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Townsend primary coefficient; ion pairs per
drift in field direction.
Townsend's secondary coefficient.
secondary emission coefficient.
wavelength of applied field, cm.
guantum radiation frequency, sec.-1.

collision frequency between electrons and
gas molecules, sec, .

ionization energy of a gas, e.v.
characteristic diffusion length, cm,
work function of surface, e.v,

mean random electron velocity, cm.sec._1.
electrode separation, cm.

electron charge, coulomb.

field frequency, sec.-'1 .

Plancks radiation constant, joules.sec,
electron density, cm-3.

gas pressure, mm. Hge

meen electron energy, e.v.

drift velocity of electrons, cm.sec.-1.

ionizing efficiency.
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electron diffusion coefficient.

instantaneous field strength, volt.cm.

effective field strength, volt. cm.-1.

peak field strength, volt.cm.-1.
R.M.S. field strength, volt.cms @ .
electron current, amp.

electron current density, a.mp.cm._ .

probability of collision.

electron ionizing efficiency.
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Te PRE~BREAKDOWN PHENOMENA IN GASES AT
HIGH FREQUENCIES

1.1 The Breakdown Criterion

When a neutral gas is subjected to a weak electric
field it generally possesses good, though imperfect, insulation
properties. No practical gas-filled electrode system can
completely prevent "casual" sources of irradiation (e.g.
energetic cosmic radiations, nattural radioactivity) from
causing local ionization within the gas. Conduction currents

of the order of 10~ 12

to 10716 4, amps. are normally observed.
By deliberately irradiating the system with high—-energy
quantum radiation, for example 7Y -rays, X-rays, or ultra-
violet light, the current density can be increased by several
orders. In none of these cases is the physical nature of the
gas xensibly altered and an 'insulating state' may be said to
exist.

As the applied electric stress is increased, however,
a point is reached at which the gas, quite suddenly, exhibits
a considerable increase in electrical conductivity. The
inerease in current is usually accompanied by a characteristic
visible glow from the gas, and by a drop in the potential

difference across the electrode system. Under these conditions




an electrical discharge or 'bresk~down' is said to have occurred,

A satisfactory definition of the breakdown criterion
is not, however, as clear-cut as may be supposed. Discharges
are not necessarily accompanied by strong light emission or
by perceptible changes in a voltmeter reading. Even a
definition based upon "change in conductivity" is not altogether
acceptable, as the pre-breakdown current is not a true
characteristic of the gas; being dependent on the
strength of the external ionizing agent. One definition
mekes use of an important physical distinction between currents
flowing in the 'insulating' and 'conducting' states: whereas
pre-breakdown currents cease when the external ionizing source
is removed, the current in a true discharge is self-sustained
i.e. will continue to flow when the irradiation is removed.

The onset of breakdown can be said to have occurred
when the current ceases to depend upon the existence of an
extepnal ionizing source,

The rapid changes in electrical conductivity accompanying
breakdown are brought about by the generation of charged
particles within the gas and/or at the walls of the discharge

chamber, Electrons are the most important of the conducting



particles, though positive ions and in certain gases negative
ions, sometimes play a significant part in initieting the
discharge.

The motion of the particles in the body of a gas,
controlled by such factors as the gas pressure, field strength,
frequency and electrode geometry, consists of 'random' thermal
motion with a superimposed mobility 'drift' in the direction of
the electric field gradient. Essentially, the difference between
the action of weak electric fields on the gas and of fields the
order of the threshold breakdown value, is that the latter must
be of sufficient magnitude to promote effects, either in the
gas itself or on the walls of the container, which result in the
generation of further particles, and in particular, electrons,
Moreover, for a discharge to occur, the rate of (electron)
production must exceed the rate of loss; breakdown may thus
be conveniently defined from a quantitative standpoint as a
failure of equilibrium in the above process, in the direction
favouring growth of electron population.

In developing a breakdown theory the physical problem is
to account for net growth in electron density (from a small
number of initiatory electrons) in terms of fundamental

electronic, ionic, and atomic collision processes in the gas



and at the electrode surfaces. Experiments have shown that the
efficiencies of the processes, controlling electron generation
and loss are functions of the quantities describing the
discharge system. As a consequence, the mechanism by which a
discharge occurs, msy become modified, even radically changed,
a3 each particular parameter is varied.

The main purpose of this chapter is to give an account of
the pre-breakdown and initiation processes relevent to the
experimental work carried out. Processes having only an
indirect bearing upon the subject matter are dealt with briefly.

12 Generation of Charged Particles in the body of a Gas

1+.2.1 Motion of charged particles in a field-free gas

Classical kinetic theory gives a number of results
which are quite adequate in expressing the thermal motion of
gas molecules in an enclosure,

In cases where Maxwellian distributions of molecular
velocities may be assured, cdculations may be made of many
of the fundamental quantities describing thermal motion e.g.
R.M.S, velocities and energies, and diffusion rates, as
functions of temperature and pressure., Determination can
also be made of energy interchanges between colliding atoms

and extended to impacts between charged particles, provided

- L -



no change of internal energy is involved, i.e. the collisions
must be perfectly elastic,

When charged particles, particularly electrons, are present
in & gas the useful application of kinetic theory is limited,
and resort must sometimes be made to the wave mechanics.

At normal room temperatures (the usual working conditions
for experimental glow-discharge studies) the maximum thermal
velocities of gas molecules are much too low to stimulate
inelastic collisions. Casual electrons and ions present
in a field=-free gas are likewise not sufficiently energetic
and, if time permits, they eventually acquire thermal
equilibrium with their surroundings. Usually, however, before
the equilibrium energy is attained, recombination occurrs,
either in the volume of the gas or by a three~body process
involving the walls of the containing vessel, Under the
inf'luence of a sufficiently powerful field mobility drift is
superimposed upon the random motion of the charged particles
present. This gives rise to two effects normally characterizing
a gas discharge, namely optical excitation and collision
ionization., Excitation, though an inherent accompaniment to
a discharge, frequently contributes only indirectly to the

mechanisms of charge multiplication and for this reason will not



be given the same prominence as the important ionization
processes,
1.2.2 JIonization processes
Ionization of a gas atom may be effected by a variety
of processes, provided always that the totel energy available
for transfer to atom (or molecule) exceeds the characteristic
ionizing energy, Vi €eVe
The necessary exchanges can be brought about in the
following ways:
(a) by collisions between electrons and neutral atoms.
(b) by collisions between positive ions and neutral atoms.
(¢) by collisions between neutral atoms,
(d) by absorption of radiation quanta by neutral atoms and
ions.
(e) by cumulative ionization, in which the necessary energy
is received by the atom in two (or more) distinct parcels.
(£) by *'thermal' ionization, a term used to describe the
ionizing action of molecular, ionic and electronic
collisions and radiation absorptionccourring in gases at
high temperatures.
In the initiation of a gas discharge the processes may

occur either singly or in combinations, with efficiencies



determined by the physical conditions imposed.

1¢2.3 JTonization by electron impact

Contrary to Townsend's originel supposition that any
electron possessing ionizing energy or greater will always
ionize a gas atom by collision, the effectiveness of electrons
in promoting ionization by impact depends upon their energy.
Experimental evidencez’3’4 shows that the ionizing
probability (number of ion pairs produced per electron
travelling 1 cm, through at gas at unit pressure) rises from
zero for electron energies the order of the ionizing potential
Vi, passes through a relatively broad maximum for energies
a few times Vi and falls away gradually for impacts involving
even more energetic electrons, The residual electron kinetic
energy arising from an ionizing event may, partly, be retained
by the electron, transferred to the released electron or used
in further ionization or excitation., Instantaneous directions
of both primary and daughter electrons are orientated almost
at random. In the absence of some external stimulant e.g.

&n electric field, it is not possible for a sustained build-
up of charge to take place. TFast electrons shot into a ges
may well produce a number of ion-pairs (*ion=pair' used in

this context refers to an electron and a positive ion), but



once their velocities fall below a minimum value they cease
to function as ionizing agents and, given time, acguire
thermal equilibrium with the gas. The same conditions apply
to ejected electrons,

Field-intensified ionization by electrons

When a gas enclosed by a& suitable container is subjected
to a strong electric field, one electron starting at a
convenient point in the gap can in its lifetime create a large
number of ion-pairs, by virtue of acquiring from the field
sufficient energy to ionize a gas atom, subsequent to a
previous ionizing encounter,

Townsend's primary coefficient a (number of ion-pairs
created by an electron per cm, drift in the negative field
direction), is the parameter most widely used in describing
multiplication of change under the action of a unidirectional
or low-frequency electric field., Bydefinition it follows that

n, electrons starting at a point x = o, will have created

b'd

n, exp./. o dx fresh electrons in travelling a distance
o

X cm, in the field direction, For a uniform field, stressing

& gas enclosed by electrodes of separaticn d cm., the number of

electrons entering the enode, n, is related to the number n,

generaticn at the cathode by



K

n = nj exp./ o dx = n_ exp (ad)

o]

or in termes of current

I=1I exp, (xd) cee  ase  aes (1)

When n, is used to indicate 2 rate of generation of
initiatory electrons, the term 'electron avalanche' is used
to indicate exp.(a d) electrons per seccnd reaching the plane
of d per electron leaving the plane x = O,

a 1is a complex function of the reduced field E/p and
of the nature of the gas. No theory has yet been proposed
which successfully correlastes the observed variastion of «
with E/p 5, due probably to lack of evidence regarding the exact
form of the electron energy distribution - assumed Maxwellian,
Since 1/a represents the average distance travelled between
ionizing events, the number of electrons in an avalzanche,
exp.( @ d), is essentially an average number: the statistical
fluctuations have been represented by a probability equationG.

No mention has yet been made of the positive ions created
during ionization, Due to their large mass relative to the

electron, they migrate only slowly in the positive field



direction, towards the cathode. Under normal lsboratory
conditions they do not acquire sufficient energy to ionize
by collision, as was originally assumed by Townsend. Their
presence, however, camnot be ignored, both by virtue of the
space-charge they create in the body of the gas and their
ability to liberate fresh electrons by impact on the cathode,
124 Jonization by quantum asbsorption {photo-ionization
Radiation quante, passing through a gas, may promote
ionization provided the characteristic quantum energy hy is
greater than e Vi; in practice this condition slmost entirely
excludes direct jonization by visible radiations. Several
distinct mechanisms are possible, depending upon the order of
energy of the quanta and the complexity of the extra-nuclear
structure of the target atoms or molecules. When ly is the
same order of magnitude as eV; it is found7 that the
probability of an jonizing event in a given gas depends upon vV
and the gas pressure p, and that absorption and ionization are
a maximum when the quantum has just enough energy to ionize.
The ionizing capabilities of highly-energetic quanta
(eegs X~-rays, Yy -rays) depend wery largely upon the gas
undergoing irradiation. An atom of low atomic number is

preferentially ionized by ome of its immermost extranuclear
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electrons absorbing a large fraction of the energy of the
incident quantum. The ejected K-electron thus leaves the atom
with high velocity (corresponding to nearly the full quantum
energy) and is capable of intense local ionization.

As the atom returns tc a state of minimum energy quanta
will be released. They may be preferentially absorbed and
an atom may be stripped of several electrons. (Auger effect).

Photons released by optical excitation of gas stoms,
by virtue of their possessing energy < V; €V, are incapable
of stimulating direct photo-ionization by any of the
mechanisms described above, However, such atoms may be
ionized if they receive the necessary energy in steps.

1.2.5 Other Processes

It has been established, that energies not less than
several hundred electron volts must be imparted to ions before
their ionizing efficiencies become in any way comparable with
electrons.

The effect may be neglected under conditions other
than high gas temperatures and/or powerful applied fields.

The velocity distribution of neutrel particles at room
temperatures precludes direct ionization by thermal impact;
ionization by atom~atom collisions becomes importent only at

very high temperatures,

-11 -



The proportion of gas atoms having relatively high
velocities increases with increasing temperature, leading
to ionization at temperatures exceeding a few thousand °c.
Photoionization will in general occur (radiation from the
high temperature enclosing walls and the so-called
"imprisoned" radiation), electrons and positive ioms will also
contribute towards the efficiency of the process,

1.2.6 Generation at solid surfaces

Possible emission processes from solid surfaces include
thermionic emission, field emission, secondary emission, by
ion impact, photelectric emission and secondery emission as
the result of electron impact. Of these only the last
mentioned seems likely to play a significant role in the
present work,

A primary electron which falls on the surface of a
501id either returns to the gas (or vacuum) or penetrates
into the solid and is captured or releases secondary electroms,
For a secondary electron to be released the energy of the
primary perticle has to exceed the work function, ¢ , of the
solid. One possible mode of secondary emission occurs when
incident primary electrons transfer energy to the valence

electrons of the solid atoms., Alternatively, interaction



between the primary electrons and the free electons of the
solids etomic lattice may cause multiple collisions and
enable secondaries to pass through the boundary into the gas
or vacuum,

Stimulated emission, ettributed to the formation of
internal electric fields, has been reported.L'”1 by a number of
workers using specially prepared surface layers., Thin film
field emission of this type is referred to as the Malter
effect,

The yield or coefficient of secondary emission, & , is
defined as the number of seconderies per normally incident
primary particle,

All emission curves show a characteristic rapid rise
of § with increasing primary electron energy up to a value
‘ymax. : further increasse of primary energy causes a gradual
descrease in J (assocated with increased primary penetration

§

into the lattice). For pure metals, max. usually lies
between 0.9 and 1.5; the associated values of primary electron
energy vary over & wide range, Higher values of § have been
observed from metal compounds, particularly from oxides and

halides. Workers have concentrated attention upon determinations

of Omex rather than the primary energy values for § m 1.

- 13 -



Some work has been reported on emission from metal alloys
and evidence from the available data is significant. Certain
alloys have been shown to give exceptionally high yields and
values of <fmax up to 16 have been obtained 8’9’10.

Monatomic layers of absorbed oxygen cause a reduction in
secondary yield. With thicker layers, § shows either little
change or exhibits a marked increasse, particulerly for metals

having a strong exygen affinity.

1.3 Removal processes

The growth of electron density by ionization and other
processes is opposed by a number of possible depopulating
mechanisms.

1.3.1 Mobility Capture

This process takes place when an electron is carried to
a bounding surface by virtue of the drif't imparted by an
applied electric field. Impacts taking place with sufficiently
high energy may cause the release of secondary electrons (1.2.6)
giving rise to the possibility of an overall increase in electron
population,
1+3¢2 Recombination and Attachment

If a suitable encounter takes place between particles of

opposite charge, recombination may occur, with consequent

- Al -



neutralisation of charge,

In a system containing equal numbers of oppositely charged
particles the rate of recombination is proportional to the
square of the charge density and hence to the square of the
pressure,

The efficiency of recombination processes is thus small
at low pressures., Theoretical and experimental evidence
suggests that direct electron-ion recombination, in the body
of a gas, may be neglected.

A three body process is more effective, eg. the forma tion
of a negative ion and its subsequent encounter with a positive
ion, Such collisjons are unlikely at low pressures, however,
furthermore hydrogen and inert gases are virtually non-asttaching,

A special type of dissociative recombination has been
described in a paper by Fucks11. Firstly, dissociation of

a hydrogen molecule occurs whereby

H, » H + H® + v

2 1
(B * represents an excited atom, v, s radiation quantum).
Then three body volume-recombination takes place in the presence

of a third body M,

H+H"+M+H2+M+v2.

- 15 =



This process lead to an emission spectrum below 1,100 A and
gives rise to 'gas-ionizing radiation' since the first ionizing
potential of hydrogen iz equivalent to a guantum energy of

N = 805 Z o More recently, Corrigan and von Engel 12 have
shown that a large proportion of the energy of an electron
swarm is used in the dissociation of hydrogen molecules.
However, the sequence of events is most improbable below a few
mm,Hg. = Corrigan & Von Engel dismiss volume recombination in
the pressure range 0.7 - 12 mm.Hg.

Surface recombination between electrons and ions is an
efficient process being a special case of three body recombination,
This mechanism is frequently dominant in the ultimate
neutralisation of charged particles in a discharge chamber
where the walls are remote from the electrode system, irrespective
of the removal processes taking place in the intense field region,
1.3.3 Diffusion

When a non-uniform particle density exists in a gaseous
medium, thermal motion gives rise to a net transfer of momentum
in the direction of the negative concentration gradient,

The particles thus flow as though they possess & directed
velocity, Vo and for electrons the flow across unit area per

second is given by



J=nv, ==-D

~

. > . e . [ 4
where De = diffusion coefficient in cm per sec.

Hinetic theory shows that De c<'7\e, where %e is the mean

distence travelled by electrons between collision, and tierefore

sugoests that De o s though the dependence of 7\8 upon electron

w3 |..>.

energy must be taken into account,

The mean time, t spent by an electron in diffusing from

D’
its point of origin to o given bounding surface is determined
by the geometry of the surizce ond the concentration gradicnt

{expressed mathematically in terms of' De).

These quuntities are relaied by the general expressions:

tT\ De = A2 s s ves (’;1)

, . .  p . 13 .
where A 1is a guantity, ccalled the Diffusion Length J, having
units of length and describing the shape of the bounding surface.,

1+  Breakdown lechanisms in Gases

1ere? Reguirements of Breakdown Theory

A gaseous electrical discharge in a given system, occurs
when the application of an external field of sultable magnitude

particles

Ao

stimlates the production of large numbers of charged
within the body of the gas or at the walls of the contéining

vessel, multiplication starting from a small number of initiatory

- 17 =



electrons and leading ultimately to change from the 'insulating!
to 'conducting' state (Section 1.,1). The transition may be
considered complete when the discharge ceases to depend upon
the existence of the external irradiating source.

The descriptions of ionizing processes, Sections 1.2.2 =
1.2.5 show that electrons are by far the most powerful
agents in the production of fresh charged particles. In
gneral, any breakdown theory must satisfactorily account
for & net growth of electron density with time. PFurther,
relationships describing the mechanisms of electron multi-
plication and loss must be formulated in terms of measurable
quantities (e.g. onset field strength, gas pressure etc.,
and atomic data such as charge, mass and mean free path) for
the purpose of verifying theoretical predictions,
1ele2 Parameters: Order of Presentation

Disregarding any special physical conditions imposed,
the threshold breakdown field is in general a function of
the pressure and nature of the gas, electrode geometry,
field frequency and the nature of the electrode surfaces,
The variables are frequently used in reduced form e.ge.

%p, «/p, £/p, since, together with the quantity p.d.,

1,15

the applicability of the 8imilarity Rules can be readily

- 18 =



checked,

In certain cases of high-frequency breakdown controlled
by diffusion, a different though anelogous set of varisebles
are employed13 » namely E/p, pA , PN .

Under the action of a unidirectional field, an electron
is accelerated by the field between collisions, whereupon
its instantaneous direction of motion is redirected almost
at random, The influence of the field then re-orientates
the electron in the field direction (a parabolic path is
approximately followed). The electron then continues to
move with the field until the termination of its free path,
whence the above process is repeated. For elastic collisions,
the electron will on the average gain a net amount of energy
per collision time, notwithstanding the small amount transferred
to the neutral atom during impact. Energy transfer between
field and electron, a function of E/p, is completely efficient
insofar as the particle is continuously subjected to an
accelerating force constant in magnitude and direction. If,
on the other hand, the d.c. source is replaced by an a.c. field
of R.M.S. value equal to that in the d.c. case, the energy
transferred to the electron can only equel that under the

corresponding d.c. conditions in the special cases of high gas
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pressure and/or low field frequency. If either the frequency
is raised or the gas pressure lowered, transfer becomes
gradually less efficient., The cause of this may be attributed
directly to electron inertia. Increase in the amplitude of
electron oscillation (due to decrease in frequency) or mean
free path (due to reduction in pressure) results in electron=
atom collisions occurring too infrequently for the electron
motion to keep in phase with the field., It is to be expected
that the more out-of-phase the electron motion becomes, the
less energy will be transferred, on the average, from the
field, to the electron. An extreme limit of the argument
leads to the well-known result that an electron in a vacuum
will oscillate in quadrature with the applied field and will
take no power from it.

An equation expressing the above has been derived in
Section 4,5.2 &

¢ E, 107
2 % sin( wt = a) eee eos (27)
o)

m(a? +V
where V is the average drift velocity of electrons in an

ocean of gas acted upon by a field

E=E i wt,
o sin t



vc is the collision frequency of electrons with gas atoms

and

eee  see  see  ase (26)

Over a range of electron energies, in several gases, experimental

ev:i.d.ence16 suggests that V, O Pe

Hence when @ >> v _ (i.e. at high frequencies or low

pressures)

a - tan.1 )

rdns,

(M B

i.ee V =« cos wt.
i.e. velocity is in gquadrature with field.

Again when w << VvV o’ corresponding to high pressures or

low frequencies (which msy, with reservations, be taken to

include d.c.)

Vo sin w t,
i.e, veloecity in phase with field.

In terms of energy transfer, an expression by Margeneau17

2
- v
o = ER [vcc.'.w :J_] see see (2)



relates "effective" field Ee to the R.M.S., value of the

applied field. It is seen that when w>>v, ¢ Ee > 0
and when w<<y, @ Ee = QR

1el4e3> Breakdown under conditions where w <<Lh

(a) d.c. breakdown

The physical problem has been to propose a theory to
satisfactorily explain the development of a discharge current
not dependent upon the existence of an external source of
electrons. Referring to equation 1 it is evident that an
o - mechanism alone is not sufficient, since the current I,
being directly proportional to the rate at which 'casual'
electrons are being produced, would cease subsequent to the
removal of the irradiating source, irrespective of the
magnitude of the applied field,

Townsend originally proposed that the necessary !'secondary’
mechanism resulted from the ionizing action of positive ions
(produced by collision ionization) migrating towards the cathode.
However, calculations showed that under normal experimental
conditions the ions could ndt receive ionizing energy from the
field (ref, section 1.2.5)s Subsequently Townsend modified

his ideas and introduced his celebrated <y - mechanism, in which
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secondary emission from the cathode due to positive ions,

excited jons, photons etc., was considered to pley the vitel

role in producing the 'internal' source of secondary electrons,
Mathematically, this led to the well-known Townsend

equation

I, exp (ad) _

I = [1 ) Ygexp(ad)qg _,l cee  eee  ees (3)

where Y , for simplicity, may be defined as the number of
electrons released from the cathode per positive ion impinging
upon it, (the general form of the equation is not altered by
including other effects in the definition of Y ). It was
found that for low values of p.d. equation (3) agreed quite
adequately with experimental plots of pre-breakdown current.

On the other hand, investigation by Masch18 and Paavolang
indicated the absence of a ¥ -~ mechanism, at least for high
ped. velues. This evidence was based upon 1n I/Io d plots
in the vicinity of breakdown yielding straightlines, instead
of the upcurving of the required hyperexponential increese of
pre-breakdown current,

The situation was further obscured by the studies of

time-lags associeted with discharge. According to Townsend's

theory, the time taken for a discharge to develop subsequent
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to the appearance of a suitable 'triggering! electron (the
formative time, tf) should be of the order of the transit time
of positive ions across the gap. Oscillographic studies of
pulsed gaps, however, indicated values of tf two or three
orders less,

As an alternative, photoionization was considered as the
additiongl electron multiplication process, It was suggestedzo
that photons produced in the gap by exciting collisions would
move ahead of the main avalanche and cause ionization by virtue
of their absorption by the molecules of the gas mixture having
low ionization potential, The subsequent creation of fresh
electron avalanches, assisted by field intensification due to
positive ion space charges, would cause the gap to be bridged
in a time interval corresponding to the observed formative
period., Support for this view was provided by Raether's2o
cloud chamber photogrephs of spark development, which enable
calculations to be made of the diameter of the spark channels
and the rate of growth of the discharge. Such 'strecamer!
theories were neverl fully developed and post World War IIX
investigations immediately demanded a re-sppraisal of ideas,
In particuler, accurate oscillographic studies of formative

times showed that with threshold fields applied to a test gap
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(as distinot from severe overvolting in pre-war studies) te is
large enough to include the possibility of positive ions crossing
the gap, at least for small separations. Doubt was expressed ebout
the interpretations of Raether's cloud chamber tracks, which were
based upon the assumption that the first stages of spark
development had been photographed. Finally a coritical analysis
of’ previous work by Llewellyn Jones and Parker22 revealed that
incorrect conclusions had been reached concerming lack of
evidence of the role of positive ions in assisting the initiation
of a discharge,

Vodern views om the inception of the d.c. discharge owe much
to a series of precision experiments by Llewellyn Jon9522 et al.
at Swansea., Using gases of high purity and well-regulated power
supplies, Jones showed that the development of a discharge could,
in fact, be satisfactorily explained by mechanisms of the
Townsend type i.e, an & =-process sustained by a Y - process,
Good agreement between theory and experiment is in evidence over
an extended range of p.d.

23

Jones ~ concludes that the secondary mechanism must be
considered complex in charscter, with all processes, which may
lead to the supply of fresh electrons from the cathode, possibly

contributing - no single process can be said, in general, to
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to dominate, relative efficiencies being governed by such
factors as cathode surface and geometry,

By putting the denominator of equation (3) equal to zero,
a mathematical statement of the breakdown criterion may be

made, viz:~-
-
1 - Y exp. (ad) -1 l = 0 oo e (XX (l-%)

The above equation may be regarded as representing a
condition whereby electron production processes replace the
injitiaetory electrons, giving rise to a self-sustained current.
Thus, when in practice the breakdown criterion is realised,

Io may be reduced to zero, and I should remain finite with the
breskdown pofential independent of current. The above has been
adequately verified under strict experimental conditions,

This summary of d.c. breaskdown acts as an essential

preliminary to the study of breeskdown under alternating electrie

fields,
(b) Low Frequency and High Freguency Breekdown at High Gas
Pressures

Energy trensfer between field and gas is still efficient
under a.c. conditions provided the electron- gas molecule
collision frequency is substantially greater than the angular

field frequency. The collision frequency has been found by

- 26 =



N o oo = o o -
[ & ° oy £, &
5 = e Ve &
ol ] H

d & i 2 ] —

i ; i } ; j !
(0,
o)
v )

- oD M ayme @ e CSR €T

PHSITIVE lons pNoT

FLECTRONS
REMOVED,

CYCIEE UG TS WD IR

WLIED BREQLE:

¢

REMOVED, Ii

k
i wni GEET T CUD G AN GOS0 OO0 SR @WES  GCTER an emem e ngw,q:ggmjd

e

-
wr sz wmmm enm emse o wwoy e s m s gl

h
23.J¢ JO UOIJBIJBA
ITV UT

-
L

R

NMACORYRY

TOXLT

Fata

87E110A UMOD

T
Of\

P N

T

R

rreT
A0 pet

G

e
® e
&3
ol
B

o
bwl

R ER N

16[,) 3

Py
Vs

(2

u
H

T

{0

]
i



experiment to depend upon electron energy as well as gas

pressure, We may write

Ve @ P

= 5.0 sec.”! un.Hg, ™! (approximately, for a
number of gases)

v 9 09

. & . 2:10°p e 107D
w 2t £
vc
In practice a ratio o > 100 is necessary to ensure the

ep s 9 2
condition vc >> w Hence 10f2 > 10

ie. p> £.10°7

Hence for frequencies the order of a few megacycles, gas
pressures not less than a few mm. Hg. must be used to ensure
efficient energy transfer, At these relatively 'high' pressures
the breskdown mechanisms over a wide range of frequency are now
quite well established,

For convenience in the description of starting mechanisms,
a hypothetical test gep will be considered, enclosing a pure
gas at a suitable pressure and subjected to a voltage source
of variasble frequency. It may be seen from Figure 1 that for

low frequencies the R.M.S. starting field QR rises slowly but
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steadily from the corresponding d.c. value , until a critical
frequency is reached, at which ER shows a smell drop; quite
distinet and fairly sudden. At frequencies beyond this value
a further decrease, more pronounced than the first, occurs at
a second critical point. Still higher up the frequency scale
a further transition occurs characterised by a sudden and
continuous rise in onset field strength.

Discussion of this phenomenon (the collision-frequency
transition) is referred to the following section, as the
condition v c >> W mo longer applies,

Not only are the starting field strengths similar at
low frequencies and d.c., the discharge mechanism is also
essentially the same, Here the transit times of the electrons,
and even positive ions across the gap, are short compared
with the helf period of the applied field,

Figure 1 shows that ps the first critical frequency fc1
is approached the amplitude of oscillation of the positive ions
is progressively deereased until they are Jjust unable to reach
an electrode face during a half-cycle of the fid. The consequent

2 to

existence of positive ions within the gap has been shown
lead to ‘'enhanced' values of the primary coefficient o ,
Clearly a relatively smeller field is sufficient to initiate

the discharge.



Comparison between the results of different workers,
in this range, is not easy, but all adopt explanations in
terms of the effect of positive space charge.

Until fairly recently, the experimental data available
indicaeted constency of sparking potential at frequencies
intermediate between low frequencies and fc1. A publication
by Fucl:s,11 however, suggests the gradual rise mentioned
earlier. An explanation is given in terms of the behaviour
of positive ions. The frequency fc1 is not unique, but depends
upon the nature of the gas and the electrode separation; in
many experiments it is observed in the region of a few hundred
Kc/s.

The second critical frequency f02 is associated with the
non-removal of electrons from the test-gap. Under these
circumstances the previously dominant agency of electron
loss-mobility cepture by the electrodes = is no longer
operative. Hence breakdown, which may be regarded as due to
the failure of equilibrium between rates of electron generation
end loss, can therefore be expected to start with a relatively
less energetic field.

25,26,27

Several workers, have confirmed by experiment

this lowering of the threshold field value,
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The origin of breskdown theory at frequencies exceeding
the second transition is rooted in the work of S.C. Brown et al.
at the M.I.T. Experimental results on gases confined within
a resonant cavity and subjected to microwave oscillations,led
to the proposition28 that breaskdown in a non-attaching gas
could {subject to certain limiting conditions) be explained
simply in terms of electron production by collision ionization,
and their loss from the system by diffusive processes.,

The total flow of particles from a region of high

concentration may be written as
J= -Devn'

Assuming that an external irradiating source is providing
a small rate of ionization S in the gap, the continuity

equation may be written as

dn _ .

T = vin + S = Vg
=z V.n + S + D Vzn (5)
bt i e LR N ] L N W J L X X ]

Equation 5 may be modif'ied to include depopulation by electron
attachment to neutral atoms, (leading to recombination in the

volume of the gas) by rewriting the equation in the form
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dn 2
g - v
3t (v, l)a) n+S8+0D n

2
= vn + 5 + DG? Von see eon vee (6)

Vg is the rate of attachment and hence

Vn is the net rate of electron generation.

Assuming that the approech of breskdown is so slow
that g% mey be neglected, the equation for a non-attaching

gas becomes:

2
DeVn + vin = =8 ses coe see (7)

The solution of equation 7 expresses the elegtron density
n at some arbitary distance x from the medien plane between

parallel plates of sepsration 4, viz:

LS o, TX

n = w cos -a- see see see (8)

AT\ 2
Do(P)” - 3

Breakdown may be defined as the condition that the electron

density goes to infinity, i.e. it occurs when

vy = De (%)2 eee vee cee (9)



An alternative way of stating the equilibrium condition is
that an electron created in the gap must make one ionizing

collision in its mean lifetime, tD’ as limited by diffusion

1
i.e. vi = %- = e 304 see ese (10)

tD is related to diffusion length and diffusion coefficient

by equation (11), viz:

2
A
tD - De ea e L X eaee sse (11)

A is a convenient quantity, the 'diffusion' length (introduced
by McDonald & Brown)13‘which describes the geometry of the

discharge chamber.
The solution of A§ for a cylinder of length d and

radius R, is

. (%)2 . (3-:%’95)2 cee  ee. (12)

The first term on the R.H.S. of the equation describes

diffusion to the electrodes of a parallel plate system, the
second term relates radial diffusion away from the electrie

field.

From equations 10, 11, and 12:



D
v, = - = D, [(%)2 + (2—'%92)2] N €5

Comparing equations 9 and 13 it is seen that the threshold
expressions for vy are identical for large values of R i.e.
the simple equation is a special case of the more general
expression in which sideways diffusion is taken into account,
Agreement between theory and experiment

Herlin & Brown28 tested the diffusion theory at microwave
frequencies in the pressure range 1 = 1,000 rm. Hg. Good
agreement was found between experimental and theoretical
values of t within the limiting condition of theory,

Prowse & Clark’’ extended the applicability of the theory
into the radio-frequency region. They have shown quantitatively
that, if diffusion is the dominant removal mechanism, the
curve relating EA to p A will be unique for any one gas.

14te4 Breskdown under conditions where vc is the same order

of magnitude as w.

Changes in discharge behaviour are to be expected when
the collision - and field-frequencies are the same order of
magnitude., In this region the change takes place between meny
collisions per oscillation ( Vg, >>w) and many oscillations

per collision ( w >> 1)0). Using the data introduced in Section
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1e3.3, it is seen that since

Yo . 19
w - 2’1Tf
then for vc = W
P . 2T
f 107

Hence for a test-~gap maintained at a pressure of a few mm.Hg,
frequencies of the order of 109 ¢/s. are required to study
the transition region.

The rapid advances in microwave technigues during 1939-1945,
and particularly the development of high-power cavity
magnetrons, extended the available frequency coverage into the
desired band; in 1948 S.C. Brown and his colleagues published
their first paper28 on C.W¥. breakdown at 10,000 Mc/s. As
indicated in Section 1.4.3, plots of breakdown field against
gas pressure established diffusion as the controlling method
of electron loss. But whereas, at the higher pressures used,
E decreased regularly with decreasing p (conforming to simple
diffusion theory), the fall was not maintained and below a

certain pressure E was observed to rise again quite rapidly.
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Calculations showed that such minima coincide with the condition
vo = W, confirming predictions that the efficiency of energy
transfer from the field falls off when the electrons cease

to make many collisions during an oscillation of the field.

1elte® Breakdown under oo nditions where v c KW

So far, discharge behaviour has only been reported under
circumstances where the gas pressure has exceeded a few mm. Hg.
In fact, experimental data, covering an extended range in the
low pressure region, are scarce,

Gill and Von Ehgel3o, however, have made important studies
in evacuated glass enclosures, using external parallel-plate
electrodes and a variable frequency supply. Brealktdown under
these conditions is attributed to a type of electron resonance,
brought sbout by secondary emission from the glass walls of the
tube,

3

At the low pressures involved (~ 10 ” mm.Hg.) electron
motion under the influence of the external field is not impeded
to any significant extent by collisions with gas molecules.

The build-up of population requires that eleqtrons leave one
wall with favourable velocity in a suitable phase with the field,

traverse the gap in & half-cycle and strike the opposite wall

with sufficient energy to cause the near-instantaneous release
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of further electrons by sccondary emission. (These sccondory
perticles may in turn be returned to the original face thereby
causing the release of further electrons), Hence, provided
that the effective secondary emission coefficient & exceeds
unity, a regular build-up willi take place culminating in

preaikdown. ror the glass vesszel involved, impact velocities of

L0 e,.,v. are necessary to give unit emission coefiicient o .
The experimentally observed values of break-down I'ield
were plolted as a function of wavelength. XFor & tube of
zive size the breakdown field wias cbserved initially to
decrease with inereasing N . Further increase in ~ was
Tound lo cause an abrupt out-off, following a region oi fuirly
constant field.
will and Von Zngel have based their quantitative study upon
equations derived from the motion of electrons in vacuo,
nanelys

Ze BP cos p (14)

IV { Ze B . P
and d = (Uo+ &'LE cos B) T 4+ qu sin § .e.  (15)

m &) s

vihere v, is the impact velocity,anﬂﬁv; the initial velocity



of an electron moving with favoursble phase @ in the field.
A constant relationship between 14 and vV, was assumed, and
by assigning a suitable value to their ratio (obtained by

trial and error), a theoretical curve was obtained and found

to conform closely to the experimental plot,



24 INTRODUCTION TO THE BREAKDOWN STUDIES AT
10 Mc/s. and 20 Mc¢/s.

2.1 BRadio=frequency breaskdown at pressures exceeding a
few mm. Hg.

In discussing a.c. breakdown in gases (Chapter 1),

theories concerning the starting of a discharge were
categorised in terms of the efficiency of energy trensfer
between the source of electrical power and the charged
particles present in the gas.

On the other hand, breakdown under prescribed
experimental conditions may sometimes be conveniently
studied by investigating the applicability of the diffusion
theory to the results obtained, experience showing that in
this way any departuss from the theory are more readily made
explainable. Thus, Prowse and Clark29 investigated the
onset of electrical discharges in & variety of gases, both
monatomic and diatomic, attaching and non-attaching, with
a view to establishing the mechanism of breskdown. Only
relatively high pressures were employed, (beyond a few mm.
Hg. ).

Previous to these studies, considerable doubt existed
as to the nature of such discharges under such conditions

that electrons both oscillated between the electrode faces
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during a half-cycle of the field, and made many collisions

per oscillation (v°>>cv)_ Data from the work of Pim31,

25

and Prowse and Lane -, for example, indicate that the
starting field for a gas at a given pressure is indepemdent
of the electrode separation; the view was taken, therefore,
that breakdown stress jis a constant quantity, characteristic
of the pressure and nature of the gas in question. These
results were, however, not in accord with other measurements,
notably by Githen526 and Thompson27. In these cases the
results were consistent with a diffusion-controlled build-
up of electron population.

By quantitative analysis, Prowse and Clark were able to
demonstrate that in a gas at constant pressure, breakdown
over a wide range of electrode geometries can be brought
about by the application of a high frequency field whose
magnitude is sufficient to promote a rate of collision
ionization just in excess of the losses from the system by
diffusion.

The conclusions reached regarding the inconsistencies

referred to, were that they could be attributed to the use

of undesirsble electrode shapes, and, possibly, impure gases,
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2.2 Results of Prowse and Clark at 9.5 Mc/s.

Typical experimental runs at fixed pressures in hydrogen,
nitrogen and air are illustrated in Figure 2, with peak
breakdown stress plotted against electrode separation. It is
seen that each curve is characterised by two distinct regions,
For short gaps Ep decreases rapidly with increasing d.
However, beyond a certain value of d (determined by the gas
pressure) further increase in electrode separation is
associated with & small but steady lowering of field strmength.

Diffusion theory was found to apply in the less steep
parts of the curves., In these regions slectrons oscillate
to and fro within the test gap, their lifetime limited by
the time taken to diffuse either to the electrodes or radially
out of the intense field region. Further, the electrons
oscillate in phase with the field since v°>>aJ even at the
lowest pressures used.

The initiation process on the steep parts of the curve
is not dominated by diffusion losses. Bearing in mind that
electron oscillation amplitude is determined by gas pressure,
field=-frequency and field strength = and not by gap width -

a steady reduction in 4 from a high value (with EP changing

only slowly) must result in a critical separation d, below
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which the eleotrons are able to span the electrodes, during

a half-period of the field, by mobility motion i.e. the
transition values of d correspond to the second transition
region referred to in Section 1.4.3. The increases in field
strength required to start the discharge for values of d < dc
are evidence of the necessity for increased field-intensified
ionization to counterbslance the increased rate of loss due
to capture by the electrodes.

It is thus seen that the magnitude of the breakdown
field under diffusion controlled conditions in 'high-pressure'
gases at short-wave frequencies is charaterised by:

(a) a sharp rise, whenever limiting conditions are such

that electrons reach the electrodes by oscillatory

drift,

(b) a slow but steady decrease, for increased electrode
separation at fixed gas pressures.

(¢) a decrease, whenever pressure is reduced at constant
electrode separation,

2.3, Measurements at somewhat lower pressures

Having established the ability of a diffusive mechanism
to operate at radio=frequencies as well as in the micro-

32

wave region, further measurements were made by Clark”™ at
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somewhat lower pressures, to enable calculations to be made
of ionizing efficiencies over an extended range of E/p.
Typical plots are shown in Figure 3, for ‘\3&'03%

Calculations show that for the two smallest separations,
5.08 and 7.62 mm. electrons were gble to reach the electrodes
by motility drift for all pressures used. For gap widths
Q16 * 15,24 mm, the transition to diffusion controlled
breakdown is clearly indicated, at pressures ranging from
2 *6 mm, H.g. (the 'critical pressures' P, correspond to
the criticel gaps 4, in Figure 2)., But, at the largest
separations, 20 + 32 mm,, the onset field shows a continuous
decrease down to the lowest pressures used. This run in
particular was considered to be of great interest. Values
of breakdown field recorded were lower than any hitherto
published under uniform field conditions and were significantly
smaller than those obtained at micro-wave frequencies., However,
no firm interpretations could be made regarding the significance
of the measurements, for two reasons, Firstly, the pressure=-
measuring device used for thé lowest pressures was a simple
differential gauge, linear scale, which did not permit recordings
below sbout 0.3 mm, Bg, Further, the accuracy of the instrument

below 5 mm.Hg. was questionable. Secondly, the voltage-
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measuring system, based upon square-law detection, though quite
suitable for measuring voltages in excess of 200 volts, was
inherently insensitive for values below this figure.

Thus, only tentative suggestions may be made regarding
an explanation of why the starting field can be driven lower
down at radio-frequencies compared with micro-wave values,

Analysis by McDonald and Brown'~ shows (Section 1.4.l)
that the collision-frequency transition using micro-wave
sources occurs at pressure values sbout two orders higher
than at short-wave radio~-frequencies. Breakdown at pressurss
below the transition value is characterised by a rise in
onset field velues., Hence, given a system at radio-frequencies,
in which the electrode separation is large enough to enable
electrons to oscillate within the gap, diffusion control of
electron loss, with inherent éase of starting a discharge,
should be expected to operate at lower pressures than is
possible under microwave conditions.

Such an explanation could not be tested from Clark's
measurements for the reasons described, Also, it was far from
certain that the rates of electron multiplication and loss
continued to be dominated by collision ionization and diffusion,

respectively, under the conditions of fairly low pressure and
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wide elsctrode spacing; the possibility of other mechanism

becoming active could not be ignored.

2.y The experimental problem - breaskdown at radio-freguencies
under low pressure conditions,

In view of the uncertainties with regard to the physical
mrocesses involved it was decided to make a systematic
investigation of the breakdown of relatively large gaps in
the radio-frequency region, using pure gases at pressures less
than 1 mm.H.g., with sensitive and accurate equipment to
measure the parameters involved. Also, it was considered
that measurements involving extremely low values of bresakdown
stress under uniform field conditions would be of some teehnical
interest. One sxample of this was the failure of radio signals
from high-sltitude rockets which led PasKa’> to study low
pressure breakdown in air at 77 Mc/s. Interesting results
were obtained, including lowmmerical velues of starting field.
However, to sWimulate the transmitting antenna of a rocket,
concentric cylinder geometry was used, giving radial non-
uniformity of electric field and undesirable edge effects. Also,
from the physicist's point of view, air is not the simplest
gas from which to make deductions regarding fundamental procesases,

The apparatus described in Chapter 3 was designed and

constructed to meet the requirements previously discussed.
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3 APPARATUS

3.1 Basic Requirements

The essential requirements of the apparatus were as
follows:

(i) A glass discharge chamber surrouniing (but

sufficisntly remote from) e pair of uniform field

electrodes, and containing thevgas under test.

(ii) A high frequency voltage source of given frequency

and varieble, but known amplitude, having sufficient

strength to break down the gas.

(iii)A vacuum system capable of pumping down the test

line to low pressures, maintaining a given pressure

under stdic conditions and provided with pressure

measuring equipment, |

(iv) A supply of spectrally pure gases, with facility

for pipetting test samples into the main vacuum line

and thence into the discharge chamber.

(v) A steady supply of initiatory electrons, to reduce

statistical time-lags,

The varisble quantities involved included:

Gas Pressure,
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Electroile Separation,
Field frequency,

Field Strength.

Care was taken in design to allow the adequate variation
of these quantities and to measure them with accuracy,

A schematic diagram of the apparatus is shown in
Figure 4,

3.2 [The Discharge Chamber

3.,2.14 Constructional Details

Design details of the chamber and its accessories are
given in Figure 5. The vessel was made to specification at
the Wear Glass Works, from 17.8 cm. (I.D.) Pyrex pipeline
17.8 cm. in length with wall thickness 4.7 mm, The open ends
of the chamber were made parallel and accurately ground,

Two short arms with B.19 cones were set at right-angles
in the eentre of the chamber, By making comnection from
both these points to the pumping and gas-injection systems,
continuous circulation of gas was ensured in dynamic working.
One of these arms also acted as the path for the ultra-violet
irradiating beam. In addition, two 10 cm. diameter windows
provided easy access to the interior of the chamber for the

purposes of assembling and aligning the electrodes. During
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the pumping process these windows were sealed with 4.7 mm,
thick ground glass cover plates, lightly smeared with Apeizon
'N' high vacuum grease.

The ends of the chamber were closed by mild steel plates,
accurately turned and ground. Metal-to-glass seeb were made
with Araldite 103 Epoxy Resin, to give vacuum-tight unions,
These remained lesk-free for the whole period during which
measurements were taken,

To permit variation of electrode separation without
disturbing vacuum conditions, 1.27 cm. diamter brass tubes were
set into the backs of the electrodes and passed out of the
chamber through brass bushes sealed to the end-plates, into
specially constructed vacuum bellows.

The bellows, constructed to specification by Negretti
and Zambra Ltd., each consisted of a stack of 10 capsules
made from reinforced heat-hardened beryllium—-copper. Colhrs
fitted to the ends of the stacks enabled the electrode rods
to be securely connected to the bellows. Each pair of bellows,
of diameter 7.4 ocm., had a maximum working deflection of 3.5 cm.
giving rise to a maximum electrode separation of 7 cm,

3.2.2 Variation and Measurement of Electrode Separation

The distance between electrodes was varied by screwing
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the two pairs of large bevelled nuts (N1 Ny and N, N2') on
the electrode shafts against fixed mild steel discs (EH and D2)
causing the bellows to be expanded or contracted and hence the
electrode spacing to be varied,

Figures 6a and 6b show the micrometer screw gauges used
to monitor electrode separation. These gauges were fixed by
horizontal arms to rigid vertical pillars (P, end P,) and could
be swung away by releasing the screwed collars on annd P2.

The micrometers were referred to steel balls sealed into

90° countersinkings at the ends of the electrode shafts. Zero
separation was determined electrically using a d.c. voltage
source, current limiting resistor and a milliammeter,

It was appreciated that any attempt to isclate the
interiors of the bellows from the main chamber would fail due
to leakage down the outer walls of the electrode shafts., To
avoid this difficulty, a series 0.8 mm, holes was drilled
through the brass bushes into the interiors of the bellows,
giving pressure egualization,

3+2.3 Electrode Profiling: Stephenson Profile

(a) Importance of correct profiling

»

The usefulness of much breakdown data has been lessened

by the choice of dndesirable electrode shapes, particularly
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plane-parallel discs., Whilst the existence of inherent

field intensification at the electrode edges has been realized,
several workers have concluded that since such discharges are
commonly observed within the uniform central region, they were
initiated there. More recently, evidence strongly suggesrl::asy+
that the locality in which a discharge is initiated cannot
be readily deduced from the position of a sustained discharge.

The ideal uniform field electrode system would consist
of a pair of infinite parallel plates. In 1926 Rogowsk135
demonstrated mathematically that electrodes of finite size may
be suitably shaped to fulfil the condition that electric field
strength is nowhere greater than in the central uniform field
region. Such electrodes have frequently been used :
electrolytic tank tests confirm a gradusl decrease in field
intensity away from the centre,

From a purely empirical approach Stephenson.j6 has derived
electrode profiles which fulfil the same conditions as Rogowski
profiles but which have the advantage that they are simpler to
construct geometrically. In addition, the Stephenson profile
offers, per unit area of the electrode, a greater constant field

region than the Rogowski envelope. In essence, the Stephenson

profile has a plane central region, leading to a section which
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follows a sine curve and culminates in an arc of a circle,

The shape and dimensions of the adopted Stephenson
mrofile are shown in Figure 7.

(b) Choice of Electrode Materisl : Profiling

At the time of construction of the apparatus it was not
believed that the physical properties of the electrode surfaces
would have any important effect upon the initiation of
discharges - in most cases of high~frequency breakdown the
electrodes serve only to stress the gas and limit the extent
of the discharge.

Brass was, therefore, selected, largely because of the
ease with which it could be turned and ground,

This choice was later a source of trouble because secondary
emission from the electrode faces became é.n important part of
the breakdown mechanism at 20 Mc/s and no® data are available

for secondary emission from brasses.

A tinplate former of half an electrode profile was
constructed. Cylinders of brass were turned in the lathe until

their profiles roughly corresponded to the former.

An accurate curve representing the desired profile
envelope (magnified ten times) was drawn on a screen. Optical

means were used whereby a parallel beam of light from a small
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intense source (passed through a good quality condenser kens)
projected an image of the rough profile on to the screen (via
another lens), Very careful alignment was made of the source,
lenses, electrodes and screen.

The electrode in the lathe was cerefully filed until the
projected imege corresponded more closely to the accurately
drawn profile on the screen. Final accuracy (limited by the
diffraction edge of the light beam) was obtained by a series
of grinding materials. Firstly, emery paper of varying
grades, followed in turn by optical grinding paste and finally
metal polish until the projected profile corresponded to the
master profile. The electrodes were cleaned using carbon
tetrachloride, acetone, and finally distilled water, before
being carefully dried.

3.2.4 Attachment of Electrodes

A 'tufnol' disc was sunk into a recess at the back of the
upper electrode (Figure 6a) and fixed with nylon screws, The
disc was internally tepped to accommodate the electrode shaft,
Figure also shows that the disc and the back of the electrode
were drilled and tapped for the 16 S.%W.G. copper wire used to
feed the high frequency supply to the electrode.

Care was taken to ensure that the feed wire was coaxial
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with the electrode shaf't, though as an added precaution against
a possible short circuit, a hollow P.V.C. tube was inserted
between the wire and the inner wall of the shaft, The remaining
space contained air at atmospheric pressure. A vacuum seal of
epoxy resin was used (around the tufnol disc) to prevent
legkage of air into the discharge chamber, The possibility of
electrical breakdown between wire and shaft was most unlikely,
For geometries similar to these employed, a voltage of between
20~30KV is required to initiate a discharge at atmospheric
pressure, many times in excess of the maximum value used.
Breakdown between coaxial cylinders under A.C. conditions

has been studied by Uhlmanny6t

The attachment of the lower electrode is shown in Figure

6b, A brass disc was fixed, by Allen screws, into the drilled
hole in the back of thiselectpode. A 1/40 cm. rubber disc
was fitted between the brass disc and the electrode (with
suitable holes for the passage of the fixing screws) so that
the electrodes could be accurately aligned horizontally, when
the final assembly was made, This was done by using the fixing
screws as adjusting screws, the rubber disc permitting & small
amount of angular rotation. Electrical connection between this

electrode and the earthed side of the mupply was made by external
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connection to the electrode shaft,
3.2.5 Alignuent

The two end plates were drilled together to ensure that
the electrode shafts and hence the electrodes themselves would
be aligned vertically after final asseumbly.

Since the two central 10 cm. windows in the chamber were
at right-angles to one another, a straightforward optical
method of checking the electrode alignment was possible, using
a cathetometer mounted in turn in front of esach window. Only
a fractional adjustment to the alignment was found necessary.

3¢3 The Vacuum System : Pressure Measurement
3+3.1 General Features

Figure 8 shows the final design of the system.

The main vacuum lines were constructed from 20 mm,
Pyrex tubing, ensuring rapid throughput when outgassing the
system., Continuous circulation of the gas was ensured by the
inclusion of an inlet and an outlet arm in the centre of the
discharge chamber.

Permanent ground joints and metal-to-glass unions from
the pumps to the glass vacuum line were sealed with Apiezon
wex. 20 mm, bore high-vacuum stopcocks were used on the main

vacuum line; otherwise 10 mm. bore stopcocks were incorporated.
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Both types were fitted with sealed hollow plugs. Any secticn
of the system could be isolated; all taps were readily accessible,
Initial pressure reduction was obteined using an Edward's
"Speedivac" rotary oil pump, and the high vecuum from an aire
cooled two-stage “Speedivac" silicone o0il diffusion pump,
fitted with an isolstion baffle.
Various methods were used to remove occluded gases from
the walls of the systems:
(a) by wrapping "Electrothermal" heating tapes round the
walls of the system,

Using energy regulators a temperature of 325°C was
cbtainable, which is the optimum temperature for the
removal of occluded gas from Pyrex glass,

Temperatures were measured using thermocouples and
a calibreted galvanometer,

(b) by rumning a 'Tesla' coil along the glass walls of the
system,

(¢) the electrodes were cleaned by applying a glow discharge
between them at regular interveals.

(d) a liquid air trap was inserted between the pumps and the
main vacuum line.

(e) a phosphorous pentoxide trap was placed in the vecuum line,
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situated on top of the backing pump.

It was found that an ultimate pressure of less than
1074 mm.Hg. was obtainable. No observable change in pressure
ococured during breskdown measurement, with the discharge chamber
isolated from the pumping system.

3.342 Gas supplies

Samples of spectroscopically pure gases were obtained
from B,0.C. Ltd. in 1 litre flasks. The flasks were fitted
to the system using B 19 cones., The seals were broken
magnetically when required.

Small quantities of gas were introduced into the system
vie the pipetting line shown in Figure 8.

The whole system was regularly flushed with samples of
gas to assist purification, particulerly when a change of gas
was in process,

Doubt as to the purity of the neon samples iz discussed
in Chapter 6.

3.3.% Pressure measurement

During all experimental runs en Edweards Pirani Gauge
was used (GS/2) fitted with two gauge-heads. Gas pressure in
the discharge vessel was monitored by one head sited near the

chamber (Figure 8)., The second head, fixed sbove the diffusion
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pump, was used simply as an indicator and safety check,

Accurate measurements were possible in the range 0.0001
mm, Hg. to 0.1 mm.,Hg. Measurements were also possible between
O.1 mm. Hg. and 1 mm, Hg. but no great accuracy could be
claimed in this region due to scale cramping.

Calibration of the gauge was carried out by the
manufacturers for dry air; corresponding pressures for other
gases were obtained by reference to calibration curves
movided. The calibration was checked in the laboratory using

a McLeod gsauge,

34 The Hgh-Frequency Voltage Generator
3e441 General Description

Basically the requirement of the generator was to provide
a stable source of alternating voltage with low harmonic
content across the test gap, with facility for varying and
measuring the amplitude and frequency of the supplye.

Several designs were considered. It was finally decided
to base the generator upon a crystal-controlled master
oscillator. It was felt that the disadvantege of being
restricted in frequency coverage (to the fundamentel and one
or two hermonics) was overshadowed by the advantages of such

a system i.e. purity of waveform, frequency stability over
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large time intervals and when subjected to varying loads, and
less complicated tuning circuits,

A schematic diagram of the generator is shown in Figures
9 and 10. The master oscillator stage, based upon a 10 Mc/s
quartz crystal in an evacuated mount and an EF 80 valve, was
designed as a Colpitts harmonic oscillator with reference to
the preferred circuit suggested by the Juartz Crystal Co.Ltd.
A high~-Q tuned anode load ensured selective high gain at the
fundamental frequency. In addition, three other pre-set
coils were availsble for switching across C1. By suitably
tuning C1 the parallel circuit could be made to resonate
additionally at the second, third and fourth harmonics of the
crystal i.e. 20 Mc/s, 30 Mc¢/s and 4O Mc/s.

By means of R=C coupling the output was fed to the
buffer-amplifier. Using this stage, fall-off in amplifiication
due to the Miller effect was minimised. Selective gain at the
fundamental or desired harmonic was agein eFffected using
tuned-circuit elemenrs, as described above.

Stage three, employing an 807 valve, performed essentially
as & driver circuit to feed the final power stage. Treansformer
coupling was used to transfer the output to the final stage of

the generator. Coaxiel feed prevented the appearance of unwanted
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signals.

The power amplifier used two DET 18 high-frequency
triodes, working in linear push=-pull operation. Neutralisation
by way of preset capacitors linking the anode and grid circuits
prevented instability and the risk of parasitic oscillation,

A high=( tuned circuit linking the anodes was used to combine
the a.c. outputs of the valves,

Standard de-coupling techniques were employed in all
stages to guard sgainst circuit instabilities. Each stags
was suitably shielded and screened heater leads were used to
gll valves, Anode currents were monitored for ease of generator
tuning.

The early stages were supplied by a 300 v, stabilised
power supply unit. A similar source provided negative bias
to the grids of the power valves, E,H.T. for this stage was
drawn from a 1200 v, power supply unit, employing metal
rectifiers and 7 -type smoothing filter., Anocde voltage was
varied by adjustment of the mains input to the E.H.T. unit,
using a 'Variac' in the primary circuit of the input transformer.

Oscillations developed across the tuned circuit of the
power stage were fed by way of magnetic coupling to the test

eircuit, as described below,
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3eke2 Oscillator ouput circuit

The circuit by which h.f. voltage of variable strength
was made availsble to the electrodes, is shown in Figure 11.

LGC6 represent the output tuned elements of the power
amplifier, Coil L6 plugged into a low-loss ceremic former
attached to the front pamel of the generator (see photograph).
A megnetic coupling coil 17 was situated coaxially with
respect to L6 and beneath it, Variation of the distance
between L6 and L7, and hence of their mutual inductsance, was
used to alter the voltage applied to the test gap., Tests
were carried out to establish the position of critical coupling.
This was never exceeded.

A mechanical device, shown in the disgram, ensabled L7
to move in a strictly verticel plane, By means of a flexible
mechanical drive, fractional adjustments could be made to the
position of L7(an important requirement in changing the test
voltage in the vicinity of breakdown). At the same time a
quick releage mechanism allowed L7 to falleway rapidly. This
was found useful in extinguishing a maintained discharge across
the electrodes.

The electrodes (capacitence Cg formed part of the parallel

circuit L9, C7, C.' and 08‘ Variation of C, was used to tune

-
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the circuit to resonance at the desired frequency. Plug-in
inductance coils were available to alter L9' Stray capacitance
was reduced to a minimum to keep the circuit Q as high as possible.

The tuned circuit of which the electrodes formed part,
was energised by magnetic coupling between L9 and LB' Low=
capacitance, fkxible, coaxial cable linked LB with the moveable
coil L7.

A Marconi TP 1041 B valve voltmeter was used for voltage
measurement (O+300 v, R.M.S, in 6 ranges, with a 10™ voltage
multiplier adeptor available)., This instrument possesses very
desirable input characteristics, having an equivalent input
impedance of 2p.F. in parallel with high resistance,

Tests showed that a t frequencies of 10 Mc¢/s. and 20 Mc/s.,
the maximum R.M.S. voltage available was about 400 v, The
stability of the oscillations was excellent, and no evidence
of frequency pulling was found. At 30 Mc/s. and 40 Mc/s. only
a small voltage could be derived, due partly to reduction in
circuit, Q, (high L/C ratio could not be maintained owing to
cepacitance of leads, electrodes, etc.) and also to Miller
effect attenuation in the early stages.

In view of the time factor, it was decided to confine

measurements to the lower frequencies,
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3.5 Irredistion
3,541 Gemeral Comments

The time-lag between the application of a voltage of the
necessary magnitude and the consequent breakdown of a gap may
be separated into two components.

(a) the statistical time-lag, a consequence of the need for

an initistory electron (or electrons) to appear at a
suitable point in the gap, and

(b) the formative time-lag, the interval between the arrival

of such an electron and the inception of the discharge.

The formative time-lag is independent of external
conditions (other than the strength of the applied field) and
with the threshold field applied is usuelly of the order of
10_5" 10.6 sec.

Statistical lags, on the other hand, can vary from smell
fractions of a second up to several minutes, depending largely
upon the intensity of the external irradiating source,

Irradiation may be effected using 'casusl' means, e.ge.
natural radioactivity and cosmic rays. It is usual, however,
to supply electrons at a faster and more steady rate, to reduce

statistical lags., Examination of the literature revealed

that use has been made of the following methods:
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(i) ultraviolet irradiation of electrode surfaces,

(ii) irradiation using radioactive materials,

(1ii) irrediation by spark and corona discharges,

(iv) irradiation by X-rays.

34542 Discussion of available methods

The requirement of an irradiating system is to produce
a steady source of electrons, without significantly affecting
breskdown conditions.

For d.c. breakdown, U=V irradiation of the cathode appsars
to be satisfactory, perticularly in view of the fact that the
secondary (Y) source of electrons in such a discharge is rooted
in the cathode. 1In many types of h.,f., discharge, however,
electrons and ions are unable to reach the electrodes by
mobility motion. Under such conditions, a supply of initial
electrons within the body of the gas is perhaps desirasble to
reduce lags to a minimum,

A beam of U=~V across the middle of the gap may produce
electrons by photoionization. Such a system, originated by

37, has been successfully used by several

Prowse and Jasinski
workers. In Prowse's method, a discharge (giving rise to
U=V quanta) is maintained in pulsed form across a short gap

situated in a side-arm of the discharge chamber, The merit of
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this is that absorption of the hard U~V quanta by quartz windows

32 found that for

etc., is avoided. Unfortunately, Clark
pressures below 1 mm. Hg. the irradiating spark becomes diffuse
in character and tends to spread into the main chambers,

Radiocactive sources, though widely used, have the
disadvantage that the radiations cannot be collimated with
ease or controlled in intensity. Further, strong sources tend
to affect the threshold field value,

Since none of thearailable methods were entirely free
from objections, it was decided to try a slightly different
method.
3e5¢3 Mid-gap irradiation using external U-V source

In the system adopted, a collimated beam of U=~V light was
passed through a thin quartz window (centrally situated in a
sidearm of the discharge chamber) and directed into the mid-gap
region of the test electrodes.

The lamp used was a mains-operated 125 W high-pressure
mercury arc lamp (philips MBL/V) with quartz envelope, which
produced an arc 30 mm, long and 2 mm. wide, A metal housing
was used to afford protection from the radiations, By
mounting the assembly on a moveable trolley and by the use of

collimating cylinders of varisble length end bore, control of
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beam width and intensity was obtained. A metal cap was used
to block the radiations, when required,

The method worked surprisingly well, Careful tests
showed conclusively that a substantial reduction in statistical
time-lags was effected without changing the threshold field.,
Although the times did tend to increase with reduction in gas
pressure, the change was not large even at the lowest pressures
encountered. (10-3 - 1074 mm. Hge)e

Since this method of irradietion may be of interest to
other workers, a short discussion of the pessible sources of
the electrons will now be given,

3e5¢4 Irradiation mechanism

As stated, radiations from the mercury arc column were
collimated by small holes drilled in metal cylinders. The
bear entered the chamber centrally through a quartz window.
Geometrically, a slightly divergent beam passed through the
interelectrode space sbout the mid-gap position.

It was first thought that photionization through ebsorption
of a single U-V quantum by a gas molecule could account for the
supply of initiatory electrons., In fact, considerable doubt
exists as to the possibility of such & mechanism,

A photon is known to ionize am atom with & maximum



probability at a certain critical quantum energy slightly in

excess of the first ionizetion energy,

i.e. E

hv > eV,
i

but Vv = §

e N < ﬁ%—

Hence for molecular hydrogen, A < 8053 .

Using the manufacturer's transmission chart for quartsz
of the thickness and composition used in the side-arm window,
radistions in the U=V region below 1800 are strongly sbsorbed
with a 'cut-off' around 16003. If it be accepted that
absorption is complete below this value it is obvious that
photo~ionization is inoperative., On the other hand, it may be
possible that a few high energy photons pass through, sufficient
to provide a level of photoionization but too small to be
detected by spectroscopic methods. The fact that time-Ilgs
increased only slowly with decreasing pressure would indicate
that such events are unlikely.

An alternative to the above is that radiations of 16003

and above enable gas molecules to be ionized in steps. Examples
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of cumulative jonization of this type are readily found where
molecules possess metastable excitation levels, The mechanism
is an unlikely one, however, since in none of the gases used
ere metastable states to be found (other than neon) and once
again a dependence between statistical time~lags and pressure
would be necessary (the probability of the process o p2 at
low pressures).

If photoionization be ruled out, the source of electrons
must have been derived from either the electrodes or the glass
walls of the chamber gpposite the quartz window,

Photoelectric emission from a solid is possible for
quantum energies exceeding the work function, 8, of the
surface, Although no value for © is available for Pyrex glass,
a value of about L4 e.v. is common for many insulstors. Since
the quantum energy of a 16002 radiation is 7.7 e.v., emission
from the glass walls appears to be a very likely source of
electrons.

The final possibility, photoelectric emission from the
electrodes, cannot be eliminated. Two sources of quanta are
possible; from the original beam and by re-radiation from the
glass wall. Since the irradiating source successfully

provided a regular supply of starting electrons, no further
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experimental work was attempted to deduce their true origin
(s). Such a study would be useful in view of the essential

simplicity of the systenm.



L. EXPERTMENTAL RESULTS IN HYDROGEN AT
10 Mc/s and 20 Mc/s : BASIC EQUATIONS

Le1 Experimental procedure

Most of the experimental 'runs' involved deterwining
R.M.S. breakdown field as a function of gas pressure; a
given set of readings being taken at constant electrode
separation.

Gas pressure was varied by initially filling the
discharge chamber with hydrogen at the highest pressure to
be used {about 1 mm.Hg.) and subsequently reducing pressure
in convenient steps.

#ith the gas in equilibrium at a required pressure,
irradiation was introduced and the applied field slowly
increased until a discharge occurred. The threshold voltage
was determined by re-applying the field at a slightly smaller
amplitude than that at which breakdown had first occurred,
this process being repeated until a minimum value was
established, Upwards of two minutes was allowed between
successive readings to ensure charge neutralization, Breakdown
fields lower than the true threshold were observed when

discharges were started quickly following a previous discharge.
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Irradiation was removed during such periods.

Before each run the system was cleaned, as described in
Chapter 3., 1In this way, breakdown values at given electrode
spacing and pressure were found to be in close agreement when
runs were repeated. Prior to adopting this strict procedure,
a spread of experimental results had been noted.

4e2 Breakdown curves at 10 Mc/s and 20 Mc/s

Two families of experimental curves relating RMS breakdown
field for different pressures at 10 Mc/s and 20 Mc/s, and
for different electrode spacings, are shown in Figure 12.

At 20 Mc/s breskdown at constant gap width is
characterised by & slow fall in field strength with reduction
in pressure, to an almost constant value which persists
down to the lowest pressure investigated, 10.4 mm.Hge 7ith
fixed gas pressure, decrease in electrode separation is seen
to require an increase in starting field.

Using 10 Mc/s oscillations, abrupt changes in breakdown
behaviour occur, The onset field strength at constant electrode
separation initially shows a gradual decrease as gas pressure
is reduced from the highest value used (somewhat less than
1 mm.Hg.). This decrease is not maintained, however, With

further reduction in pressure, the starting field falls to
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a broadly-defined minimum value, At pressures below the
minimum, field=-strength was found to increase sharply,
culminating in an abrupt 'cut-off', Insufficient voltage

was available to restart a discharge at still lower pressures.
In the work reported by Prowse & Clark29, breekdown in a wide
pressure range down to a few mm.Hg. has been shown to conform
with the requirements of the diffusion theory. Departures
from the limits of applicability of the theory - discussed

in Section 5.4.1 = are to be expected with reduction in gas
pressure, Such changes in breskdown behaviocur are

dependent upon electrode geometry.

The observed cut-offs in the 10 Mc/s curves occur at
pressures determined by electrode zeometry and an explanation
of these effects in terms of departures from diffusion -
controlled breskdown is at once suggested by qualitative
exemination of the results,

Although little information regarding the mechanisms
of breskdown can be deduced by inspection, it is clear that
the initiaticn of a discharge according to diffusion theory
requirements is not possible at the lower pressures,., Simple
calculations show that over much of the pressure rasnge the

electron mean free path is in excess of the electrode
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seperation. The probability of an electron meking an
ionizing event in its mean lifetime must therefore become
progressively more remote, as the pressure is reduced.

In Chapters 5 and 6 explanations are put forward of
breakdown at 20 Mc/s and 10 Mc/s respectively.

Before offering quantitative interpretations, however,
it is necessary to present certain basic equations of electron
motion in high frequency fields, and also to deduce, or
state, relevant information regarding atomic data such as
meean free paths, collision frequencies etc., under
experimental conditions.

L3 ZElectron mean free path

Calculstion of electron mean free path 7\e as a function
of' gas pressure is complicated by the Ramsaeur effect, i.e.
the variation in collision probability with electron energy.

The term "probability of collision", Pc’ introduced
by Brode16, is defined as the number of collisions made by
an electron in travelling 1 cm. through a gas at a pressure
of 1 mm.Hg. and at OOC. |

Hence ‘Re and gas pressure p are related by the
expression

N = R €T



TABLE |

GAS PRESSURES CoINCIDENT 1WATH THE ELECTRON MEAN

FREE PATH EQUALLING THE ELEC TRODE SEPARATION ,

d (cm) P("‘“‘ Hg)

4 0-005]
3 0-0068
yA 0-0102

| 0-0204




Chznges in magnitude of Pb with electron energy variations
heve been studied experimentelly by Brode . The published
curve for molecular hydrogen shows a complex and largely
irregular variation between collision probability and electron
velocity. However, for eunergies below 4 e,v., Pb decreases
only slowly with reduced velocity and has an approximate

value of 49 cm..1 mm.Hg.-1.

Using the approximation

1
}\e = :9'5 eee eoe aee co e (17)

Of special interest in the hydrogen results are the pressures
at which electron mean free paths coincide with the separation
of the electrodes. Applying equation 17 these events are
plotted graphically in Figure 13, andate listed in Table 1.

It is seen that within the range of experimental
observation, for each of the separations used, breakdown
field measurements were recorded at pressures both below and
above the values at which electron mean free path equals the
gap width,.

These transitions are significant in the development of
an account of the mechanisms of breakdown; even at this stage

it is aspparent that ionizstion by electron collision with gas
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molecules is unable itself to promote breskdown of the gas
over the full pressure range used.,

Loy Collision freguency/field frequency calculations

It has been shown in Section 1.4.2 that for electrons
oscillating under the influence of an a.c., field the principal
factor governing the efficiency of energy transfer between
field and gas is the ratio of field frequency to collision
frequencyfuﬂé . Margeneau's concept of the 'effective!
electric field, equation (2), is an expression of the above
statement,

It follows that in cases where electron motion is not
disturbed other than by the applied field, changes in
breskdown behaviour are to be expected in the region surrounding
that corresponding to @ and vV, being the same order of
magnitude,

Exact calculations of collision frequencies are not
possible since Vs in a similar way to m.f.p., is a function
of electron energy. An indirect method of calculation has
been found. This relates collision frequency and gas pressure
over a fairly broad range of electron energy, and is given
below,

From the definition of collision frequency it relates
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to mean free path and mean (random) electron velocity ¢ by

the equations:

vc = %‘ eee (X} see ces (18)
e

Substituting for Ae in equation (16)

<
]

Ep Pc

ees  see  ees (19)

*
L]
ol
g
n
w‘ <
[¢]

Brode's experiment relates collision probability and
electron energy for hydrogen gas, the curve being shown
in Figure 13.

From the figure in region A-B

N>

P, (v) = constant = 10°

u = mean electron energy, expressed in e.v.

In ceges. units

% m(E)Z 1C7-7 = e u

SHNOSE (2:07> °

N+



file:///2e10V

1

- L 2

‘.‘ 4 (u) = = ) Pc = 10 ese LX) (20)
¢ <2e107

Hence from (19)

1 Vv
(2t 5
2e107 P
el \ B
... v =102 (-2-9-1-0—> p
c m
Ve = 249 109p sec”! coe  ees  ees (21)

(In close agreement with the value derived by Brown &
MaoDonald' 3) .

The collision frequency may be considered constant
(at fixed gas pressure) for electrons in the energy range
corresponding to A-B, i.e. 4 - 50 e.v., equivalent to a
velocity range 1.2.108 - h.108 em./sec.

It must be admitted that the energy ranges used in the
calculations of mean free path and collision frequency do
not coincide; unfortunately more complete experimental data
is lacking.

The gas pressure corresponding to conditions under which
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the average electron makes one collision per oscillation is

obtained by equating V _ in equation (21) to the field

frequency
i.e w = [ 9
e = _>o9c 10 PC f.
; 7
- 421'- [ 2.10
e o Pc.f. = -'—__—9 = 00021 mm.Hg. at 20 MC/S.

5.9. 10

P..r, M&Y be called the pressure corresponding to the
collision~frequency transition.

Assuming for the moment that electron motion is not
hampered by collisions with the electrode faces, i.e. is
determined bnly by the field modulating thermal movement,
it is possible to calculate the effective R.M.3. field which
delivers the same energy to the gas as a unidirectional field

under corresponding conditions. The relevant equation,

already introduced in Section 1.4.2 is

B Y cee  ees  eee  ees (2)

t=
1]
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An expression for the amplitude of electron oscillation

has been deduced in Section 4.5.2.

4.5 Equations of electron motion in high-frequency fields

4e5.1 Electron Drift Velocity

Studies of discharge phenomene in gases are frequently
made from the point of view of the behaviour of the
(imeginary) 'average' electron. As explained below, the
motion of such a particle is unlike that of any individual
electron in a swarm or avalanche, but represents the mean
properties of such a swarm. Agreement between experiment
and theory developed along such lines has, in many cases,
proved satisfactory.

Electrons in a gas not subjected to an electric field
have random thermally-directed paths and as time goes on
diffuse awsy from their points of origin., Knowledge of the
amplitude of electronic oscillation is, therefore, most
important in interpreting breakdown behaviour, It is
commonly assumed that the particles travel in straight lines
between successive collisions. The mean free path %é is
defined as the average rectilinear distance between impacts
- it does not represent a probable value around which the

actual paths are closely grouped.
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Random motion is altered when an electric field is
made to stress the gas. Considering a cloud of electrons
the field mesy be considered as moving the swarm bodily
through the gas. The average speed of the centre of the
swarm in the field direction gives the (average) drift
velocity, v, and defines the drift speed of the 'average'
electron. This pidure is applicable even in cases where the
drift velocity is only a small fraction of the mean random
velocity.

Attempts have been made to relate v to unidirectional
reduced field strength E/p. At high pressures (low &/p)
theory predicts v « (E/p)% in accordance with experimental
observations in many gase338’39. Studies at higher E/p are
complicated by increasing numbers of inelastic collisions -
both exciting and ionizing - occurring in the body of the
gase. The dependence of electron random velocity and mean
free path upon the reduced field presents a difficulty common
to all such problems. Satisfactory correction terms are rot
available over an extended range of E/p and the approximation
is usually taken that such terms as mean free path sre
invariant., Experimentally, a considerable weight of evidence

suggests that drift velocity is directly proportiomsl to ¥/p
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over a wide range of the latter,

Le5.2 Amplitude of oscillation and drift velocity expressions

An expression for the amplitude of electron oscillation
with the breskdown field ER applied will now be derived by
considering the high-frequency field E = Ep sin wt applied
to electrons moving in an unbounded gas. The effects
of finite electrode geometry will then be taken into account
by the insertion of suitable boundary conditions,

The ordered motion of an electron in a gas subjected
to an alternating field is determined by the equation of
motion: (Lorentz),

dv
A s V = = i v
T T c ek eEP sin Wt (23)

To solve for v, let the integrating factor = exp( vcdt)

= exp(vb.t)
. dv e .
e exp(vct) Tt % exp(vct).v = = Ep expﬁvct) sinw t
4. exp(v t).v = 2 exp(v.t). sinwt
dt c ‘"’ m P ¢’’’



. d dv
since = [ exp(vct)m:] = V. Y, exp(vct) + exp(‘vc‘t:).dt

e .
Hence expt(vct). V=< Ep [exp(vct) sin @&, dt.

elk

=57 (v, sin® t - Weos Wt) + Cexp(-v,t)
m(w + o )

P vee see (214')
Equation (24) may also be written
ek 2 2k vc w
n(w +V, ) (Vc #’2)2 (vc +w )%

+ Cexp (-v t)

ek
whence, v = ——R . . sin(wt ~ea) + Cexp(-v t) ... (25)
2 2\5 ¢
n(w’sv %)
[
- w
where = tan.1 (7) cor ses e see s (26)
[

The electron velocity is seen to have two components. The first

is oscillatory due to the action of the field; the second is



unidirectional and decays exponentially with time,

Considering for the moment the oscillatory term alone

v =-—“;2_E_T% sin (Wt - @) ..s see ees (27)

Equation (27) shows that the average electron drift velocity
varies sinusoidally at the field frequency with a phase

-, @
difference o = tan 1(;'-) between the two.
c L

Two simple checks can immediately be made which indicate
that the equation is of a form compatible with accepted
electron behaviour under a.c. conditions.,

inen W>> Y, tan o * o, i.e. 0 w/2,

Hence v o cos Wt, i.e, an electron in a vacuum will
oscillate in quadrature with the applied field.,

On the other hand when W << vc’ corresponding to high

pressures or low frequencies, tang™ 0, i.e.a = O,
ek
i.e, v 2—_1'5172. sinwt,

o]

The drift velocity, therefore, follows the field
variations, a result well established in high-frequency work :

the equation egrees exactly with that derived by Brown &



McDonald" 5

s using a different approach.
The velocity equation can be used to determine the

electron displacement and hence the amplitude of oscillation

X o
From equution (27)
ek eE
v ==L sin(wt -a) = —gf—s |V sinwt -wcoswt ]
2\ 2 c
m{w +V, ) m(w +V, )

cos (Wt -a) + A
wm(w2+vc2)§

where oc = ten | (%"—)
‘~

#hen x = X V= 0, i,e. at = o
- eE
o.o X = _—R——l + A,
° wn(df,)?
. €E cos(wt - el
o’ X = P ( ) + R {4+ X .o (28)
(F + v 2)% wn(w’+v %ye °
Qin + Vg o
. . dv  _
fhen x = o, V = maximum, 1l.€. F¥ = O.
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av we E

ie. T 75 ©0s wt -a) = o
m(w +v_ )
c
e's cos Wt=-a ) = o,

.*. Substituting these conditions in equation (28)

e E

X = ___._P.____,. aee eve ces o (29)

° nn(c:.)2+vc2 )2

Since collision frequency Vc is calculable from equation (21),
the amplitude of electron oscillation may be determined for
any given field strength and gas pressure.

Calculations of this type have been used to produce
Figure 15. The curves relate electron amplitude xo as a
function of pressure for the breakdown fields encountered in
hydrogen at 20 Mc/s, with electrode separation as the parameter,
The el:ctron ambit, i,e. the total traverse in the field
direction during a cycle of the field, is egual to 2 X e Hence,
if for a given field strength and electrode separation,
-g > X5 electrons will tend to oscillate within the test

gap without suffering collisions with the electrodes.

The arrows drawn in Figure 15 indicate the'% positions
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corresponding to each of the experimental curves., It is
seen that in aj]l cases, for pressures < 0,2 mm.Hg., the
electron ambit exceeds electrode separation.
4o5.3 Summary

Summarising the analyses presented in Sections 4.1 =
L+3 the following deductions may be made:

Mean free path determinations. The fact that electron

m.fep. exceeds electrode separation at the lower pressures
is evidence that single-stage ionization by collision is
unable, by itself, to promote an increase in electron
population leading to breakdown,

Collision-freguency/field frequency determinetion, The

efficiency of energy transfer between an a.c. field of given
strength and electrons oscillating within the gas depends
upon the ratio a)/vc. Calculations given in Section 4.2 and
shown diagrammatically in Figure 14 indicate that the average
energy transferred to an electron’during a cycle of the
applied field falls off quickly with reduction in pressure
below O.,1 mn.Hgs This effect is directly associated with
electron inertia, However, deductions based upon energy
transfer can only have real sigrnificance when the electron is

'free' in the sense that it is not impeded other than by
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collision with gas molecules,

Electron ambits. The calculations based upon equation (27)

show that for all but the highest pressures used, an electron
starting at any noint in the gap must strike an electrode
during a period of the supply, provided it does not diffuse
laterally away from the influence of the field.

Le5J Secondary emission of electrons : discussion

If the electron arrival velocity is sufficiently high,
with 2onsegquent secondary-electron emission from a surface,
the possibility arises that collisions with the electrodes
can assist the growth of electron population.

The work of Gill & Von EngelBo (Section 1.4.5) hss
established that high frequency electrodeless discharges can
be started under 'vacuum' conditions by progressive build-up
of electron population by secondary emission. Such a
generation process is not encountered in the inception of
either d.c. glow discharges or under high~freguency conditions
which conform to diffusion-theory requirements.,

The diffusion theory implies that there is no need to
look beyond single-age ionization by collision as the
electron generation mechanism. Hence, electrons whose thermal

motion takes them to the electrodes must be supposed 'lost!
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from the system. It is reasonable to suppose that they either
suffer surface recombiration with pogitive ions or are
accepted into the reservoir of 'free' electrons near the metel
surface. The contritution of any secondary electrons towards
an overall build-up of electron density would appear to be
negligibly smaell. Purther evidence of a direct nature is
availeble,

Prowse & Clark29 have shown by functional analysis that
the relation between EA snd pA depends only on the nature
of the gas. (The diffusion length, A , is defined in
“ection 1.3.3)., Hence the curve relsting E A and p A
should be unique for any one gas. This has been verified by
suitable comparison of the results of several workers.
Sigriificantly, all measurements lie on & single wurve,

irrespective of the nature of the metal surfaces of the electrodes,

Thus in diffusion theory the electrodes serve tc stress the

gas with the high-frequency field, and limit the extent of the
maintained discharge, but play no important role in the
development of breakdown. Again in d.c. discharge tubes,
numbers of energetic secondary electrons are released from the
anode but are returned to it by the unidirectionsl field., Iocsal

ionization and excitation does tske place but the really
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essential processes occur in the cathode region.

The justification for detailing the point is thet,
contrary toc the above, secondary emission from the electrodes
by electron impsct is considered tec play an important role

in initiating low pressure discharges in hydrogen at 20 Mc/s.
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Se BREAKDOWN IN HYDROGEN AT 20 Mc/s

5¢1 Initiation of the low pressure discharge

An interpretation of breakdown at the lower pressures
used will now be given, in terms of a progressive build-up
of' electron population governed by secondary emission from
the electrode faces.

For the effects of secondary emission to be cumulative,
a necessary condition for the development of a dixcharge is
that electronstraverse the inter-electrode space in a half=-
cycle of the applied field.

Equation (24) is used as a starting point in the
quantitative expression of the breskdown criterion,

5141 Velocity and displacement equations

The above equation describes the influence of field
strength, field frequency, and gas pressure upon the drift
motion of electroms in an ocean of gas. The expression
becomes applicable to the experimental arrangement used when
suitable boundary terms are imposed.

The ultra~violet irradisting source used in the hydrogen
experiments provided a small but steady supply of casual

electrons within the gap., Let it be asgumed that at a time
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t = g subsequent to the breakdown field passing through
a zero value such an electron be moving with drift velocity

v, away from an electrode surface.

e E
V= = (U simwt - wcoswt) + C exp(~v t) eee (24)
2 2 c c
m(w +v ")
c
Since v = v_ when t = é .
° W
e E vc"
te V= e (U sind - wWcos £) + C exp(- == )
o 2 2 c w
m(w + v )
c
e E
and hence v = ——21)-—-2- (vc sinwt - wcoswt)
n(w +V, )

- e E . - vdé
+ [ v, - ——l—m(wzw 2, (v sin £ - wcowﬁ)_} exp(—~) exp(-v t)
(s}

eee  ess  ees (30)

Considering those cases of breakdown in which the electron
ambit exceeds the electrode separstion (see Figure 15), let

the phase angle # be such that the electron justtraverses
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the gap in a half-period of the field, 7 /w,
Then at a time t = E—%é s the other electorde will be

reached with velocity Vis given by

——-—2-7 [vc sin (W + #) - weos (mw+ ;5)]

m(w +V, )

v
[ ” . 2 (vcsin;é - wcosf) ]exp ("'?'J' )

v
te v, =V, exp(——) -———-9-3 [1 + exp(- fﬁz)](cosﬁ - _a')s' sind)

mw+v

vee  eee  ess (31)

Again, the eluctron displacement after a time t = %Lé s is

equal to the electrode separation d.
Therefore from equation (30)
LY

dx = —TL f w (‘chinw t - wcoswt) dt,
o m(w +V, ) 4 (cont)



e

+ [vo ———-P—- (v sind wcos;é) exp(-—--)/ exp(-vct) at
m(a:+v

w

2e E

———
m( 012+v02)

c

o.o d =

vl
(73- cos f + sin §)

Equation (31) expresses electron impact velocity in
terms of emission velocity v _, phase angle 4 end field strength
Ep. Ir A is of sufficient magnitude, energy transfer between
an impinging electron and electrons in the electrode surface
will result in the release of secondary electrons back into
the gas,

A build=up of electron concentration by secondary emission
is possible provided that the released electrons aiso cross the
gap in a half-period of the applied field i.e. they return to
the opposite electrode face at time'gthJé with velocity Vo

and in their turn cause the release of secondaries.

Continuation of the process may ultimately result in breakdown,



The applicebility of such a mechanism to the results in
hydrogen is now considered,

54142 Relationship at very low pressures

The following quantities involved in equations (31)
and (32) are known
peak breakdown field Ep §
Angular field frequency @ experimental measurements
electrode separation d

collision frequency vo - from measured pressure

specific electron charge e/m - from atomic data,

Three quantities remein unknown: v,, v, and be
Sclutions for vy must, therefore, be semi-empirical and can
be made in the following way by:

(a) assigning arbitary values to 4 in equation (32) and
hence solving for Ve

(b) inserting the calculated valuesvfor v, in equation (31)
and hence deducing v; as a function of £.

Simplified expressions for vy and d mzy be obtained
under certain imposed conditions. Discharges at very low

pressures are of particular interest in this respect.

In such mses V, <KW, so that
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eXp ("w_‘:s‘) = 1 + hoorens 4+ eoses

Hence from equation (20), to a first order approximation

2ekE
Vi = vo + e E OOSA sos s soe (14)
mow

and from equation (21), to a second order approximation

2 e e E .
d = —;23 sin 4 + [vo-r jGOSA]% ees (15)

These formulae are in agreement with expressiomsderived by
Gill & Von Engel>(Section 1.4.5) in their study of the growth
of electrodeless discharges in evacuated glass containers
(pressures< 10.4mm.Hg.). Their equations may be regarded

as simplifiied forms of the general expressions - equations
(31) and (32) - with the condition V, << realised by the

use of extremely low gas pressures.

5e1s3 Impact velocity calculations 2 secondary emission
coefficient

Using the method indicated in the previous section,
calculations were made of electron arrival velocity Vi 85 8

function of phase angle 4, using equations (14) and (15).
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The results are displayed in terms of electron enrgy,'Wi
in Figure (16), and refer specifically to messurements at
electrode separations of 4 cm. and 3 cm. taken at the lowest

-z -
pressures used, 10 7 mm.Hg, = 10 h

mm.Hg. where vc << W o

A strict test of the mechanism of an increase in electron
population dominated by secondary emission could be made if
experimental data were available regarding secondary emission
coefficient, ¢ , as a function of primary electron energy
for the brass electrodes used. It would be expected that
electrons leaving one surface at a suitable time g/w, and
arriving at the opposite face at timeg—';—)-é— , would strike the
surface with sufficient energy to cause the release of more
than one secondary electiron per primary i.e. the emission
coefficient 6 must be slightly in excess of unity, when
account is taken of losses from the system.

Examination of published literature revealed that a few
measurements of secondary emission yields have been made
involving certain elloys; unfortunately no information regarding
brass could be found. However, comparison between the
calculated asrrival velocities and data obtained from secondary
coefficient measurements involving metal alloys (given below),

indicates that calculated arrival energies are sufficient to
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TABLE 2

SECONDARY ELECTRON EMISSION BY ELECTRON {MPACT.
PRIMARY ENERGY

MATERIAL Wi (e=v) for 8= 1 é\mx REFERE NCE

C OPPER |00 -3 PETRY *e

GOLD |40 (46 wARNEC ke 7

BoRoN 30 \ 2 KoLLER Bumuzss4i

THALLIUM 70 |7 (OLBRECHT« SPEER

TIN |55 135 MORoOZoV 5!
NICKEL~BERYLLIUM 25 * ‘2 MATTH ES43
COPPER —MAGNESIUM 4.0* |3 SALQ\,./44
SILVER~ MAGNESIUM 50 * lOS SALow‘M
COPPER~ ALUMINIUM YoM {O SALow 44
MA GNESIUM OXIDE 20 3 SA Low ¥

* OBTAINED BY

EXTRAPOLATION




give a yield in excess of unity.

In Figure 17, the coefficient 4 is plotted as a function
of primery electron energy, expressed in electron volts, for
a variety of pure metals, metal alloys and oxidised metal
surfaces. The dotted line corresponds to a value & = 1,
Table 2, derived from the same sources, lists primary energies
corresponding to 6§ = 1 and also gives the maximum & values
obtainable.

Relatively low yields are obtained from pure metalsM .
The primary energy required to release one secondary electron
varies from metal to metal e.g. 70 e=v (Thallium), 100e-v
(Copper); it usually lies in the range 100-200 e-v., Alloys,
on the other hand, can give rise to higher values of § , and
the energy values ford = 1 (obtained by extrapolation of the
data) are correspondingly lower, lying between about 25 e=v
(nickel - beryllium) and 60 e-v (beryllium-copper). The curves
for magnesium and magnesium oxide illustrate the large increases
in 6 which can be brought about by surface oxidation - an
effect particularly aessociated with metals having a high
oxeygen affinity,

The brass electrodes used in the present work had an

approximate composition of 60% copper and 40% zinc. Standard
p



chemical surface -~ cleaning processes were used, as described
in Section 3.2.3; in addition, routine clean-up using a glow
discharge was frequently carried out. All the early messurements
were taken in the reducing gas hydrogen and during this period
(lesting many weeks) the electrodes were continuously immersed
in the gas. Nevertheless, the exact state of the surf,ces
was not krown and they may have contained absorbed oxygen.
Although conclusive evidence is not availeble due to lack
of data regarding the electrode materials used, a comparison
between the calculated arrival energies, Figure 16 and the
emission curves shown in Figure 17 suggests that a range of
4 values exist which will give rise to a secondary emiczsion
coefficient sufficiently greater than unity to enable breakdown
to take place by the to-and-fro motion of an ogcillatory
electron stream.

5e¢1e+ Calculations at smaller electrode separations

Electrons moving away from an electrode at time 4/w
(4 negative) are retarded in their progress along to positive
direction of x until at a time subsequent to t = o, when the
field polarity is reversed. Under certain phasing conditions,
at the larger electrode separations, electrons may in fact be

drawn back for a short distance towards their parent electrode,



before the accelerating field finally sweeps them to the
opposite electrode.

A detailed study of electron motion in transit across
the gap, given below, shows that for separations below 3 cm.,
electronsmay be returned to their parent electrode surface,
meking the straightforward phasing meehanism inapplicable.

In order to investigate electron displacement as a
function of transit time, it is first necessary to calculate

electron velocity at times intermediate between 4/w and

Y/ ia é .

@
Modifying equation (30) for very low pressures

e E
Vv, = -;n-d? (cos g = coswt) + V, eee (33)

If x be the electron displacement at time t, then by

integration

E =
xe (R owshe ) (oo £) - B | stnat - oin ]

ces  (34)
(x=owhen t = s)

The variation of v with x can thus be calculated,
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An analysis is given below (typical of the low separation
results) for d = 2 cm., f = -800, P = 10'-LF mu.Hge
Substituting known values into equation (34)

x = 0.27 + (4.49 10°% = 4,74 sinwt)

The curve relating x and t is shown in Figure 18a.

It is seen that an electron released from electrode A
first moves across the gap to point C (a displacement of
about 0.8 cm.), whereupon its motion is reversed by the field,
At t = 0, corresponding to point D, change in field polarity
is incapable of preventing return to the parent electrode
at time 0;24. 10"8 sec. (point E). Mathematically derived
values beyond this point using equation (34) which assumes
electron motion to be conditional only by theapplied field =
cannot therefore have any real significance; the curve
beyond E is shown dashed,

A modified breakdown mechanism will now be considered.

If n starting electron give rise to nd , electrons due to

A
secondary emission from impact at electrode 4 and ng = nﬁK?B
due to emission from electrode B, then for breskdown,
ng > m
'oo ‘J‘ >
i.e JL B 1



The velocities corresponding to both impacts may be
calculated. For electrons returning to electrode A (point
E, Figure 18a) the arrival velocity VA may be obtained by
direct subsitution in equation (33).

New boundary conditions must be fitted to equation(1k )
to enable impact velocity Vg at electrode B to be determined.

In its simplified form, for low pressures, equation (25)

may be written as

L}
Q
¢}
to
€
ot
+
«Q

v

Let the emission velocity of electrons striking the parent

electrode, at time t

B be voE’
Then v = e b coswt,,+ C
°F T 5o E

oB + i—% (cos wt - Costh) es e v e (35)

s ¢ V =V
nw
When t = tF = —754é s V=V =Ty

e o VB = VOE + emie ‘(COS th - COB th) cee eee (36)

For the case considered:



Impact velocity on parent electrode

v, = 3.95. 108 em./sec.(From (33))

(b4 e=v)
v, = 6.72. 108 em./sec.(from (36)

neglecting voA)
(128 e=v)

From the available secondary emission data it would appear
that the velocity values are large enough to sustain a
growth in electron population, though once again a critical
test of the mechanism is not possible,

The displacement~time curve for the period tE-artF,
obtained by integrating equation (35) is shown by the

broken curve in Figure 18b.

Here

e E e E
x = =L (sinwt - sin t_) = ~£&
maﬁ E nw

coSs th (tF bad tE) ece (37)

In the above calculations it has been assumed that the
time interval between an electron striking a metal surface,
and a secondary electron leaving it, is small compared with
a period of the applied field., The emission interval has, in

fact, been found experimentally to be about 10-12 S€Ce,
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negligibly small compared with the field period; 2 x ‘IO_8 sec.

5.2 Breakdown at intermediate pressures

5.2.7 Effect of increasing gas pressure

The breakdown field values at 20 lc/s show no abrupt
changes for increased gas pressure. However, it will be
shown that the initiation of a discharge through a mechanism
dominated by secondary emission from the electrode faces
cannot be sustained at pressures corresponding to the electrons
making many collisions in transit across the gap. For the
highest pressures used, the breakdown data conforms with the
diffusion theory of high frequency breakdown. From the
absence of discontinuities in the breakdown curves, it would
appear that a smooth transition takes plsce between the two
mechanisms,

cuantiztive analysis of results in this region proved
very dirficult and it must be admitted that it has not been
possible to formulate a complete picture of events leading
to breakdown. Nevertheless, it can be shown that as the
precsure is increased beyond values for which the mean free
path is smell compared with electrode separation, the
efficiency of iomizaticn increases, and the impact velocity

of electrons on electrode faces decreases. The points are
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established below.
Changes in impact velocity vy as a function of pressure

are calculable from equation 31, namely,

_U'IT e E - VLT 1%
vi = v e (=) + —d—s [1+exp(—g-)-J(003ﬁ-7§sinﬁ)
m(w,“+a’) @

Also vc = 5.93- 109 P e see e eee (21)

Using known atomic dasta together with experimentally
determined values of ER’ V3 Cabd be found at a given phase
angle for a range of gas pressures,

A set of results is shown in Figure 19. The impact
velocity is seen to remain substantially constant at its 'free
space' value for pressures up to the point at which the mean
free path fills the tube and thereafter exhibits a steady
decrease with further increase in pressure. Thus the
contribution of secondary electrons towards a build-up of
electron population becomes progressively less effective.

5e2e2 Change of ionizing efficiency with gas pressure

Collision jonization in a gas is usually described in
terms of Townsend's primary coefficient g , or in related

terms such as ionization rate vy and ionizing efficiency Se'
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Both theory and experiment show that in a given gas ¢ /p is a
continuous function of the reduced field E/p.

In evaluating the increasz im jonization due to increase
in gas pressure, recourse must be made to the experimental
data available,

Two approaches were made, one based upon Von Ingel

& Steenbecks5 ionizing efficiency = electron energy curve,

) .
the other using Von Engel's+o (%- - % plot. In each case

analysis was complicated by the necessity of introducing
the time variation of electric field strengh.

(a) Evaluation based upon the ionizing efficiency~eclectron
energy curve

At a given oressure, the number of ion pairs produced
by an electron in a lif'etime limited by mobility capture
may be deduced from the breskdown data by finding
(i) electron velocity (and hence, energy) as a function
of displacement across the gap,
(ii) ionizing efficiency 8¢ @s a function of
displacement x, and
(iii)integration of S, dx over the whole gap.
(i) Electron velocity at verious times in transit across

the gap is given by the generalised equation
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e E
v = ———2-9—-7 (ve sinwt - wcos wt)
m(w +vc )

e K -
+ [:vo + 2-2-5) (vcsin,d- wcosﬁ_‘

m(wwc
v
x  exp () exp (-y,t) cee  eee  eee  (30)

To obtain a displacement-~time relationship it is necessary

to integrate the above equation i.e.

X t

e E
f d.x:——-éP-—é- [ (vc sin wt - wcos wt) dt
m(w +v° )
w

+ [vo - ;(55%5) w, sind - wcos,S)] exp(—--) f exp(-¥, t) at

w

e B . .

v

e x = _‘52—5 [( c cos g + sinb) - (vc cos Wt + sinwt)
m(w +V ) w w

- -- [ s 2, (v sing - wcos.é)]exp( ‘6) [exp( A

m(w +

- exp(=Y2) (38)
w
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To produce a continuous v - x curve at a particular
pressure, tedious calculation is required to obtain sets

of values of v and x at corresponding times, using eguations
(30 and (38).

For the case 4 = 4 cme, § = = 60°, p = 0,005 mm.Hg.,
the velocity-time is given in Figure 20a and the velocity-
displacement in Figure 20b. The early decrease in velocity
is a result of the field initially retarding the electrons.

Since % mv2 = e V, an energy displacement curve msy
be drewn. This is shown in Figure 2i.

(ii) The electron ionizing efficiency Se is defined as the
number of ion pairs produced by one primary particle,
reduced to 1 mm,Hg.

If the probability of a collision resulting in

ionizetion is fe’ it is related to S¢ by

fe ( = q. which is the cross-section
e 7§ i
for ionization by electron
collision)
Von Engel5 reproduces measured vailues of Se in hydrogen &s
a function of electron energy. The curve rises sharply

from zero V = Vi (as expected on Bohr theony), reaches a

maxioum at energies a few times Vi and then decreases,
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Due to double-log plotting, values of Se cannot
5

easily be read from the curve, However, it is found” that
for energies below the maximum, the rise in Se is
approximately linear, obeying the empirical equation:

Se = a.p ‘\v - vi) XX see XX (39)

where 'a' is a constant for a particular gas,
For hydrogen 'sa' = 21.10-2 in appropriate units.

Using equation (38) in conjunction with figure 21, it
is, therefore, possible to calculate values of Se at
various points in the gap. This is shown in Figure 22,

It is seen that for x € 2.3 cm., Se = O, This
separation corresponds to V = Vi' Between 2.3 and 4 cm.,
Se rises steadily as the electron gains energy. The dotted
curve in the figure shows the ionizing effect of an electron
travelling in the reverse direction.

(iii) The number of ion pairs produced per electron in

d
transit across the gap is given by n, = [ Se dx,

*0
By graphical method, for the case considered, ne = 0.02 ion
pairs.

The sbove andysis affords celculation of the number of
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ion pairs produced in the gap and could be extended to other
pressures, However, in view of the lengthy nature of the
calculations, an alternative approach was made, making use
of known variations of o /p with E/p.

(b) Eveluation using u /p = E/p curve

From the definition of Townsend's primary coefficient,
X

n = exp ( [ o dx) where n is the normelised number of
° electrons emerging from a plane

x cme from the origin, in the field

direction,
x
Hence nf = exp ([ ko4 d.X) -1 soe XE vee (I'FO)
o
For a given gas % = B, (§/p)

The instantaneous value of ¢ in an h.f. field may be
considered the same as the steady value in a steady field of
the same strength (see, for example, Pim31).

Using this concept,

o sin wt
= = P E e
p p P p )
. L0 s g . . s s
Experimentally, the veriation of o/p with increasing ¥/p in

hydrogen shows an initial increase up to an E/p value of about
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600; for higher velues of E/p values of o /p remain
approximately constant,
Mathematically the curve is represented by a semi~-
empirical relationS,
@ = Aexp(-B ) eve soe es e (41)
p E;P
A and B being constants.

Renge of validity of F/p,

o.[Oﬁd.X:pA / exp (:E;—%i-;m)\r.dt ces (42)

Values of v in transit aecross the gap are given by
equation (30). Hence, by celculation of v and the experimental
term at various times in transit across the gap, the integral
may be evaluated by graphical method,

A simplified, though less exact, form of equation (42)
will now be considered,

At the lower pressure it is seen that for all but very
smell values of Wt (and hence E = E, sinwt), o/p remains

almost at a value close to A, (5 ion pairs/cm. mm.Hg.). The
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slope of the curve indicates that at the high 5/p values
encountered during most of & c¢ycle of the applied fidd,
almost all collisions will result in ionization, making o/p
virtually independent of the reduced field strength. The
curve plotted for a pressure of 0,005 mm.Hg. is similar,
although the flat portion of the curve is reached more
gradually and the maximum value of o/p is slightly smaller.
Over much of the intermediate pressure range o/p
nay be considered roughly constant, independent of both
time variation of the electric field and of E/p i.e. the
exponéntial term in equation (41) tends to unity.,
Hence a/p = A,

Equetion (34) then reduces to

. d
[ o dx = Ap [vdt:Ap/dJ::Apd.
‘ o
0.0 nf = €eXp (Apd) -1 e oo ses es e (14’3)

i.e. the number of jon-pairs created in the gap rises steadily
with increasing gas pressures.

For the 4 cm. gap, the variation of ne with gas pressure
in the intermediate region, as expressed by equation (43), is

shown in Figure 24, At higher gas pressures, the n, values
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are undoubtedly too large, due to the approximations
introduced. Agreement between the two calculations at

p = O. 005 mm.Hg. is not good (nf values being 2.‘!0-2 and
10—1 for the first and second calculations, respectively)
probably due to the fact that the E/p value at this pressure
is well outside the guoted range of validity of equation (31).

5.3 Electron losses

To establish a regular increase in electron population,
their net rate of increase must exceed the rate of loss,

In a build=up dominated by secondary emission, removal
from the system, at the lower pressures, is accounted for
by the primary electrons entering the electrodes. In the
general case the effective secondary emission coefficient
of the electrode surfaces must be sufficiently in excess
of unity to replace any further losses.

Depopulatioﬁ - in terms of total removal from the
cylinder of gas contained by tle electrodes - is largely
pressure dependent. A qualitative account of the possible
processes will now be given,

(a) Volume Recombination

Volume recombination was considered to be unimportant

in the range of pressures employede.
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Quantitatively, little headway could be made at the
low pressures. The basic diffusion equations were found

to be inapplicable under experimental conditions,

5.4  Applicability of &iffusion theory at higher pressures

S5epe1  Limits of the diffusion theory

For the highest pressures investigated, breakdown may
be expected to conform with the diffusion theory of high-
frequency breskdown.

The requirements of the diffusion theory= that under
threshold conditions the gain in electron population due
to collision ionization shall Jjust replace diffusive losses =~
demand a number of experimental conditions to be obse:r'ved,13
namelys
(a) that each electron make at least one ionizing collision
before it leaves the tube,

In the limiting case, the electron mean free path ?\e
becomes equal to the characteristic diffusion length A and
to conform with theory 7\e < A,

The characteristic diffusion length A is determined by

the geometry of the electrode system and for a cylinder of

height d and radius R has been evaluated13 ass

i_z_ - (%)2 . (2.1.1;05)2
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TABLE 3.

CHARACTERISTIC  DIFFUSION LENGTHS.

d(em) | A (em)

4 |-08
3 087
2 | ol

| 030




TABLE 4.

PRESSURES AT WHICH

xe‘ A)

FoR VARI|oUS GAP

WIDTHS.

d@m | p (b
4 0-019
3 0-023
2 0- 032
| 0. 068




Calculations of A for various values of electrode
separation 4 are given in Table 3. The proper value of R
is a matter of some doubt, since the field strength
gradually decreases away from the flat central region of
the electrodes: the value used is that between the centre
and periphery of an electrode.

Since 7\e = L-:;—- (over a fair range of electron

? energies) eee  see  ees  (17)

the condition becomes:

1
p 2 L9A

Hence the limiting pressure for various electrode separations
d may be calculated. These are given in Tsble 4,
(b) that uniform field conditions are obeyed.

A further requirement can be written in terms of the size
of the discharge tube permissable to sustain a single loop of
a standing wave of the applied field i.e. %\ = A,

Since d << N for all the electrode separations used, the
uniform field condition is obeyed.

(e) that electrons, by virtue of their oscillatory motion,
oscillate within the confines of the gap.

Hence XO < d/z eee se e s oo sen (Lll‘-)



TABLE 5.

d ()

p (- )

ALL PRESSURES

35,107

(3. 107"

o5, o~




Alternatively, defining the electron ambit d, as the

displacement in a half-cycle of the field

e d < d.

From equation (29)
e E

1
© mw(w2+v°2)2

the variations of X, with p under experimental conditions
have been plotted in Figure 15. (It should here be restated
that the accuracy of the plot - and all calculations
involving the collision frequency term = is—dependent upon
the assumption that V_ e p (Section L) )e

Using Figure 15, the limiting pressures corresponding
to equality of equation (44 ) are given in Table 5.

The limiting pressures thus decrcases with increasing
separation, as expected,

For the 4 cm. gap, the electron ambit and electrode
separation are almost equal for pressures below about
5. ‘IO"3 mm.Hg. However, in this range electrons are still

capable of cpossing the gap during a half-cycle under suitable



initial conditions, as previous analysis hes shown -
values given in the table refer specificslly to motion
which is purely oscillatory.

It is evident from the calculations hased upon
diffusion theory requirements that the oscillation amplitude
condition effectively limits the pressure range under which
diffusion theory may be applied. To test the theory use
may be made of the expression derived by Prowse & Clark29,

namely that under diffusion contralled conditions,.
1
PRy - &L= r, () ©5)
1 vt - L *e 0 L B N
PA Je Bl ¢ 5K

F1 and F2 are functions depending upon the reture of the

gas. The curve relating EA and pA is thus unique for

any one gas and provides a stringent test for the applicability
of the theory. For low gas pressures where v, is comparsable
with @ , the R.M.S. field E; in equation (45) should be
modified to read Ee; where Ee is the effective field for

energy transfer (see Section L.4).

E, is related to ER by

E 2 = ER vo L ov e (22)
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Selie2 EeA -~ pA Results

Since the EeA- - pl{A  ocurve is unique for hydrogen in
the diffusion controlled region, and therefore independent
of frequenéy, the experimental results at 20 Mc/s should
be on the same curve as measurements taken by other workers,
using different electrode geometries and field frequencies.

The plot is shown in Figure 25, using the author's

3

results and those of Brown and IﬁcDonald1 R Thompson27 and

i'.'}la.rlé2 .

It is seen that by a short smooth extrapolation of the
other worker's data, the 20 Mc/s results are in reasonable
conformity with the diffusion theory.

For constant p/A , corresponding values of EeA for
different gap widths tend to exhibit a small but character=-
istic increese as d@ is decreased, It is difficult to
conclude whether or not this change is significant - the
spread of results is little more than that between those on
the common curve at higher pA values. Also, pressures
measured above 0,1 mm.Hg. were subject to error due to a
oramping of the Pirani gauge near the limit of its scale,
Apart from this reservation, it may be concluded that
breskdown at the high pressures is initiated when the loss

of electrons by diffusion is slightly more than made up by
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DI FFUSION - CONTROLLED

TABLE 6.

BREAKDOWN

IN

HYDROGEN , LIMITING

CONDITIONS

AND TRANSITIONS

AT

3000 Mc/s

AND 20 Mcfs

CHARACTERISTIC D(FFUSION LENGTH A = ‘08 cm. (d=4a.\.).

LIMIT AT FREQUENCY ¢ofF

LIMITING
COND(TION 3000 Meis, | 20 Mes.
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decreasing pressure is not continuous, even within the limits
of diffusion control. For a frequency of 3000 Mc/s., the
Collision Frequency transition (vc = W) occurs at p = 3.2 Mm,Hg.
(Case (a), Table 6). Further reduction in p necessitates a rise
in field strength, since transfer of energy between Bield and
gas becomes less efficient,

On the other hand, at 20 Mc/s, the transition occurs at
P= 2.107° mm.Hg. Hence, providing the natural limits of the
diffusion theory are complied with within the range 3.2 mm.Hg.
- 2.‘l0"'2 mm,Hg, lower ultimate values of breskdown stress are
possible at this frequency.

Table 5 relates the limiting pressure values for the
gap ( A= 1.08 cm.) with reference to the Mean Free Path and
Oscillation Amplitude limits (cases (b) and (c)); it is seen
that diffusion control is limited by the mean free path filling
the tube at p ~ 1.8.18° mm.Hg. avalue close to that for the
Collision Frequency transition.

Increase in size of the discharge tube - and hence
increase in A =~ causes a reduction in threshold field strength,
since diffusion losses from the system are reduced. The scaling
process is limited, however, by the frequency-dependent Uniform

Field limit, if thediffusion theory is to be applicable. Maximum
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values of are given in Table Case (d) and show that a
value A = 1,6 cm. must not be exceeded at 3000 Mc/s. The
corresponding value at 20 Mc/s, on the other hand, is much
larger than has yet been used ip practice.

It may be concluded that the low breakdown fields
here reported in hydrogen arise from a choice of field frequency
and electrode geometry which enable the diffusion theory, in
the region where electrons make more than one collision per
oscillation, to be complied with down to relatively low

pressures.
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6. BREAKDOWN IN HYDROGEN AT 10 Mc/s.
RESULTS FOR OTHER GASES

641 Breakdown in hydrogen at 10 Mc/s.

6+1.1 Experimenial procedure

The experimental technigues employed in recording
breakdown measurements at 10 Mc/s were very similar to
those described for 20 lMc/s experiments. The tuned circuit
master oscillator, based upon & 10 Mc/s quartz crystal, was
tuned to resonate in the fundsmental mode and the driver,
power and coupling circuits eppropriately adjusted,

Ultraviolet irradiation of the gap was again used.

The threshold field was established by increasing the
applied field in small steps until a discharge occurred;

the process being repeated a number of times. Adeguate
intervals were allowed to take into account statistical lags
and deionization times,

6e142 Variation of breakdown field with gas pressure at

10 Mc(s

The experimental plots are shown graphically in Figure

12, with R.M.S. breakdown field ER given as a function of
ges pressure for different electrode separations.

The form of the breakdown curves differ markedly from
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the corresponding results at 20 Mq/s. #ith decresasing
pressure the onset field strength rises sharply after an
initially uniform region, measurements terminating in an
abrupt cut-off,

At pressures above cut~off, field values were observed
to decrease as the electrode separation was increased, in
a manner similar to recordings at 20 Mc/s. Again, the
cut-of'f pressures showed o characteristic decrease as the
separation was increased,

6e1e3 Interpretation of the 10 Mo/s resulis

As described in Section S.4.1 the application of the
diffusion theory of high=frequency breskdown is restricted
to certein ranges of the parameters involved (electrode
separation, gas pressure, field frequency), in accordance
with the limits prescribed by Brown & McDonald13.

At 10 Mc/s, the experimental results lie within the
mean free path and uniform field limitse.

However, it will now be shown that the increases in
field strength culminating in cut-offs may be attributed to
deparptures from the diffusion theory, caused by progressive
increases in the emplitudes of electron oscillation to the

points at which the ambits completely fill the spaces between

- 122 =



A
&

G

e eum aup eui> A

£
N

N T SR et

5P o oxm e o o @

torws

{, Rigtyo b

o |

[y
N




the electrodese.

From equations (29) and (44)

2e

d, = 2x, = 5 (1€)
2 2
mw(u+vc)

N4

Using the data from figure 3 in conjunction with eguation
(46), chenges in electron ambit with gas pressure may be plotted,
and are given in Figure 2‘; From these curves, the critical
pressures at which the eleccetron ambits £ill the interelectrode
spaces may be located; these are marked in the figure using
dotted lines. By transferring these caluulations toc the
experirentel E - p curve (see Figure 3) it is seen that for
each value of electrode separation, the critical pressure lies
on the sloping part of its relevant curve, at a point some-
what above the cut-off value,

From this evidence it seems reasonable to suppose that
the characteristic rise of E with decreasing p is brought
about by the gradual removal of electrons from the test gap
by mobility capture, removal commencing at apressure
corresponding to the foot of the slope and being complete at
the cut=of'f value,

It should be pointed out that although precise
theoretical information is lacking regarding the distribution

of individuel amplitudes in a swarm of electrons oscillating

- 123 =



at high frequency, a large body of experimental evidence
indicates that the oscillution amplitude limit of the
diffusion theory is a gradual process covering a finite

range of the parameter involved - in this case, gas pressure.

6.2 Results in other gases

6.2.1 Experimental procedure

Breakdown measurements were also recorded in a second
diatomic gas (nitrogen) and a monatomic gas (neon).
Spectroscopically pure samples of gas provided by the
British Oxygen Company Ltd. were used; no additional
purification was attempted. In this respect the neon results
must be treated with some reserve. (A. von Engel, in
conversation with J.L. Clark, pointed out that small but
significant amounts of argon must be expected in neon samples
used from the above source., Additional ionization due to the
Penning effect will, therefore, tzke place, cmusing variations
in breskdown field values).

Standard methods of flushing the vacuum system were
undertaken, as described inSection 3.3. 1Initiatory electrons
were again provided by ultraviolet irradiation; statistical
lags were found to vary between a few seconds and a minute or

two, in extreme cases. There appeared to be no sigdificant
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relationship between statistical times and the nature of
a particular gas,

6.2.2 Results in Nitrogen and lieon

Several runs were taken using these two gases. As
in previous cases the variation of threshold field was obtained
as a function of pressure, for various fixed electrode spacings.
A number of experimental curves are shown in Figure 27; results
in hydrogen are also given for comparison.

At 10 Mo/s, cut-offs were agein observed, though the
transitions were not quite so abrupt as in hydrogen. The
cut~off preséures, however, varied significantly from gas
to gas at constant electrode separation.

Assuming that the nature of the cut-offs is associated
with the amplitudes of electron oscillation increasing to
£il11 the gap, as in hydrogen, the variations in cut=~off
pressures are to be expected, since properties such as collisbn
probability, mean free path etc., are dependent upon the
nature of the gas as well as its pressure,

For nitrogen, using the collision probability =~ electron
energy curve of Brode,16, and substituting the proper

variables, it is found that over a range of electron energies

from 4 - 50 e.,v. collision fregquency and gas pressure are
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related by the equation:

Vc = 1,28, 1010]) soe seo see (14'7)

(the numerical value varies within 10% of the vajue over
the range given above),

According to equation (29) the amplitude of electron
oscillation increases with decreasing collision frequency,
and hence with decreasing pressure.

In qualitative agreement with experimental observations,
it is to be expected that cut~offs in nitrogen occur at
relatively lower pressures than in hydrogen, since at a given
pressure the respective ocollision frequencies are in a ratio
of more than two to one (2.16 3 1). Quantitatively it can
be shown that at cut-off the ratio Q;E) should be
approximately constant whatever gas ig used, at constant
electrode separation., Unfortunately, this could not be tested
due to the abrupt nature of the cut-offs,

No simple relationship appears to exist between collision
frequency and gas pressure in neon, as shown from Brode's16
probability curve. The reasoning given above suggests that the

collision frequency should lie between the values for hydrogen

and nitrogen (at constant pressure).
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At 20 Mo/s, results in nitrogen show that the breakdown
fields at low pressures are similar in magnitude to those
encountered in hydrogen at the same frequency and gep width,.
This may be regarded as evidence in support of the analysis
of the hydrogen results at low pressures, in which breskdown
initiation was explained in terms of a build-up of electron
density through secondary emission at the electrode surfaces.
Such a mechanism is dependent upon the nature of the electrodes
rather than upon the nature of the gas and would give rise

to similar breskdown values,
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Te DISCUSSION OF RESULTS

The diffusion theory of breakdown proposes a
breakdown mechenism whereby the rate of growth of electron
popilation within a test gap, is restricted by a rate of
deionization dominated by diffusive losses of electrons from
the system. Within the natural limits of the theory, Brown
et al. of M,I.T. have demonstrated the validity of the
theory in a variety of gases it frequencies in the microwave
region.

More recently, Prowse & Cla:r'k29 have verified by
measurements at 9.5 M¢/s that the theory is applicable to
breakdown in the radio-frequency region.

Using microwave sources, decrease in gas pressure within
an electrode system of given geometry results in an initial
decrease in threshold field values, However, such decreases
are not usually maintained below pressures of a few mm.Hg.,
since reduction in pressure has the effect of causing departures
from diffusion theory requirements. Breakdown fields rise,
becuause outside the diffusion controlled region either the rate
of electron loss is increased or the rate of production becomes
less effective., Similar evidence of departures from the theory
have been observed by several workers at radio frequencies. On
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the other hand, measurements by Clark”“, at 9.5 Mc¢/s suggested
that with suitable electrode geometries the theory might hold
at pressures below 1 mm.Hg., with a further decrease of
bregkdown field values below the minima obtainable in the
microwave region.

The work here reported in hydrogen shows that departures
occur at somewhat lower pressures than have hitherto been
reported. At 10 Mc/s analysis has indicated that the cut-offs
may be attributed to the fact that the amplitudes of electron
movement can be no longer confined to the inter~electrode distance.
Mobility capture greatly enhances the net rate of loss of electrons
and deﬁands an increase in applied field strength to break down
the gap.

At 20 Mc/s breskdown fields decrease slowly with reduced
pressure (at fixed electrode separation) to an almost constant
value, The absence of sudden changes in breakdown field
strengths and the lack of basic data regarding the properties
of the electrode surfaces has led to a semi~empirical analysis
of breakdown for low pressures at this frequency.

By writing down the basic equation of electron motion
in an alternating field, & theoretical picture of breakdown has

been built up in terms of a to-and-~fro movement of electrons
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across the interelectrode space. ZElectron density is
considered to increase largely by secondary emission from
the electrode surfaces. At vey low pressures (corresponding
to breakdown in a 'vacuum') the field equations are in agreement
with those of Gill & Von EngelBo, who have explained the
inception of electrodeless discharges at very low pressures in
terms of secondary emission from the walls of the glass
discharge capsule,

A basic requirement of breakdown under such conditions
is that electron motion be suitably phased with respect to
the sinusoidal applied field and that the interelectrode
space be traversed in a half period of the supply. Assuming
that breakdown occurs at a field value such that a net gain
in electron density is just maintained during each half period,
knowledge of the secondary emissive properties of the electrodes
would enable a critical test of the theory to be made, As
previously mentioned, this has not proved possible. However,
calculations of impact velocities etc. suggest that the observed
breakdown field values are sufficient to permit an increase in
electron populations, lsading ultimately to breakdown. For the
smaller electrode spacings a modification to the straighte-

forward to-and=-fro mechanism, is proposed, whereby electrons
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traverse the gap in a half-period during which they restrike
the pErent electrode,

With increasing gas pressure, calculations show that for
pressures below the region in which the electron mean free path
becomes comparable with the electrode spacing, breakdown behaviour
approximates closely to 'vacuum' conditions, For further
increase in pressure, the mechanism becomes progressively less
efficient and fails when electrons make numbers of collisions
in transit across the gap. At the same time the amplitude of
electron oscillation (in the purely oscillatory sense) decreases
with increasing pressure, giving rise, at pressures between
about 102 mn.Hg. to 5.107" mm.Hg, (depending on the gap
spacing) to breakdown in reasonsble conformity with the diffusion
theory. Intermediate conditions have not been explained
quantitatively but results indicate a smooth transition between
the two.

For a given electrode separation and field strength, the
electron oscillation amplitude (one half the total distance
moved in a half-cycle of the field, de) is given by equation 13,

namely




Also vc oc DPe
The pressure at which an electron just crosses a gap of
length 4, in a half-period, thus increases as field frequency
decreases. at 10 Mc/s pressures corresponding to de = d are
too high to give electrons striking the electrode faces
sufficient energy to release surface electrons by secondary
emission. Hence electrons striking the walls are lost from
the system and 'cut-offs' occur. With 20 Mc¢/s oscillations,
the corresponding pressures are low enough and hence impact
velocities sufficiently high to permit suitably phased electrons
to release further electrons from the electrodes.

No theoretical treatment was attempted for the results,
in other gases. Qualitatively results support the work in
hydrogen. At 20 Mc/s, field values at low pressures for
corresponding electrode separations are very similar, supporting
the view that breakdown is not significantly influenced by the
nature of the gas. The characteristic changes in cut-off
pressures at 10 Mc/s are as expected from considerations of

departures from the diffusion theory,
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