results obtsined in hyﬂrégen may be interpreted by
applying the Dif?uaien Theary to breskdown ab uihiifs,

frequennies.

3050 Breakdewn in_hydregen in terms of a diffusion-

(Theoretiéal_consideratians in this section
are based on that contained im the paper by Herlin
and Brown {(1948)).



If electron losses before
‘breagkdown are asswed to be due to diffusien
progesses alone, the breakdown eritérion at
ultra~high fréquerioies lends iteelf to mathematioal
trestment in & relatively simple manner. Such
a theory has been proposed by geriin & Brown (1948)
to explain breakiown at microwave freguencies.
Considering the flow of eleotrons from a volume of
high cencentrémon, the total ﬂaw.ot particles
may be w%itﬁfn-a%.(:bn) o ])Vn — nVD .

whefe: XY = electren current densityi elech-cns
4 sec™
D = diffusion co-efficient of electrons

n electron density

L}

The Aéeetmd term in Eqne 3el. is
inserted toc inglude the poasﬂ.biiity of nope-
uniformity in the field resulting in a kinetio~
energy gradient (C.H. Kennard 1938)e The build=
up of. ianisatip'n 1eadihg to breakdgwn may be
studled by ednsidering the continuity equation
for eleetronss Under the experimental congitions

employed, this may be written as:

oM = Va— VYT . ... 32
aE
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(V is the ionisation rate per electron, i.es the
number of new ion pelirs formed within the gap in
unit time by one electron).

The originél electrons in the intepw
electrode space (provided by @ flash of ueve
from the irradistor) may be included as an
additional term in the above equationy bué sihce
they are no longer necessary onae collision 1onisaiion
has set iny will not be ingluded herce |
8ub§ﬁ1tut1ng the value of given &n Equatxon 3ede,
and lettingy = Dn (the ourrent'density potential):

1 dv  _ W?z\p + YV .y L 3.3
D

Y

As the elecliric field is raised a point is
peached where the ionisation just replaces a4 ffusion |
lossess Any increese in the field will thenlcauée a
failure in the equilibrium, and the breskdown eriterion
may thus be d efined 'b& the condition: | |

VQQ+(X)P - 0 - Y /N
D

In explaining the results at 945 Mo/s by a
‘diffusionrcontrolzed mechanisna, it is first necessary
to catablish that certain assumptions, basic to the
Diffusicn Thedry,.are Justified under the experimental
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conditions useds These limite to the theery,
( Brown & McDonald 1949,)are converiently analysed by
 referring the breckdown data to a set of proper

variablese

‘Thwe breakdown fleld at high frequénﬁiea is &
function of gas pressure ( r Js wavelength ( )\ )s and
a parameter /\ deseribing the electré’de configuration.
A very useful set of vaz‘iabiea involving the
fundamental unite, wolts and eentimeﬁ-.es: is:

"EA y r/\ , and r )

The analogy between these variables and those
familiar to d«0e. is resdily seeny BEA = V,
pPA = pd, {’)\ héa no meaning in d.ce  The length
parameter /\ is called the characteristic diffusion
length, end is a measure of the life«time of anv
- electron in the gap as limited by diffusion either
to the electrodes or laterally away from the initense

field regione

36De2e
(1)

The sclution of Egne 3e4e for the oase
of a upiform field may be given as!

‘V.’ Asin‘(}h—\ ... 35
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There A = denszant; X = m_stanae, from one
‘electrode to some ‘xacin_t in the gap. . A limit
exists to this gﬂf‘om field condition in that _ 
the Asi ze of thex discharge vessel must be able %o
sue?;ain a single loop of a standing wave of the
flelds - | |

| 'X‘h&a may be written as:

A 3 A
erA N > ZuA the limit beling

desoribed by equality.

' The largest value of 2TN ealcfulated from
Section 3.5.3., i& 1.3 cmse Vhen this is
compared with the waveiength of oscillations a%
the highest frequency used, )\ = 3,150 émse 1t is
seen that the uni.fom field nmit ia readily
campliad withe
(14)

The aiffusion theory is not a@-uaable where
the electron free psth becoues camparéble with the
dimensions of the discharge tube.

That is; in all cases:

N2t

The mean free path may be cbtained from the
relation - '/rQ | » vhere Po = collision
probabilitys | ,
Henges r A =z ﬁ’i
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Using the value of Pe measured by Brode (1933),

the eondition begomes:

e
AR

It can dbe éeen!rom Table 2 that at the extrems
pressure and plate separations used, the m.f.p»

is always very small compared with the diffusion
lengthe

‘ :
FZ;“;E?%;:S otn | MM [ag (o2
‘ Prmm Hyq ‘ A cms ‘ 'p A
26 G.215 5.6
Sty Ce19% 1Ge
11y Ge 155 17.6
132 CedB55 21.5

| A further departure from diffusion=-
governed breskiown escurs vhen the collision
grequensy, Y = 2T ke » between electrons and gas
molecules eqnals the. fi=ld freguencye.. |
The pressure et whioh this occura
(corresponding to the change from uany collisions per
oscillation to many oscillaticns per collision) can
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be approximately predicted from the formula

¢¢ = VPe
where V 1g the random velocity corresponding
. to the average elsctron Snergys _

Using Townsend's (1947) value for V, m.ven as 5 x 107

Cle BSQGe 1. and the value of P¢ given in (!.1.) sbovee
fo = 2462 x 10% |

This is the JMmiting case and for the theory to apply:

| fa < 1..02 x 107 p

] tQ - gm'sls.]:ig
> 1.62 =z 10

Inserting the maximum frequency used, 9.5 lic/oe
P » 102 x 1070 mms.lge
8ince the wminimum pressure used was sbove 1 mms.Hg,

in no cese wus the imposed limit approachede

In a dece diécharge brea!ﬁown curves as
a function of pressui'e (at constant gap width) or
eileetmae separation (st constant pressure) afe often
drawn as Pashen QCurves, in which breskiown veltage,
V = B4, ic plotted against pde It s found that all
such ourves have the asme shape, i.ee the breakdown
voitage at & glnveh value of pde is independent of
either- p or éd« The same queniities ean be related
to 'hi@-frequenoiee, and Fige1l9 shows V plotted against
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pd for a variety of pressures and e lectrode
separations at 9¢5 Me/a. A minimum indicates a
point on a particuler curve where the electron
smbit just £ille the tube. It is seen that
in the ve.hef. region the breakdown curves be
approximnately parallel to one another but do not
coinoide. The amplitude of ¥ at a fixed value of
pd is ﬁhué dependent upon the relat£VB magniﬁudea
of p & de This is cons&stent with the demands of
the difmsion theory, in wm.ah breakdown voltage is
~a funotion of electrode separation.

It is more infgrmative’at uehefey however,
to express bréakﬁ@wn in terms of ﬁﬁe proper variables
derived by loDonald & Brown (1949), and in this way
a digeet teat of the Diffusion Theory may be madee
In a aiffusion-controlled discharge the distinguishing
feature is that the life-time of an electron in the
gap 1s limited by its removal by diffusion to the
boundarieé, namelys the eleétreﬂe faaes or laterally
out of the intense field regions. This life-time
may- be expressed direct in terms of the parameter A »
which for a parslliel 91#&3 electrode system is a
function of electrode glameter and gzap widthe
If breakdown in a particular system is diffuasion
controlled, plots of effective breakdown voltage (EA )
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against p /\ give a unique curve, the magnitude

of E I\ at any polnt being independent of ﬁxa
relative values of /\ or pe This provides s
quantitative test of the applicsabiliity of the
diffusion theorye If diffusion is the removal
mechanism of electrons, then plots of E A |

a.gainst ? N for various preesures and electrode
‘configarations should give s smooth continuous
'curve, values of N\ naving been computed on the
aasumption that the mean life of an éleetmn erneated

in the gap is limited by diffusive processes alone.

fhe characteristic diffusion length of &n
eleetren may be uaianiated exactly for tne parallel
plate spark-gap used in the experimentse

At short gaps, electron removal to the
‘electrodes dominates, whereass for larger separations
lateral diffusion awey from the intense field region
is the important factors .

Incorporating boih thaae' $erms, the diffnsion
length /\ nay be written, (Brown & MeDoaald 1949) as:

(Tl\_)a _ (%)2 ,1__ (2:,:.05)%. 13'("

where 'a! is the redius of the electrodes.
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For a given pair of electrodes the diffusion
length is consequently a function of electrods
separations The A-type Rogoweki-profiled electrodes
used in the above gxperiments were of maximum diameter
3+69 ¢use. and unifb_m field dismeter 2.67 omse
Iateral losses were considered to be effective after
the eleotrons had diffused from the uniforwm field
boundary. | |

Inserting the appropriate value of tqt in'
equation 3s6¢7y & ourve was comstructed, Fig. 20, with
diffusion length plotted as a function of eleotrode

geparations

By computing the breakdown data in terms of E A
and pA » the series of curves displayed in Fige 2l.,
vas constructed. It ean be seen that polnts in the
ushefe region lie on a common curve, approximately
otraight, which cen be d4rawn so that no experimental
point varies from it by more than 4. Each
discontinuity appearing describes the oondition that,
a8 the celectrode separstion is degressed at a given .
pressure; a point is reached where the electron ambit
£111s the tubes S

The results agree with the diffusion theory in
thai poipts in the uehefe region lig ocn a swooth

continuous curve, and it ie evident that breakdown in
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hyarregeh' at 9«5 Me/s is sontrolled by diffusion processese

Atf‘? high freguengies a further variable.must be
conai;de‘rga, the wamlength )\ - of the 3993.1&&
oscillationge This term may be included as the
parameter P Ao | o

Yhere the data for a set of bvreak'do’;n n{easurementa
includes frequensy variation as well as variation of |
P & d, 8 thres-dimensional plot may be wmade of the
variables B N, pN «d pX, and the gata may‘ be
represented by a single surfacas vithin the ZeheLo
frequensy range, baunﬁe& at one end by the collision
frequency trénsition and at the other by the electron
- anbit 1imit, there is no veason to gxpect sny variation
of EN «ith p ) » ’ﬁlia has been demanstz’aiea by -
several workers, and is clearly shown on the solid
model ccnatrucefed'ﬁy Brown- (1955);- .

The frequency variation was not included iﬁ ‘éhé
hydrogen results, but a set of measurements, Fige22,
weée taken at a constant _f‘requeney of 5.5 Mé/s showing
the same pattern as thgs'é at the higher freguenoys
Spot values from the 5+5 Hc/o results are included in
Fige 21, these are peen to 1ie on ths general curve,
ana indicete that breakdown in the radio 'freq.aenéy region
is independént. of >\ .
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The results of vafytng the gaé pressure
and eiectrede separation; discussed in Sections 3.2 =
3+5¢5 indicated that breakdown in hydregen im the
vehefs region is controlled by diffusion. |
In these experiments oneimportant paremeter, the
sizg‘of the electrodes, was kept conbfant.
8ince the magnitude of the electrode radius plays

an integral part in controlling the lateral
| difrusion éf eleatronsy partioularly at large
plate aéparatiénsg it was considered that a series
of breakdown measurements involving electrodes of
varioue sizes was easentlal as a confirmation of
the applicability of the diffusion theory in the
w;hict, frequency ranges

346426

Electrodesof four different sigzes
were employed, all profiled to the Rogbwaki
pattern. Their method of construction has been
described in Section 2.2 The difference in
size between the 1argeatand smallest pair of
electrodes used was made as great as possible,

. the upper 1imit being restricted by the diameter
of the Pyrex discharge chambere.
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- Tadble 3 tébuzatas the dimensiens of the
electrodes employed, the letters sppearing
in the left~hend column are introduced to
discriminate between éevarate-pairs.

EBleetrede Material
‘ .= _brasg
Elecotrode Baximum
Type diameter Cms.
= : Lobir
|38
A 369
B 3.15
o 1.58 7
N
D 0-63 }

It was decided to observe breakdown as a function of
pressure at two gap Separations, 7.62 mms and 10.16 mms.,
for each pair of electrodes, making s total of eight
sets of readingse. The éharacteriatie diffusion

length for each set of corditions was caleculated by
transforming equation 3.6 into the form:

{
A -

4{(})1 ¥ (1‘:-05)"

and the calculsted values shown in Table Le
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meatmael 088 T A, ems
Type (8w7.62 (a=10.16
N w-) g )
A 0;215 312792
B ©.205 Ce 2585
e} . 0.146 0.162
D 0.07:,8 00775

(1) At & = 7.62 mma. The family of curves

shown in Fig«23 are the runs taken for the

different electrode sizes at a constant electrode

 separation of 7.62 ums. The voltage required |

to break down the gep at constant pd is seen to
increase progressively with decreasing eleetroée

| diametere This is an expected irehd in a system

governeﬁ by difquion; elecﬁron lcsses by lateral

| diffusion beiﬁg neeeseavily greater from the

smaller 8iged platea, a greater stress is needed

to initiate a disoharge. '

(11) &jﬂg___zggjﬁngg, Similar sets of measnremehts,

Fig 24, were observed vwhen the separation was increased

to 10.16 mms. A comparisom of breakdown fields



v

Pig, 25. Variation of E.Awith pA for Different Electrode

Diameters and (Gap Separations,

3c0 _ x
' v
i X
[+
2% =
X
- ‘Q
240 — &£
0]
4 x
s
D —
eox , o‘
AN ' v
- °f,
A
L0 — : o v ELecTrone ELecrmone SYmeer
: o TYPE SEPARAT o
{ A' . mms
. 1) :
. 4 "2a ‘ A Ter ©
> | - .',"' .
2o 4— ZID, i Y6z A
: | , ’ A,V ’ B ' ] ,6 v
roef— A - ©
gl N DN C Y- 6% o
8o —r AN L to 16 o
oK -2 “ > '{r\“\'\'—%““—' Y 62 v
i 4-% : g - D lo- /1 .
God-DX - \ *‘T\'ﬁ‘\’ C
ko . AN \\
A N )
by N
o NN
S S A N\ ~
0 VRN 45‘\ N\ N - [ , : r :
‘ 1 v L
o' &3 4 s [° |£ 6 2o 2y £3 32

F/\ mms HS X €ms,



52

between similer electrodes separated by the
different gaps shows that a smaller stress wae

nesessary to initiete breakdown in the larger
gapse. This phenomenon has already been
encountered --Fingg -~ and may be explained by
considering relative diffusion losses to the

electroden.

3ebalpe Presentation of results with respect
Lo the proper variables.

then the breakdown measurcments are

presented as functions of EA and pA , Fige 25,
the data 1lie on a continuous eurve within the
1imits of experimental error {3ection 7).

Results taken for the different electrode sizes
and'aeparations over-~lap one another over a

- econsiderable raﬁge.

Thegse results confirm that u.h.f. breakdown in
hydrogen at g nlf; frequencies ia governed.by

a meehaniem in which the growth of electron
population within the gap due to collision ionisation
is restricted by thelaiffusion 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 effeots (a)



53¢

and (b) are functions of electrode size and

separation. -

SeTe

The range of gas preaaurevstudieﬂ
in the experiments described, 10 mms = 130 mmse,
enabledvan_interpretation of breakdown to be
made over a wide range of the variables involved.
A further parametenr frquently used in gas discharge
studies i§ the reduced value of the electric field,
Ex/p, &nd it 1s useful to discuss breakdown in
terus of shis‘quantity. This appliea in particulap
to studies of ionisation coefficients At high
pressures; E/p at breakdown was found to change
only glowxy for considerable changes of p? .
and at the highest pressures used approaa%ad.the
constant valﬁe E = 10 pe  9tudies of ianézing
efficlency were therefore confined to a range
Eg/p 1imited from 10 - 20, ang graphical
presentation of such results were unsatisfactory
owing to the insensitive nature of the curves. |
Breakdown mezsurements wére thas recorded at
relatively lov pressures, where small changes in

p would osuse substantial variations in E;}Fi
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The Boﬁrdan~eauge, normelly used
for pressure weasurements, proved unsultable
for recording low preésures. being rather
ingensitive below 15 mms.ilg (See calibration
curve; Section 2+.3.3s¢ )¢ As & vesult, & hew
gauge was fitted to the vscuum system <« the Pye
CG.) Dial Hodel. The scale, calibrated from
O=40 mmsS.21lge, was linesr throughout the rangee.
Below 3 mms«llgs, the irradiating spark in the
side-erm of the discharge chamber became diffusive
in nature and spread considerably. The intensity
was reduced by adjusting the output impedance
of the multivibrator cireuit (Section 2.6.2.)
and so lowering the amplitude of the irradiator
pulses SBubaidiary observations, described in
Section 2.6+1., eatablished that the breakdown
field remained unaffected by these c hanges.

Breskdown measurements at three
electrode seﬁarations'ara preaentéd in Fig. 26,
as functions of gas pressurs in the range 0.3 mus.ilg
4'20'mmscliga The curves exhibit the seme general

battern as those at higher pressures. Minim. i
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correspond to the electron ambit just

. £illing the tube; the progressive
lowering of onset field with incressing gap
separation is again a result of the slower

‘removal of electrons by diffusions

The efficiency of ionisation in a

gas subjected to an eleotric field is conveniently
deseribed in terms of an ionisation coefflcient.
Ih a decs field the primary ecefficient of
 ionisation (Tovnsend's «) is defined interms of
the electron drift motion towards the pos‘itive.
"eleetrode, by the nunber of new electrohs

created by an electren travelling one centimeter

in the field direction.

of
fece | M = o e
x &g thus the
number of nhew
ectrons produced Yhexye
(bg collision : V = Average electron
processes ) in esch drift velocity
oms of the gap, and ~ And
hence may be written : V = ionisation rate
ass: v . ’ per e€lectron
oL = = | |
v , .
. | . - vV
Rewriting this as ionisations/wolt: 3 = — = =%

But since V =pEe
3 - V | o 3

fk



Fig.27. Hydrogen, 9.5 Mc/s.

High Prequency JIonisation Coefficient,

2T
TomisaTion : y } i —_
CoEFb‘ncuiN'r i A/ P o
Yolbs™ P vl
- /) ,ﬂl
? | /A
4 , y }# : I [ {
/r y°
o r) /2 i
!/ i
i
/ i h
f { o | d* 15 Ehmms.
. : X d = 127 mms (L ~ﬁessuees)
- - _ A S | ow
lo } o) l 1 A j ‘; ?;22 ::S ( Higy FKESsuer‘S)
] b 17
1 7] l
1
]l a
i
]
o
- C‘ Y
fo T E! Y T 7 T T T Y g
10 15 o 25 30 35 . 4o L5

E'y vo lts Cm-' x Mms HS'_
<P




56.

Under u.h.f. conditions, the arift velooity

of electyrons 1s produced by diffusion instead
of mobility motion,. andva fhigh frequency’
ionisation coefficient may be introduced (Brown
1951 ), analagons to the first.wansehé
Icoéffiéient: 3 .

l. e. ? = 35‘2?2

For parallel plate electrodes:
v . (-L)"
D N

| |
Hence': f e with units Volt=2
R

Rumerical values of ?, were computed from the
low pressure breakdown data, and are presented
in Fig 27., as a funetion of Ex/pe The curves
correspond to breakdown at the three different
gap vidthss A further set of values is
ineluded, taoken from the higher pressure
meagsurements: , Section 3.2. .

The eurves form a coumon envelope at low values
of Er/py corresponding to high pressures when
the electrons make many collisions/oscillations.

As Eg/P hincreases th§ curves begin to diverge;

- 8.
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for a given value of Ei/p the lonising efficiency

is greater at the largest value of plate

separation; indicating once again the relative

decrease in diffusion losses with increasing de.

Typical cases are fllustrated in Table Se

&7 ] ? ; Volts=2 |
d = 15.24 d = 12.7 ] 4 = 7.62
S Imag s DING e
13 7 % 1075 7 z10%5 7‘ x 2075
16 2.2 x 0% | 1.9 x 105 |1.5 x 10"k
20 be6 x 210%™k | he2 % 207k [ 341 x 20"
25 | 7.2 % 2107% | 6.7 x 1075 | he6 x 20%h°

These curves may be nsed to predict breakdown in.

system using different fleld configurations.

JaTe5e

Examples are given in Table 6 of typical

measurements of breakdown stress and voltage

recorded in the low pressure measurecmentses
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2ek 96 | 122 1.25 | 77 1| 117
475 | 118 | 150 2.5 | 86 131
/ 60 | 233 | 169 37 97 148
7.2 | 145 | 185 5.0 | 113 172

These values are considerably smaller than are ndémally
ansociated with spark discharges in hydrogene. From

a8 technical point of view a more thorough investigation
of optimum breakdown in this regicn may be of interest,
and given the correet condltions it is thought 1ike1y
that breakﬂcwa will oceur at very low voltages.

This problem is discussed meore fully in the case of
breakdown in sir (Chapter 6)e

3.8,  Compsrison of results with those of other
_¥orkers.

High frequency breakdown measurements

have been recorded in hyaragen by & number of

- workers over a frequency range:j :varyingf from 10 me/s
to the mierowave regions Vhen these results lie

" within the prescr;bed limits for a giffusion-
controlled breakdown, a direot comparison of data

may be maﬁe.



Fig. 28. Hydrogen, 9.5 MNc/s to 10,000 Me/s. -~ = -

BEffective Breakdown Voltages as a Function of Er/p

Caleulated for Several Workers.
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The results déscribéd 36'9-$fMe/é conform with
those of HeDonald éﬁﬂ Brown (1949), J« Thomson
(1937) ené S. Githens (1940); thie agreemént
te clearly illustreted in Fig 28., in vhich
breskdown has been computed &8 a function of
Ex/ps The points lie oh a smooth cnrvé. wlth
Ex/p tending to a conatant value at high |
pressures given by E = 10 pe Thie is in
agreement with the value derived by HcDonald
and Brown {1949)e From the evidence presented,
based on o quantitative prediction from the
Diffusion Theorys asnd by comparison with th@
results of é number of independent workers, it
is coneluded {that the breakdown mechanism of
discharge in hydrogen at u.h.f. is eonitrolied
by diffuelon processes. |

349
3.9l

The form of the discharge was

observed to sxiét in cne of four possible
aodess.  Each mode was charscterised by such
vieible features of the diseha}ge a3 ¢olour,
intensity and extent.' A taobulated desaription
of these modes is given in Table 7.



Diffuse

Hode Colour Extent
~or of of
Intense lschapge |  Discharge .
A Intense Hilky-white | Thin peneil,
broadening a little
835G _alecLroae 1ages
B Diffuse ¥hite with |[Confined to inter«
trace of electrode space,
blue diameterec}
‘ P
c pifruse Pale, Milky [Filils intef«-electm}a
space and extends
11little beyond it.
D biffuse Iight Purple! Extends into

surrounding gas

Another striking differense existed.

The onset of

the intense Mode A discharge was always sccompanied

by large and sudden @rop in the voltmeter reading

whereas the diffuse Jischarges, By, C & D, caused

only a 3amall reductione.

Tais drop in voltage, due

to the external circult being loaded by the gapy is

referred to by Llewellyn, Jones & MHorgan {1951),

in a2 study of maintainance and extinction potentials.

Purther, vhen the gas broke down in the formm of iodes

B or C; an increase in the power supplied usually

caused an abrupt change %o Mode A.



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

Fﬁnctionlof Gas Prassure and Electrode'Separatiqgjgi
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A record was ﬁepﬁ, for each of the eeveral“hundred
discharge measurements in hydrogen, of the form'
of the discharge; the mode appearing under a given
set of conditions was found to be a function of
gas pressure, electrode separation and frequency.
In terme of the above parameters, it was found-
possible to construct phase dlagrams, indicatiné
the mode of the discharge at any given value of

ps ds or fe |

In Fig. 29, the appearance of the discharge as a
funetion of pressure and electrode separation

is shown at a constant frequeney at 9.5 Mc/B.

The boundarieé indicating transitions from one
mode to another havé been marked as accurately

as possible using the evailsble data. A .similap
surface, Fige. 30, was constructed at 8 genstant
pressure of 11} mms.Xg., giving the form of the
diaeharge as a function of freguency and electrode
separation. Fewer measurements were available
for this second surfade, and ceonsequently the

boundaries could not be defined sc¢ clearly.

3"902.

The mode of the discharge in relation

to the change from hef. to Wehefe cehditiens is now

examined, and reference maue to the typical E = d curves



Pig. 31. Hydrogen, 9.5 iic/s. Visual Characteristics of Discharges.
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in Pige. 31+ An inspeotion of the éurvea indicates
that at separations just larger than the ecritiecal
gap,‘the form of thé~discharge ehanges from Mode B
(Diffuse) to Mode A (Intense). It would, therefore,
éppear that .the chﬁnge in intensity and extent of
the discharge is related in some way to the physical
transition from h.fe to u.hefo conditlionss A
gualitative interpretation of this transition is

nov considered in terms of the mechanisms controlling
& maintained discherges On the h.fe (low gap)

side of thé transition, elacﬁrons are removed from
. the system by electrode bsrﬁnre. At ¥,hefe (large

. gap ), some at least of the electrons are not lcét

to the eleetrodes, and in s non»attachlng ges
recombination is necéééarily the removal mechanisme.
Awbi-polar diffusion (Tb?nsenﬂ 3928) vwill) restrict
the outward movement of electroms, but the situation
is aistingaiéhea from that in a disoharge restricted
by the walls of the tube in that no guestion of
surface recombination ehters (@xeept at the
electrodes)s It is thus caﬁsiéereﬂ that volume
recombination in the plasma'is the removal
mechanis& for moat:of the length éf the tubes
Measurements by Biondi . and Béowu (2949 (a) and (b))
have ahown that at pressures greateyr than a few

mms.}lge electron losses are mainly of the
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reoombination typee This ¢ase has been studled
thooreticully by Davydew (1943 ), whose studica
are ¢xemplificd by o characterictic oudNe,
reprodueed in Figs 32

Fig,32, _
ELECTRON Davydov, (1943)
Daﬁ”’ , B , Change: in electron

demsity in a homo=-
geneous electric
field,

| A
Fu« +AIC Fieo E
It is peen that the electron populotion inoreages

slovly vith B up to a oritical value Ay (depending
~on the conditions of the e¢xperiment); upon vwhich

breakdown cceura. The magmitude of N

then increaacs rapidly along ABe It i3 to be
ezpected that vhen the Sotal numbor of ifons

'riaea beyoné o eriticel value, the current 4 ensity
nuad cshovw & snadan'inaraaae. ¥ith a glven power
supply this s honld csuse a decrease in the 4ischorge
colwins Although visual indications are not to be
relied usdé s8 pre@iaﬁ evidence of currcnt 4 epaitys
Aneverthéleas the co=-oxistones of a narrow bright
column with e non-luzinous suvf@una&ng'(the golunn
being narrou vith respeet to She eloctrode size)
is auffieient evidanes of the controetion reguired



Glpo

by Davydev's theorys
The quantitative considerations in Davydov's

paper are based on the oceurrence of stepwige
ionisation, and indicate that without such
processes the instability referred to would not
occure The contrsction of the luminous column
1s therefore considered to beevidence of
existence of stepwise ionlsation processes in

this kind of discharge.
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CHAPTER 4 - BREAKDOWN IN KITROGEN

Breakdown studles in nitrogen were conducted at
pressures up %to 80 mms.Xig. uéing various electrods
separations from 2 to 20 mmse The same pair of
electrodes (Type A) were used throughout the

experinentsge.

Lele

The experimental techniques employed
in recording breakdewn measufements in nitrogen
were‘very similapr to those deserihed for the
hyéragen experimentse Statistical lagé were
evidenty at the higher pressures particularly
these sometimes approached s minute in quration.
Due to this factor great care was necessary to
p&npoinﬁ accurately the.threshold potential of
the discharge, and a run in the gaa required
several hours’ recordimgs As with hydrogen,
the visual eppearance of the discharge was
observed to transfer succeseively through a sories
'of well-defined modes during each set of
measurements; the appropriate characteristics were

recorded.

w2

MG/ 8

Variétienlof breakdown stress wilth electrode

Le2asle

Typical results, with peak breakdown



Fig. 33. Nitrogen. Variation of Breckdown Stess with Electrode Separation,
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stregs plotted as a function of ecleetrode
separatiop,Aare given in Fige33. Esch curve répresenta
breakdewn_at,a given value of gas pressures The
familiar sharp drop in the field E as it approsches
a critiosl value, followed by a gentle lowering of
the stress with increased electrode separation, is
agalin observeds |

" In opder to establish thet conditions in
gaps greater than the ordticael value eorresydnd
to true uqh»f. breskdown, i% is necessary to show
that within this region.éhe amplitude of
.electrnn oscillation is always numericélly lésa
than the eléetroae separatlion. The eleatron
ambi? at and beyond the critical value of gep
width may be ealculated by iﬁaerting the appropriate
data in egquation 3.1,' The required relationahip
'bétween electron drift velooity and E/p is cbtained
from measurements by Nigson (1936), which shov that:

oo 3.22 x 1¢5 »% E/p

S8ince de = _Y_
TF :
then at 9.5 Lis/s, de = ;i;gg_z;;gﬁL_ s = 1l.08 x 10~1
"X 9«5 x 10 x & mms.
P

Table 8 (a) oompares the observed values of gap width
at which the ourves begin to smooth out with the



-

7
calculated values of dee at these pointss

8¢ nedr critical volues of

e L

F s E i ds cd
volis calen chasrved
eme~:| leted mms

1, | 660 [473 5.1 8.9
39 [L,340 (357 3.9 1.6
572,000 13500 3.8 6.36 |

Values of de with=within u.h.fe

E B/n]de a

600 L3 Lt& 10416
500 357 | 385 15-.‘2&

£3 51 ip !

I3 ic seen that in each case the amplitude of
electron vscillation i3 considerably less than

the electrode cepsration,. showing thel breakdown



68.

at these points iz within the u.hef. reglone
The gaps at which electrons are just removed
from the system, oorreepondiné to the 6hange
from h.fs to u.h.fs conditions, are not
clearly indicated in the E«~d4 results in nitrogene.
In Table 8 (b) the amplituﬂe,éf’eleotron
oseillation st gaps weli beyond the eritical
_ value is shown for the_t&fical-rbn at
1, wms.llg., and demonstrates that under these
circunstances eleoﬁrona move only a small
fraction of the distance between the platee
before their direction of motion is reversed
by tha fielde |

Resulds at lower field frequencies were
restricted. dezs pises sharply with decreéaing
frequensy Fiw- m% ; and conaequéntly either

high pressures or large gape were reqnire&'to

.fulfil UshieFo condiﬁiona. The electrode separation
could nut be increased beyond 20 mms., and at high
pressures ( eo'mms.lig) even the maximum potential
avallable, nearly 3 Kv., was insufficient to break
down the gap. . However, the limited meassurements
taken ihaieated that the general pattern of breskdown
was s&miiar to that at'the higher freéueney.



ig. 34, Nitrogen. V’ariation of Breakdown Strecs with Pressure

?,000 . d.= 6 35!1117\5,

B‘Elioo\ﬂ]
s

volls cm '

l,6oo__§

E

-~ /
y 0 d=10-16mms
I, 2oa_]

Sas  Fressume | mons. Hy. P.



69

Le2+s2+ Variation of breakdown stress with gus
- PESRERECS, — -
Resulte of breakdeown observaticns at

two fixed gaps for veriocus gas pressures is shown
in Fige 34e At the plate separation of 6435
mmse 5 the sharp drop in field ooaurring at
39 mus.llg readily shows the transitien from hefs
to ushefs conditions, and 39 mms.lig may be defined
as a critical pressure Po, analagons to the eritical
,velectrode.separation. |
Yhen the pressure is increased to

435 mms.Yig.y all electrons oscillate within
the'interwelectroda,spaoe. In the larger (10,16
mms ) gap, Uehefs breakdown‘persists %0 a much
Iawe;’. pressure, the minimum being at about 7 mms.kig.
Equation L4l can be'altered t0. the form:

P: = 1.08 x 101 ? = Fe (at transition)
and used to caloulate Pece ﬁhﬁa givea_a value of
Pe = 57;2 mns.}2g., compared with observed pressure
of 39 mms.Xige In view of the spprafmations used
in deriving the above equatloné(Seutlsn 3e2e)
the agreement is considered quite satisfactorye

Both nitrogen and hydrogen are non=
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attaching diateﬁie gasea,.ana.thé closge
similarities in breakdown behaviour observed

| in the two gases at once suggests a similarity

in breakdown wechanism, ﬁamely dirfusion.

The dependence of breakdown field on electroda

saparation is elearly znﬂieatea ‘in Pigse 33 ane

3he  Purther information can be obtained by

computing breakdown as a function of Pde This

is shown in Fige 35; in four of the ourves d |

is varied at a aenatént'pressure; a typioal

run st a fixed plate sepasration is alsc includede.

Minima correspond to elestrons just in the gap

each half~syele dfvthe fleld} breakdown at

greater values of P4 is in the u.hgr§ reglione

- At a fixed value ef‘Pag in the ushefs part of the :
system it is seen that breaiﬁown §altage lovers
progressively as the pressure is increaseds

{Bhis differense, though small, is significant .
ine value of V requiéed for bieakdown is governed
by the rate at which eleatrens‘are removed from
the gap, and the fact ehat the observed valnes

.0f V for esach cuvwe ﬂo naz coinczde at a given

Pl indicates that electron leases vary in each casce
Since the vaslue of 4 is unique in each curve at the

same'pdg the difrerepoes in electron losses may be



Fig., 36. Nitrogen. Variation of E.Awith pA .
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attributed to differences 1:1 eleetrode aepamtion.
This ie consistent with the demands of the
@iffusion theorys in that removal of eleatrons is
a function of elegtrode separation (equation
3,6}. ’

%4e3.2. Interpretation of results on the diffusion
heory DR e

The mest effectiva way of testing the
conformity of the nitrogen results to the diffusion
theory is by caloulating values of /\ (the characteristic
diffusion length) on the agsumption thatdiffusion is
the controliing removal mechanismy end iransferring
the breakdowa data to the varisbles EMama pA .
Ag.desoribed i"n Segtion 3¢5:3s, in copsiaer&ng
wehefo dimchargss in hydrogen, the diffusion
theory requires that when breakdown me-aeare’gxenﬁs
in a particular -g'as are .piot.tea‘ in terms of tbeshe
parameters, all points shall lie in a continuous
CUTVEe |

, Thie pelationship is tested in Fige 36.,
in vhich effective breakdown voltage EA is plotted
as & function of p N\ for four separate runs -

’at preassures varying from u ~ 57 ams.ligs Polnts
in the whef. region are seen to lie on a émoatb-.
almost 1inear;\¢urve5the geatter of thé ﬁoints being"

very smalls
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"A.s previously. stated, Section L4e2e, 1t
‘was not possible with the apparatus employed to
record series of u.h.f. measurements at frequenciesg
farremeved from 9.5 Me/se  However, in view of
the close: 4aimilax'i‘éy in form between the hydrogen
and nitrogen results, it is not considered likely
that the pattern of messurements in nitrogen woum
vary with frequensys It is eoncluded that under
wshefs conditions the controlling factor restricting
the cumulative growth of lonisation in nitrogen
1s aiffusion of the electrons, elther to the
electrodes or sideways out of the intense fleld
regions | | |
holeo

A "'Om:zgto the prelatively high pressures
| _‘used in the nitrogen expeé;ments,' the raxige of Ez/p )
enemintered was mther small, varyihg from EEJP = 34
(at the lowest pressure) t‘o' & Muiting value given
. by ER = 21p at high &ensltiéso " Values of ©
‘the high frequenoy iénising co~efficient b
(ionisations/volt?) in this region are given im
Table Do,y ;énd in&ioate' the efficiency of ionisation
| in nitrogen as a function of BR/p for two typloal

eleotrode separationse



23.7 124 x 10"'5 28¢2 3.52x 10*9}
22.8 9.8 x10°6 | 26,0 2.11x m—5i
22.0  8.55%x 106 22uh 182 x10%5
21e2 753z 10%6 23e2 1413 m—S‘

No comparigon hetvween ? . and the
corresponding ddéqveeéefficientria possible,
" as values of 3  are not available in the range
of ER/p useds |

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

visual characteristicse
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NlLXrogern,

visugl rorm of Discharge as a8 Function of Gas Pressure

and Electrode Separation.
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The

—WoTe—DiTfase  Golour — Volams of
or ' Bischarge.

A . Intense Purple near Intense filsment,
electrode, confined to
orange-red fairly narrow
hetween. channel near

. geptre of
electrodese

B Biffuee lilky=blue HNarrow channel
within inter-
electrode
apace

c Intense Purple - Fouy luminous
segmental
bands neap
electrode edges

D Diffuse Hilky~blue Fills inter-
~ . eleatrode space

BE Diffuse Purple Extends into
. volume of

surrounding

2., '

It was noticed that, as in hydrogen, the
mode of dischsarge appeéring was & function of gas
preseure and electrode secparation, and it was again
found possible from the éonsiderable number of
_observations tsken to construct a ‘phase' diagram,

Fige 37., relating the form of the discharge to p and de



The general pattern can be seen to indicate that
at the high values of pd; eorrespegding to
breakdown within the ue.h.f. region, the form -
 of thé discharge changes from a diffuse glaﬁ

to an intense conducting filament. Any
interpretation made from the above cbservations:
rqganding physical conditions in a maintained
‘nitrogen'diacharge'maat negegsarily bde
tentative and qualitative in manner. Nevertheless,
it is conmsidered likely that the suggestion made
in 8ection 3.9.2. in dixussing the relationship
between the form of the dia@parge’in hydrogen
and the physiocal mechanisms maintaining i3,
apply similarly to breakdown in nitrogen.



Fig, 38, MNeon., Variation of Breakdown Stress with Electrode Separation.
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CHAPTER 5 ~ BREAKDOVK IN NEON

Measurements in neon were gonducted at a
constant frequency of 9+5 Mc/b; over a wide
range of preéssupe varying from 40 = 350 mmss
Xlgé, and using the *A' type Rngawski-pPOfiled

electroées.

Ss1s

Owing to the low values of
breakdown pétaatigl encountered, élight modific~
atibns $o0 the apparatus were neaesséryv In the
voltage~measuring circuit a new electrostatic -
voltmeter was installed, reading 0~13C v
(See Section 2:5.) The inradiatihg spark
tended to spread too much at iew pressurete
This was counteracted by reducing the current
through it. Discharges at the shorter gap
separatiens were difficult to see, being
chapacterised by a glow of very faint luminosity.
For this reason all the neon results were recorded

with the rocm darkeneds

502.

Curves showing the variatien of
breakdovn stress with gap width are given in Fige
384 A
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The low-renge voltmeter was available only

~ for later measurements in neon; results
previous %0 this were restricted to éond-itions-
in which breakdown occurred at potentiéls

200 voltss péék,.cerrasponding to high pressures
and'largevplate séparatiens@ The breakdown
curves at 272 mms. and 360 mms.llge are |
typieal of such reaults,van& exhibit the
familiar gentle decrease in field as the
electrode separation is inoreaseds YVhen it
begame possible to record smaller voltages
breakdown studies vere éxtended to lower
presauées snd smallier gaps;ﬂ three such runs
are included in Fige 38 . The form of these
curvee at short gaps is somewhat gifferent from
the other gmses lnvestigated, B changing
guite rapidly with dse An~explanétion of this
phenomenon, in terms of ionising efflciencies,
is considersd in Bection 5.5+ Values of the
electron émbit at specified points may be
calculated from a knewledge of the electron
drift velooity at the appropriate values of

E/p, and using the equationi |
de = i ” &
: nF

i A )
'{;}ifg}lf .z‘r_.-."‘ .



. The most accurate determinations of
in neon, made by Nielson (1936) only cover a
range of BE/p from O=1.6s ’Extrapozatian of
this graph 1s negessary to determine v
at the experimentally determined values of
B/ps values of de ealeulatédzin this ménner are
given in Teble 11, and compared. with the
observed values of éleqtgdde separations at the

points considered.

The ealculations indicate that in each case the
emplitude of eleetron oscillation is iess than the
gap widthe These values, nowever, musti be
treated with congiderable reserve since the

Vv - E/p eurve was only approximately linear, and

_ . p
L6 265 | 5.76 3.1 -3.8
46 177 | 3+8h - 201 -5ed
w6 | 137 | 3.0 1.6 6435
217 386 | 3.78 0.96 2454
129 817 | 3.23 | 175 2450
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the straight-line extrapolation must necesserily
lead only to fairly appfoximate reaultss

Criticrl values of electrode separation
may also te found by plotting breakdown |
potential as a funetion of gap widthe Thals ;a
4dohe in Pige 39« Voltage minima on these
curves represent electron capture by the |
plates and indicste approxtmately the values of
Gece These transitions are marked in Fig 38.,
and 1t is evident that in neon the breakdown
field at separations immediately beyond the
eritical value shows a sharp drop before
smoothing out to the pattern familisr in the
otﬁeé gasesﬁ" An interpretation of this
phenomenon in termms of the rate of growth of
iompigation ia given in Section 5¢5+

Bpeakdown at constant electrode separation
is 1llustrated :.ui Pige. 40O and shows E ag a
~ function of p for two sepérations, ,
7.62 wns and 12.7 o At &2 mmB.Xig. a
minimum oceurs in the 7.62 mms. plot, indicating

a eritical value of pressurce

5:i3e 4

Breakdown ocours when the ionisation



Fig. 41. Neon, Variation of Breakdown Potential with nd,
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produced by the field just exceeds the net loss of electrons
from the gep. In s diffusion-controlled system, this
- loss results from diffusion, both to the electrodes and
laterally out of the intense field region, The rate of
removel under such conditions is- governed by the mean life-
time, tp, of en electron in the gap. In experiments
conducted with elestrodes of constent size to is & function
©f 4 alcne. Under such conditions the breakdown stress
is thus 8 function of electrode separation.- Neon is &
nan-attadhing,; monatomic gas, end for a given value of p,
Pig 40, a deerease in E 1s observed as the Aplate separation
is increased, immediately suggesting diffusion a&s the
'e.lec.tron removal féctor. 8imilar evidence is provided by
plotting breakdown potential egainst pd to form the familiar
Paschen Curves. In Pig. 41, V - pd plots have been
constructed from data at 46~, 129-, and 217-nme Hg.
Unlike the d.ec. case, .11; is éeen that the breakdomi curve
is not unigue, but differs for eaeh pressure run, indicating
that V at & given valﬁe of pd is dependent upon the parameter
d, 88 required by the diffusion theory.

5.4 Applicability of Diffusien Theory

The applicability of the diffusion tneoéy 10 u.haf.
breekdown in neon msy be tested, in a similar menner to
hydrogen, by computing effective breakdown voltage, E\, as
a function of p A\ for a number of sets of breekdown
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measurements, using velues of. A determined on the
- agsumption that the mean life of an electron within the gap
is limited by diffusion processes alone, Since “A“—type
Roéa#éki electrodes were used in all the neon measursments,
values of A in terms of the electrode separation weie;
calculable directly from Pig, 20.

The EA - p A plots ere shown in Fig. 42. Although
the overlep of date from different runs does not cover a
very wide rsnge, points in the u.h.f. region lie on the
same smooth curve; from this evidence it is coneluded,that‘
breskdown in neon under ush.f. conditione occurs ﬁhan’ the
gain in electron population by ionisation just exceeds the
loss due to diffusion. |

'5.5. Ionisation in Neon |
As mentioned in Section 5.2, the rate of lowering of -

E with 4 18 seen to be relatively greater in neon (reference
to Fig. 38), than in hydrogen, nitrggen,'or air.‘ An
explanation of this is now comsidered. 'In the discussion
en important factor 1; a compariscn of ionising efficiencies,
as a function of E/p, between neon and the other gases
examined.' Values of ionisation coeffioients calculated
from the breakdéwnvdata at 9.5 He/s are restricted owihg to
the short ranges of E/p encountered. Measuréments over
extended renges of E/p are, however, available from the

results of other workers, d.¢. measurements, in terms of
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tom paira/volt 3, ere compared for the four geses in
Pig. 43(a), end the corresponding high frequency .
'coefficienta (? similar in form to the above, in Fige 43(b).
The rénge of E/p encountered dﬁring breakdoin.studies in
each gas is marked in Fig. 43(a); 4t is evident from the
curveshthet in-the neighbourhood of breskdown the ionising
_efficiency rices more sharply with E/p in thé'polyatamic
gésea than in necon. , | |
The condition for a favourable ineresse in elsctron
population leading to breakdown ié/that en electron must
create one new “ion pair during ite life~time as limited
by diffusion.,
This may be expresse& as ‘
' VEt0 =1 oo St
where to = mean life of electron, secs.
Vi = no. of ion pairs created/sec.
Vi = ¥p E; where P = electron mobility
Therefore Vi o o _
Ths duration hg'is governéd by the electrode config- |
' uratiuﬁ. and for electrodes of éanstanx slie is & function of
electrode separstion (Eqnatiun 346e)
In the polyatomic gases, where {/p rises sharply
with_E/p in the neighbourhood of breskdown, & variation in
to casused by a given variation in electrode separation will
require only s small compensating variation in E to satisfy

equation 5.1. Such a sequence has been obsefved in hydrogen
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nigtrogen and air,
in negn, however, & similar chenge in & would éequxm

g reletively larger veriation in the stress required %o
‘iniﬁiatate breakdown: thie would sccount for the form of
the E - 4 curves shown m ¥ige 38. |
_ Purther evidence regerding the reletively slow rige of

ol /p with E/p in neon compered with the other gesee ?mv be
deduced from the pulsed breskiown measurements of Lebrum (1947),
and Prouse sné Jasinski (1952). Meseurements in neon
similar to those given in Pig. 38 have been recorded by
Rowbotham (1956). | -
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. The breekdown investigations in eir may conveniently

be divided into tmo sectionsi | . |

{a) Breekdown as a function of p end & in the pressure -

renge 15 mus.dg -« 70 mmo.dg.

(b) Low preseurc measuyréments at fixed geps.
A" . type logowski elestrodes were used. The field
_ﬁneqnﬂnﬂ&. unless otherwiee steted, wes kept conatent &t ge.5
Mo/8. |
6ul J“,k._ _pracedure o |
| The ges samples used wers drawn £rom ﬁhe. atnpsphem;
end carefully dried se indicated in Sect. 2.3.2, Statisticsl
lage nesceiated with the diecharge veried in durstion from |

B8 i’eﬁ seconds ¢o upwvards of a mimte, end were nors
proncunced at the higher pressures. A feature of the low
prossure measurements was the small strese required to
initiate a dia-charge; the significance of this 1s discussed
in Seote GeLele

6.2, Yaristion of breakdown strese with electrode scpsration
A typicel family of curves relating pesk breskdown
stress and eleotrode separstion is chown in Fige. 4h4. At

~
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~small gaps B drope ehsrpiy as 4 1is mmm until the
sepsretion resches e oriticsl velue, differvent for eseh
curve, beyond which amn ebrupt “step"” eppesrs, A2 & ie
etill further inoressed, E falls off gently in the familier
manners The "awp” in sach ourve gives & visible |
ingicetion of the chenge Lrom hefs tO Ushefy cand;xtioneg
this can be confirmed by mmerical caleuletions of the
emputum of eleutm eaculauon at pointa bounding the
tpeneition, An exsminetion of Nielasn end Bradbury's (1937)
. omrve for values of &/p in terms of eleotren arift velooity
- show that a fair appmimat:l.on may be odtained from a
straight-»im axtrapolation of the form
- \> 2 3.57 x 10° E/p
substituting raxz i.n equa%mn 314 &t 945 m/s gives
o de = 12 BfP o o0 00080 bale

In Teble 12, this velationship is used to derive de at the
top and bottom of "B‘&e:pﬂ‘" in typicsl B ~ & curves.

Top op | a
Paas | botton of B ds | observed
Hg “step® | volte/om.; E/p! mme oms
M | mop | 1300 |93 |11 | 7.3
w | Bottom | 64D | US.T| 5s5 | 95
29.5 Top 2380 [ 81 | 9.7 | 5.8
foj Bottom i 40 1352 1 3.91 08,9 |
_Yheg  Top 2920 | 65 | 78] 5.6
“ | Bottom | 1620 | 36 | 43| 7.6
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The caleulations confirm that at the top of each "step"
the amplitude of electron oscillation is very close to the
gep spacing; at the bottem eleétrons are free to oscillate
wiihin the gap each half-cycle of the field. Discharges
at separations exceeding this value constitute true ueh.f.
breakdown. '

6.3« Yariation of breakdown stress with gas pressure and
field freguency

The effect om & of verying the pressure ét fixed
plete separations is shown in Pig. 45. In the u.h.f.
parts of the curves the onset field at & glven pressure is
seen %o decresase with increasing gap width, a feature
encountered in each of the gases investigated. In the

runs at 4 = 7,62 mmB and 9.2? mms,, eriticsl pressures
p » are 1ndi¢ated at 18.5 mmsﬁg and dmmsHg respectively.
These compare very closely with the values 18.3 mmsHg end

9 mmsHg as calculated from the equatien |
pe = =B (from 6.1.)
The frequeney variation for three electrode spacings at
a pressure of 27.5 mmsHg 1is shown in Fig. 46, As £ 1B
inereaged the electron ambit delia correspondingly reduced,
eventually just filling the gap;  this sccounts for the
observed veriations in E; Under conditions removed from

this transition, the breakdown stress is affected only
Aslightly by change of frequency over the range investigated.
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6.4. Breakdown mechanism in air

An encounter between & free electron and en oxygen
molecule ean lead.to the formation of a negative ion.
The possibility of such attechments wust therefore be
examined when considering factors controlling the growth
of electpron density precéding an electrical discharge in
eir. An enalysis of the resulte at 9.5 ke/s given below,
shows thsi any removel process other than diffusion has
1ittle effect upon the build up of electran population
within the gas. However, in view of the fact thet the
probability of attachment is & function of gas presagre.
the conclusion that u.h,f. breakdown in eir ie diffusion-
controlled muat be reserved to pressure conditions not 1
exceeding 70 mmsHg, the highest density used. In an
attempt to deduce some pesitive information regarding the'
role of attachment in air, end also to explain some of
the apparently anomslous results obtained in this gas by
various workers, the problemiis d;scussed more fully in
Sects 6.5,

The relationship between breakdown véltage V and the
parameter pd for alr is given in Pig. 47. Five curves
have been drawn for different values of p at 9.5 Me/s.

In each case V increases steadily with pd until & critical
value is reached at which there 1s an abrupt decrease in

potential down to the u.h.f. part of the curve, Ths
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breakdswn,plaﬁs in this Pegién are similar té those observed
in the other geses; (the intersect;an of the separate
_eurﬁes with a chosen ordinate corresponds to different
‘values of pd)., The static (d.c.) breskdown curve for air,
Kas measured by Pim (19&9). is included for compariaon;
u.h.f. onset pmtentials‘are seen %0 be approximstely hslf
the d.c. values at similar magnitudes of pd (though it is
3eeh that the two sets of curves are not perallel to one
another); values in the h.f. reglon ere slso less than
under doc; conditions owing to thé non-removal of positive
iocns from the gape. | A

When the data is transferred to the proper variables
E /A and p\, points in the u.h,f. region fall on a single
smooth curve, Fig. 48. This~is in agreement with the
reguirements of ihe diffusion theory.

6.5, Comparison of results with other observers «
gonsideration of electron attachment

The results described in the pfevious section ere in
quantitative sgreement with those of Hieriin end Brown (i948)
at é frequency of 3,000 Mc/s. They appear to be at
variance, however, with those of Pim (1948 and 49), end
Prowse and Lene (1955), who observed constancy of breskdown
 stress with increasing plate separation for dischafges in
the.u.htf. region. It is impossible to reeoncile this
independsnce of E and 4 with a diffusive mechanism, in
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which the two quantities are related, Egn. 3.8. Electron

‘attachment to oxygen molecules in air may, either wholly
'er partially, account for the differences m breakdown
behaviour; this possibility is now considered.

If electron attachment is included as a possible loss
mechanien in the build-up 6f zonigation in addition to
cﬁffusion, the continuity equation 3.2. may be modified,
Brown (1955), to the form

L - (v - va)n - VT

where Va = is the frequency of attachment
" For a parallel plate electrode system, this leads to the
breakdown eriterion

V=Va+n—]:;§" 6 ¢ e o 2 » » 6020
a

V way be written, in terms of the first ionisation
coefficient X , and the average electron 4drift velocity, as
V = X T {cee Sects 3.7.4.)
Hence Vv = <L Ey r
By analogy with the above equation, the probability of
attachment Yem, §; 1o

va = ? ERIA
Hence by substitution in eqgn. 5.2. .
-2,-3— -3 "-'g- + B“" . —— 1 . .« s w @ 63.
Pk r (5g ) (pa)?

Eguation 5,3., though ralatizig < eand (3, ‘wa3 not found
suitable Por calculating the attachment efficiency under
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experimental conditions owing to & lack of relisble
information regarding numerical values of the related
quantities. However, a comperison between eqn. 6.3. and
experimental deta in air has been made graphically by
Brown (1955), in terms of E/p and pd. In the low pressure
region, where E/p is shown to be & function of pd, electron
diffusion controls the discharge. The high pressure
results of Pim are also included. _In this region of low
E/p breakdown becomes practically independent of pd,
interpreted by Brown ss corresponding to to volume loss
¢f electrons from attachment.
| This qnalitative analysis appears at first sight
qaite satisfactory in correlating the results.of different
workers. A clese inspection of Pim's 200 Mc/s curves
shows that at high pressures of atmospheric order, true
constansy of breskdown stress exists for all geps in the
Behafe raegion, whereas at lower values of pressure, the
breakdown field decreases slowly with increassed electrode
separation in a similar mammer to the 9.5 M¢/s results and
also those of Herlin sad Brown, each of whose measurements
were taken at pressures < 70vdméﬂg. Thus an E - 4 curve
at constant pressure is not typical of u.b.f. breskdown in
air throughout the pressure range. Electron losses would
therefore appear to be dominated at low pressures by
diffusion and at high pressures by attachment.

Measurements of the attachment coefficient [ have
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been made by Geballe and Harrisom (1953), and although
the numerical results ere still somewhat uncertain, it
trenspires that as E/p rises, ©/p passes through e
minimum;‘atik/p,= 30, -and subsequently increases. = This
“samQWhatAaurprising tranasition, which oscurs ét a value
of E/p nesr to the minimum encountered at breadown,
indicates that within the experimantalvrange the attachment
probability decreasses with incressed pressure.

This is in the oppesite senee to the general assumption
made above. it mist be stressed, however; that Geballe
and Harriscn's measurements are not conclusive end were
recorded over only a small range of E/p.

A partigal sxplenation of the discordant results may
also lie in the choice of sledtrodes of the different
ocbservers. Rogoﬁski eleetrédes, used in the 9.5 He/s
‘results, ere profiled to simulate an infinite pair of
pafallel plates; the oylindrical cevities used by Herlin
and Brown also aspproximated conditions of infinite plates
with a uniform electric field. Pim, oﬁ the other hand,
used spark gapd, domed very slightly towards the centre,
_.whiist Prowge and Lane adopted a pair of plane-parallel
dises. The poesibility of field distortion affecting the

breakdown measurements of these workers cannct be disregarded.
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6.6. Low Pressure results

6.6.1. Advanteges of low greséﬁre measurements

At low pressure the reduced value of the breekdown
field E/p changes quite rapidly for smell changég in p.
Between.ﬁ mmsHg end 20 mmsHg the range of E/p engouhtered
was quite considerable, and messurements in this region |
were particularly useful for determining quantities related :
to E/p; notebly the ionisation coefficient, The numerical
values of breakdown stress recorded were c¢onsiderably
smaller then have been observed et microwave frequencies.
They are, however, in qualitatgve agreement with values
reported by Paska (1955); their significance is discussed
in the following section.

6.6.2. Varistion of breskdown stress with ges pressure

The curves shown in Plg. 49 represent breskdown at a
. number of fiked geps over & pressure range 3 mmsHg =

20 pmsHg., Discharges in the smaller gaps sre confined to
the h.f. region; &t larger separations the u.h.f. tran-
gitions are cleaﬁly_indicated.

The form of the curves is similar to those at higher
pressures, being cheracterised by a fall in breskdown field
at conetant pressure with increasing sepsration of the .
plates. Only small values of field were regquired to break
down gaps in the u.h.f. lowepressure region. Typical
valuce of V and B are given in Table {3.



TABIE 13 U.H.F. BREAKDOWN AT LOW PRESSURES

@ = 20:32 mus d = 15a2h-mm$

| PumeRg | V volts | By volts | PrmeHg | VR volts | ER volts

0.3 | 16 B & 1.5 176 | 116
0.8 | 155 76 2,0 | 184 | 1214

1.3 176 | 87 | 3.0 228. 151

Even smaller breakdown potentisls have been observed
by Paske (1955), who has studied the breakdown strength
of air between casual cylinders at a frequency of 77 Me/s
within a pressure range 0,01 mmsHg -~ 5 mmsFg. These
values, lower'than are obtainable using microwave
oscillations, are explained as follows, Using geometricelly
similar systems, microwave breszdown voltages are somewhat
less then those for radio frequencies (Prowée (1959))~‘ v
is determinsd by the electrode separation, gss pressure,
and fieid frequency, and limited by two mein factgrs. the
collision frequency (Sect. 3.5.2.) &nd electron ambit
transitions, The electron ambit limit is seldom encountered
' in microwave breskdown, (the electyons move only a fraction
of a mil}imetre before their velocities sre reversed by the
field}, and can be avoided at radio frequencies by using
gufriciently large g&pé. - However, the collision~frequency

{ransition at mierowave frequencies occurs at a considerably
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higher pressure than at radio fregquencies, end since the

T

. efficiency of ionisation is greater at lower pressures,
it is possible for r.f. hreakdbwn voltages récorded near
' the mintmun to be lower then those obteinable at micro-
wave frequenﬂiés.

| Thus, by careful choice of frequency, gas pressure,
end electrode separation, it seems likely that the break-
down potential of the gap would not be greeter thaen & few
volts. A thorcugh investigetion of optiﬁnm‘breakdﬂWn in
the redic-frequency region mgy be of eonsiderablé technical
importance.

be«7. Ionising efficiency in air

The breakdown dsta in air were used to calculate :
values of the righ~frequency ionising coefficient ? »
using equation 3.8,

Plots of? as a function of BEp/p are given in Pig. 50;
each curve eorresponﬂs to a prassure run at ccnstant
clectrode separatiens On the high pressure (low Eg/p)
side, they come together to form & common envelope,
'departure from this occurs at values of Ep/p determined by
the individuél gaps. PFor a given Ep/p the ionising
efficiency is seen to inerease with electrode seperation,
_and may be aﬁtributed to the lengthening of the life~time
of electrons within the gep. These curvéa ccuid'be used,
in conjunctioa with egn. 3.8. to prediet breskdown at

various pressures using different electrode configurations.
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6+8. Visual cheracteristies of the discharge

Ohservations of breakdown in air'showéd thet under a

;preacribed set of conditions the discharge was visible in

4one of four different modes, In Tahle 1& each mode is

gpecified by its eolour, intensity, and vnlume.‘
ﬂJU%GE#Jﬁ%r_ DISGEARGE GHARAGTERISTICS IN AIR-

] ‘ A i
 Mode | Intense : -
or Diffuse| Colour | Extent of diseharge |
A Intense | Pink, white €Confined well within
1 spots on - inter-electrode spacee.
electrode :

B | Diffuse | Bright pink | Within inter-electrode
’ ' . gpaceé; dapk spaces
round -electrodes.

€ Intense Pink Within: inter—electrode
. _ . 8paces

2] Diffuss Faint pink . Extended beyond inteér-

- electrode space but 1

derk spece in central
region of gep.

In the neighbourhood of the w.h.f. transition, the
form of the discharge changsd from mode B to the intense
mode &, and wes eccompanied by a sharp drop in the'vdltméter )
reading, indicating a heavy loéding_of the circuite Pig. 51,
eénetfueted frém & large number of obéérvaiiens, shows the
change in‘fonm of discharge in relation to electrode

seperstion and gas pressure. This phase-disgram can be
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‘uged to predict the discharge appearsmce under & given .
set of conditions. ‘

An explenation similar to that given'fér hydrogen,
Secte 3.942+5 is thought likely to explain the chenge in
nafure of the Bpa?k. in the vielinity of the u.h.f.
transitions |
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_CHAPTER 7

 EXPERIMENTAL BERRORS

In &11 af.the diagrams, the valuesof electric stress
are based on indicated voltsges. Phe meters used were
ealibrated in terms of the electromotive force of two
standard cells,..

In all cases the percentage error decressed with
increasing voltage, &8 shown in Table 15.
| TABLE 15, _ VOLFMETER ERRORS

Meter : f Instrunent Erpor
Rangs (Volts) (per cent)

Pye Scale-Lamp ‘
 e-static } 1000 - 500 «3 = 122
Ayrtonwiiather | ‘
(high renge) |} 530 - 140 Teb = 1.8
Ayrion-Hather , ‘
{low range) 120 -~ 40 {6 = 1.4

It will be recalled that measurements of breakdown
voltege were made by using stepwise increases in the
applied voltages. In the higher voltage renge the laet
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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 cennectiohs to the electrodes and to the
diédes ghould not introduce an errof. A parallgl-wire
| transmissioh line was eauneéted between the final tuned
circult and the electrodesy the side-branch taken from -
pointa near ﬁhe electrodes to the dicdes whs go ad justed
ﬁhat the total ran to theueleotraﬂea was equal to the total
run to the dlcdes. This total mm was 1tself only a small
fraction (5%) of the shortest wavelength used.

Pressures were reasd 30-5 mmsHg, in the higher range .
(eébove 15 mmeHg) by means of the modified Bourdon Gauge.
The calibration (Section 2.3.3.) was repsated at regular
intervals, and no point.ever departsd from the origina1~
curve by more than+5 mm Eg. The diaphragm gauge unged
for the low=pressurs messuroments in hydrogen and air
was4subgeet to an error not exceeding 234 of the full-scale
reading (40 mm Hg). In the figures the pressures uged
are'lndioateé pregsures not corrected for fluctuations
in laboratory temperature:, and this may account for
occasional departures from regularity, such as appear in
the V-pd curves for air, Pig. 47. |

The electrode separation couid ke measured with
altogether greater ascuracy thanAﬁhe voltage or the gas

pressurs, and no sensible error ar¢se in this connection.
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Also no eppreciable error occurred 1h comnection with
frequency measuremsents; the wavemeter readings agreed,
within the precision of reading, with the indicated
frequency of the oscillator.

«=e000000000=~n



rig. 52, The Oscillator,

- —'Q/“ISo t‘A OHT +
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APPENDIX 1

THE OSCILLATOR

The oscillator cireuit is shown in Pig. 52, Three
frequenoy ranges were available, 5.5 Mo/s = 10.5 Me/s} -
3 Me/s = 5,5 Mc/e; and 200 Ko/s = 500 K¢/s. . The
eircuit.of.Figg 58 only includes components reievant _
to the highest frequency range.

0scillations were generated by a seriee-fed Hartley
oscillator, based on value V1 and the tuned elements
L3CoCz. Condenser Cp waé varigble, and with Cyg waa'
fitted with a UNI slick 7-stop meehanism, arranged so
that pre-determined frequencles eould be rigidly'held or
getnrned to, These stops could be relegsad at will.
The qondenﬁer wag trimmed to allow fine adjuétment of
frequency. - The oscillations were fed, via 83, to the
control grid of the power émplifi§ation valves Vg and vg,
sﬁrapped in parallel. H.T. for ﬁﬁeaglvalves, 1’200 volts,
was delivered through cﬁr:ent~limiting reasistors and
H.FoCo 1o A milliemeter in the anode c¢ircult, My, .
provided a useful guide for determining resonance |
conditions. “

| The oscillations were delivered to the output tunsd

eircuit Ly C13 through |
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Circuit Components
Valves Vi vTi04 (ML6)"
V2 anrd Vg 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 €y .-604/«»1" Cg
Cg 10p F Co
Cg 110135”'- P _310
Cq 0905'» P C11
95 + 005 P F Ci12
Cg +O0D2LF C13
Cy. +0008p F C14
Resiastors Ry 1.5 ~ Re
Ry 20K . Ry
Bg 10 ~A- '310
Ry 19,5 Ru
R 7oK s
Ry 12K ~ Ryq
---069000000---
(G UNVERGTTY
IV ROIENLE
29 SEPVT® )

sECTION
. LIBRARY

.oear; o
+004 p F
.0002  F
5L F
+004 - F
WO1pF
004 F

50K <~

15K

7.5K
5K
S.1K
350
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