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%¥hen a nsutral gas is subjected to a weak elestrie
field it ganerally possesses good, though imperfeat, imsulatiea
‘properties, No practical gas-filled electreds system can
cempletely prevent "casual® seurces of irradiation (e.g.
energotic cosmio radiations, natiral redicactivity) frem
osusing locel ionisation within the gas. Conduetien ourresmts
ef the erder of 10"19 te w"’" Ao aups. are normally ebserved,
By deliberately irrsdiating the systea with high-snergy
quantua radistion, fer exasmple y ~rays, I-rays, or ultre-
violet light, the current density can be incressed by several
orders, In nons of these eases is the physical mature of the
gas mensibly altered and an 'imsulating atate' may be 3aid %o
exiast,

As the applied eleetric atress is increased, hewsver,
& point is reached at which the gaz, quite suddenly, exhibits
a considarable increase in electricel comductivity, 7The
insreass in current is usually accompanied by s characteristis
vieible glew from the gas, and by a drep in the potential
difference across the eleotreds ayatem, Under these coaditions




an oleatrical discharge o 'bresk-dewn' is said to have esewmrved,
A satisfactory definitien of the breskdown eriterien

-.‘g not, hewever, as clear=out ss may be supposed, Discharges
m net moouaﬂly aotujmhl by streng light emissien or

by -m«ptible changes 48 a wltutw resding, Bven &
&ofmuon’ based upon "changs in gonductivity” is met altegether
l’wooptgblo, as the pre=hreakdown currest is not e tuo '
charaoteristio of the gas; being dependmnt on the

strength of the external ienisimg sgeut, One definition

makes use of an impsrtant plvlicgl distinetion between surrents
flewing in the 'insulsting’ sand 'eonducting’ states: whereas
| gre=dreskdown currents aesss when the external ionising ssuree
is remeved, the current in & trus discharge is self-sustained
1,0 vm oontinue % flow whon the irreliation is remeved,

The onsst of breakdewa oan be sald to have eccurred
when "tho current cesses te depend upon the existence of sa
external ionising souroe.

The rapid changes im elestrical conductivity ascempanying
dreakdown are brought abeut by the generation of charged
particles within the gas and/er st the walls of the discharge
ohomber, Eleotrons ars the mest important of the sendusting

- 2 =~




~ particles, though positive lons and in certain geses asgative
ions, sometimes play s significant part in initiating the
~discharge.

The motion of the partisles in the body of a gas,
controlled by such fasters as the gas pressure, field strength,
frequency and electrede geemetry, consists ef 'randen’ thermal
sotion with & supsrimpossd mobility 'drift' in the direstien of
she sleotrio £iel2d gradient, Zssentially, the differense detwesn
the actien of wesk elsctrie fields en the gas and of fields the
onder of the threshold breakdown value, is that the latter must
be of sufficient msgnitude to premete effects, either i the
gos itself or en the walls of the aontniur, which result ia the
geueration of further particles, and in particular, elestroas,
ltmovor. for a discherge %o eecur, the rate of (elestren)
proazoﬁon mst exceed the rate of less; breakdown may thus
be comveniently defined frem a quantitative standpeint as a
fauure of equilibrium in the above process, in the diresetioa
favouring growth of elestren populatien, |

In Aeveloeping e Wreskdown theory the physical predlem is
%o sceount for net grewth in eleotron density (frem a ssall
gunber of initiatery elestrens) in terms .of fundsaental
slectronie, ionic, end atomic cellision precesses im the gas

'.‘4-3'0



snd st the electrede surfases, Xxperimemts have shews that the
migimiu of the precesses, controlling slectron gemeratien
snd loss are functicas of the quantities desoridbing the
discharge vsyst’ﬁ. As & censequencs, the mschanism b,y_ whish a |
: &hcbono esccurs, m becone medified, even u_ﬂi_eauy changed,
'u esoh particular parameter is nriul.

| The wain purpese of this shapter is to give an aseeunt of
the prMn and {mitistion pﬁcnu_a relevant to the
experivental work cerried eut. Frocesses having enly aa
:lnéinet bearing upon the subjeot matter are dealt with Wriefly.

Classical kinetis theery gives o number of results
which are quite sdeguate in nxma’uing the thermal metien of
gas ml@lu in an easlesure,

" In osses where Naxwellian distributiens ef solecular
velooities may be assured, sdbulations may po nade of many
tt the fundamental quantities describing thermal setien e.g.
RoMeSe velocities and energles, mid diffusion rates, as
functiens of teapsrature asad pressure, Detaysdnatisn can
also be made of energy imterchanges betwesn celliding stoms
and extended to Mts between charged pnruelu. provided

ohb




no change ef interzal emergy 1s involved, 1.0, the collisiens
mct,‘be perfectly elastioc,

When charged partioles, particularly elestrons, are present
in s gas the useful applieatien of kimetio theory is limited,
and resort must somstines be mede to ths wave mechanlos,

At normal reon temperstiures {the usual workimg couditions
for experimental glowedischarge stuiles) the maximm thermel
Vqlﬁettien of ges melecules are much toe low to stimilate

inelastio colifeioms, Casual eleotrons aad iens pressnt

4n & field=fros gas are likewise mot suffisiently emergetie

and, if time permits, they eventually lequiru thermal

- gquilidbrium with their surreundings. Usually, however, before
the equilibrium ensrgy is afima, reacombination nm,
sither in the volume of $he gas er by a three~dody precess
invelving the walls of the sentaining vessel, Under the
influence of & -‘u{'t‘iemﬂy pewerful field mebility drift is
&‘upeﬂnpbna upon the randem motion of the charged particles
presant, This gives rise te two effects normally charasterising
a ges 'aicehu-go. namely optical excitatiorn and eollisien
fonization, Rxcitstien, though an inherext scotmpaniment te

& discharge, frequertly cemtributes only indireetly to thw
uéhanim of chargs multiplication and for this ressen will net

v 5 =



be given the same premimence as the important fonisatiea
precesses,
142:2 Jonisation precesses
Ionization of a gas atom may be effested Dy & variely
of precesses, previded slways that the tetal energy availshle
for transfer to atem (er molecule) excesds the charassteristie
iensm SDAYEY, ‘?’1 Ve
The Recessary exchanges aan be brought sbout in the
follewing ways:
" (8) by collisicus betwesm slestrons and asutral stems,
(b) by collisions betwaen pesitive ions and neutral atems,
(o) by collisions betwesa neutral stoms,
(@) by abserptisn of radiatien guanta by neutral atoms and
ions.
(e) by cuxmulative ionisatiem, in which the nscesssry easrgy
is received by the stom in two (or mere) distimet paresls,
(£) by *thermal’ iomisatien, a term used to descride the
ionising action of moleculer, ionic and electrenie
collisions and radistien absorptioneccourring in gases at
high texperatures,
In the initistion of a gas discharge the precesses may
scoup either singly or in etsdinations, with efficiencies
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‘Qetermined by the physicsl cenditions impesed,

142:3 Zepigation by slpetyen impaot
Contrary to Temsesd's original suppositisn that any

slectron possessing ienising energy or greater will always

ionise & gas stom by cellisien;, thefectiveness of ol estrens
in promoting lenisatien by impsct depends upon their energys
Sxpevinsatal evidence>** shews that the dentsing

_ wbabiuty (nusber of ien peirs produced per elsstrea
travelling 1 cm. through st gas st unit pressure) rises fres
sere for eleotren energies the order of the ionising petemtial
Vi passes througs s relstively brosd meximm for emergies

& fon times Vi snd falls away gradually for impacts Mvm
even more energetis elestrens, The residual elestrea kinetie
anergy arisinmg from sn ionising event may, partly, be retained
iy the olom'on, transfefred to the relessed electrea eor used
in i\u‘ﬂm‘ jonisatien or exeitstien. Instantanecus direstiess
of both primsry and dsughter eleotroms are erientsted almest
st rindon, In the absense of sems external stimulent e.g.

m slactrie field, it $s net possible for & sustaimed duilde
up of charge te take place, Fast electrons shet inte & g2
sy well prodics a nusber of iemepairs ('iem-pair’ wsed in
this context refers to an clocma and a positive ien), dwt
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;uin.'o:;p.f ®dx = B, exp ( «d)
° g

or in terms of current

_ I i.I..lkpo (“‘») ‘o eee sae (*)

| When o, :La»una te indicate s rate of generation ef
mtutory olectrons, the term 'elsotren avalanche' 4s used

to dndicete exp.( @d) slsetrens per seecord reaching the plens
of 4 per slectron leaving the plane x = 0,

@ is & complex fumotisn of the reduced field Vy aad
of the nature of the ges. No theory has yet been prepessid
which successfully correlates the ebserved varistios of @
with ¥/p 5, tue probudly to lack of evidence reganiing the exset
form of the electron energy distridution - assumed Naxwellien,
Since 1/a represents the average distamce travellsd detwem
fonising events, the aumber of electrens in an avalanche,
Ao:‘:p.( @d), is essentislly am average number: the statistiesd
ﬂuetu;ttonn have been repressnted by a probability oquuon‘.

'Fo mentiom has yot been made of the positive ions orsated
during fenizetion, Due to their large mass relstive te the
sleotron, they migrate only slewly in the peaitive field

Og—



direction, towards the cathode, Under normsl leberatory
conditions they do not scquire sufficient ensrgy to ionize
by collision, as wes originally assumed by Townswid, Their
15rea§mo,. however, camnot be ignored, both by virtus of the
space=charge they oreste in the dody of the gae and their
abmty to nforate fresh slectrons iy impact on the cathods,

' Radietion quants, passing through e gas, may promate

ionization providod' the charecteristic quantum energy hvis
greater than e Vi; in practics this conrditien almest entirely
‘excludes direct ionisstion by visible radistions, Seversl
distinct mechanisms are possible, depending upen the order of
energy of the quanta and the complexity of the extrsenuelear
struoture of the target atoms or melecules. When hy is the -
same order of magnitude as eV, it is f’anne7 that the
probsbility of an ionizing event in a given gas depends upen ¥
and the gas pressure p, and that abzorpts.on and ionizatien are
a naxinum when the quantum has just enough energy ts ienize.
The lonizing cepabilities 61’ highly»energetic quanta
(0.« Xerays, yereays) depend wery largely upen the gas
" updergoing irradietion., Am atom of low atemic number is
preferentially ionised by one of its imnermest extranuclear

o 10 -



eleoctrons abserding & lavge fraction of the energy of the
ineident quanmtum. The ejeeted K=slestron thus leaves the stem
with high velocity (ocsrrespending to mearly the full quextum
energy) and is cspable ef intense looal ionisasion,

As the atom returns te & state of minimum energy quanta
will be released, They may be prefersutislly sbserbed mid
en stom may be stripped of several electrons. (Augsr effest).
| Photons released Wy optical excitation of gas atems,
by VWO of their possessing exergy < v, e.v, are imcapadble
of atinmuleting direct phete~ioniszation by any of the
methanisns descriked abeve, However, such atoms may be
fonised if they receive the necessary energy in stepe.

142,35 QOther Processes

It has been ostablished, that energies not less than
several hundred electrea velis must be imparted to isns defere
their ionizing efficiencies Jesoms in any way comparedle with
slectrons,

The effeat may be seglested upder oconditions ether
than high gas temperatures snéd/er powerful applied fields.

 .The velsoity distribution ef neutral particles st reem
temperatures prcéludu direct ioniration dy thermal impast;
hnikution by ates~atom 201lisions Lecomes important enly s
very high temperatures. |

o {1} =



‘The propertion of gas atoms having relatively high
velooities inoresses with imoressing temperature, leading
to ionizasion at tempersturss exceeding e few thousand ®c.
Photoisnisation will im gemeral oecur (radiation from the
high temperature enclésing walls snd the se~called
"imprisensd” radiation), eleetrems and pesitive isns will slse
sontridute towards the effSciemoy of the process,
142,6 Gomerstion at selid purfases

Posaible eaission processes from a0lid surfaces inslwde
thersionie emjsaion, field emission, secondary emissiom, by
ion impact, photelsotric emission end secondary emiasion as
the result of slectrom impect, Of these enly the lest
gentioned seems likely to play a aignificant role in the
ﬁvnmt works |

A primary elestron which falls on the aurface ef a
80144 eithsr returns to the gas (or vacuum) or penstrates
4uto the solid and is captured or releases secondary elestrens,
For a secondary elestron to be released the energy of the
primary partiole has %o exceed the work fupstion, @ , eof the
selid, One possidle mode of secondary emission esccurs when
ingident primary electreins transfer energy to ths valemce

eleotrons of the 8501id etoms, Alternstively, interastien

o 12 -



botween the primary electreas and the fres elestmns of the
solids atomic lattice may esuse multiple collisions amd
snsble socondaries to pess through the beundary imtc the gas
or Vecuusm,

| ctimuleted smissien, sttriduted to the formatiea of
iaternal elsctric fields, has been rapertcdm by & pumber of
workers using specially prepsred surface layers, Thin fils
field emission of this type is zforirrod to as the Nalter
effeot,

The yield or coeffisient of secondery emission, ¢ , is
defined as the nuaber ef aocudlrini por nersally Sneident
primary particle.

All emission curves shvw a characteristic rapid rise
of & with incressing primary elestron emergy up te a value
" Smaz, + further increass of Primary energy causes s gradusl
desorsase in ¢ (assoesked with increased primary penetratioa
into the lattios)., Fer purs metals, J‘uz. usually lies
between 0,9 and 1,%; the assooiated values of primary elestren
energy vary over & wide rangs, Higher values of ¢ have been
chserved from metal compeunds, particulerly from oxides and
halides. Workers have consentrated attentien upon detersinations
of Omax rather than the primary energy values for é ™ 1,

- 13 -



Seme work has been reported en exission from metal alloeys
and svidence from the available dats in significant, Cexrtain
alleys have bdesn shown te give exceptienally high yields ad
values of ‘m up to 16 have been chtained 3’9'10.

Menatemic layers of abssrbed oxygea csuss & nautm in
secondary yield, With thicker layers, § aslows either little
chatige or exhibits s sarked inerease, particularly for wetals
having a stroug exysen affiaity,

o3 Remoyal proccsses

The grewth of slectren density by ionization sald ether
grocesses is opposed by a susber of possible depopulating
mechanisms,

10301 Jobility Capture

This process takes plece when sn electren is sarried te
& bounding surfsgse by virtue ef the arift imparted by ea
applied elsctrie ﬁ‘ou. Impasts taking place with suffisiemtly

" high energy may cause the relesse of secomdary electreas (1.2.6)
giving rise to the pessidility ef an overall imcrsase in elestren
population,

14342 Recopbination ad_Attac hmept
If a suiteble sncounter tekes place detween partisles of

opposite charge, recosbination mey ocour, with consequent

R



mﬁnlhﬁiau of charge.
In & systea containing equal muzbers of oppositely charged
| particles the rate of resembimstion is proportional to the
square of the charge density and hence to the square ef the
pressure,

The erricimoy of resesbination processss is thni small
at low pressures, Theepstical and expsrimeutal svidenes
suggests that direct elsctremisn recesbination, in the bedy
of s gas, may be nsglected,

A thres dody process is mers effective, eg. the formtism
of a megative don snd its sudsequent cmcounter with & pesitive
ﬁ.on; Such collisions are umlikely at low pressures, hewever,
furtherwire hydrogen and hn‘t gases are virtually men-atisshing.

A special type of dissocistive recombination has beea |

duor.thid i & paper by raakt". Firstly, dissociation of

a hydrogen mslecule coours whersdy
Hy B « " v,
(1 *® represeats sn excited atenm, v, & radiation qusatum)e
Then three body volumesrecombination tskes place in the preseuse
of o third boﬁy X,

343“«9!*!24!01;2.
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This precess lesd to an omissiea spsctrum below 1,100 i od
gives rise to "sas-lonfsing redisticn' since the first ienisiag
potential of hydrogem is equivalent to & quaatum eaergy of

N & 805 A . More ressstly, Corrigan and von Eagel 2 have
sbawn that a largs prepertiea of the energy of an elestrom
swara is used in the disssciatien of hydregea molecules.
However, the sequence of evemts ia most improbable boln a fow
am.Ng, « Corrigan & Von Engel . Gismiss velums recombinatien in
the pressure range 0,7 « 12 mm,Ng.

Surfase recombinatien Between elsotrons and iems is an
efficient ﬁreeéu being a spesial case of three body resombination.
his mechaniam is frequeatly dominant in the ultimate
neutralisation of charged particles in a discharge chamber
whoi-c the walla are remsts frem the electreds system, irrespestive
of the rvemoval processes taking place in the intense field regiexn,
1.5+3 Diffusion

When a noz-umiform partisle dsnsity exists in 2 gasesus
sedium, thermal motion gives rise $0 a net tramsfer of menestun
iz the direstion of the negative ocsncentration gredisat,

The particles thus flew as theugh they possess a dirested
velooity, vy, and for elestrens the flew scress unit arsa per
second is given by

- 16 =
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where B,uﬁt'fus:lmeom Snuemno.

Kinetie theory shews that D = Ays where A 1s the mean
distance travalled by elestroms between eollisien, and therefore
siggests that D %, theugh the depeatence of A, wpea eloetren
snergy must be taken inte asgeunt,

The mean time, tb,s,uttyanoloctmmmmm
its point of origin to a given bounding surface is detersined
by the geemstry ef the surfaoce and the ocomcentration grediemt
(expressed mathematisally h terss of D).

These quantities are rdlated by the general expresaions:

tn D = Az | ses oss YY) (1")

where A i3 & quantity, .mmnmmmth’,m
wits ofhmthanﬂdimﬂmthoshnpo of the bounding surfece,

1okt W

A geaseous eleotrieal discharge in a giv‘m'mtn. spours
whan the application of s external field of suitable magnitule
stimlates the production of large mnbers of charged particles
within the body of the gas or at the walls of the ceatdiniag
vessel, multiplication atarting from a small number of imitiatery




elestrons snd lsading witimstely to chenge from the 'imsulating'
te ‘conducting' state (Ssetion 1,! )+ The transitiom say de
sonsidered conplete when the une_hmn ceases to dspend wpen
‘the existece of the exterssl irradlating seuroe,
The meﬂptiena of mm processes, Sestioms 1,242 «
1.2.5 show thet alectrens are by far the mest pewerful
 agents in the preductien ef fresh charged particles. In
goeral, any breskdown theory must satisfsoterily assownt
fer a pat grewth of electren density with time, Purther,
relationahips descriding the mechsnisss of electrem multi-
plicatien and loss mist be fermuluted in terms of measwradle
quantities (0., onsst field strength, gas pressure sis.,
and atomio dxta sush as eharge, ssas ond mean fres psth) fer
the purpess of verifying shesretical predictiens,
 1ehe2 Parametera £ ] _
Disregarding any spesial phyaical eonditions imposed,
the tireskold breskdswn field $s in general s function of
thq pressure and nsture of the ges, ¢lestrods geometry, |
£i012 frequency and the nsturs ¢f ths elestrode surfases.

JISer 61 rreisnLesior

The variebles are freguently used in reduged form e.g.
¥p, @ /p, £/p, pince, tepether with the quantity p.ds,
the applicability of the Bimilarity Rules 1hy15 ssh bo readily

-:-sa--'




checked,

"1a certein cases of high-frequency breakdown semtrelled
by diffusion, a different Sheugh anslogous set of varishbles
are W1W1;o namely ¥» PA , PA o

Under the aotion of s umidirestional field, an elestrea
4s acoelerated by the £isld betwssn collisions, whersupon
its insteteneous direstion of movion is redirected almest
&t random, The influente of the field then re-erientates
the alectren An the field direction (a parebelic path is
approxisately follewsd), The electron then sontinces to
move with the £ield uatil She termination of its fres path,
whonce the above process is repeated, Por elastie eellisiens,
the electron will on the aversge gain a net amount of ewergy
por coliision tise, notwithstanding the amall sseunt tremsferred
to ths neutral atom during ispset. Fnergy trensfer betwesn
£ie1d aind electren, a fusetisn of B¥/p, is complitely effieient
insofar as the partiele is centimucusly subjected e an
ascelerating ferce comstant Am msgnitude and directien, If,
on the other hand, the d.c. source is replased by an a.e. fi0ld
of ReMeSs valus squal d¢ that in the d,c, case, the emergy
transferred to the olastren oan only equal that under the
corresponding 4.0, cenditiens in the special cases of high gas
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prespurs md/or lew field frequency, If either the frequemsy
is raised or the gas pressurs lowersd, transfer beoones
gradually less efficieat, The ceuse of this may be attrfduted
directly to electron inertia, Increase in the amplituds of
sleotren escillatien (due o decresse in frequency) or mean
free path (&ue te redustion in pressure) results ia slestrens
atem collisions ocourring teo infreguently for the slestren
metion to kesp in phase with the field, It is to be expested
that the more cut=ofephase the elsotron metion becomes, the
lees energy will be transferred, on the aversge, frem the
£4014, to the elsotron. An extresme limit of tle argument
leads te the well-knewn result that an dnm:i in & vaowum
will oseillate is quadratiie with the applied field and will
‘take %o power rron,it.
| An equation expressiang the abeve has heen derived ia
Sestion 4,5.2 o

oy, 1
i(w + Y, )i

,uhmv:hthouvmp@mvnwityctohmau
cuun of gas aoted amhyafidd

¥V o= ‘ﬁ( Wt~ a) . e (27)

33“’?' ‘h o %,
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:V’ 4s the ocollision frequenty of slectroms with ges atoms

a = tuﬁ ‘ -;l ose Yy ses LYY (2‘)
, ®

ver & range of elestren sergies, in several gases, sxperimental
«zam_." suggests that V¥, Q& D
© Hence whea @ >>¥, (4.0, at high frequencies er lew
pressures) '
| 'ﬂ"tu"‘a L] %my.
1406 V <« coswte
1,0, velooity is im quadrature with field,

Agnin when @ << ¥, eorrespanding to high pressures o
Jow frequenciss (which mey, with reservations, be talen o

dnelude dse.)

Vic sin @ %,

$.0. veleoity im phase with field.

In teras of energy transfer, an expression by mwuw

.:,2 - ;: [;E%r] cee  ere (2)
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relates “effective” field B, to the R.M.5, value of the
applied field, It is eomm that when >y 1 K 0
and when Wy, ¢ x' - I‘

1505 Breakdewn wnder cenditions where «14;g

(8) .o, bresiiens

The physicsl problem has been to proposs & theory te
" sstisfactorily explaia the development of & discherge eurreat
not dependent upsn the sxistence of sn extermal souree of

 elestroms. Referring te equsticn 1 it is evident that aa

@ » wmechanism alens is wet sufficient, sincs the eurrest I,
being directly proportisnal to the rate at which ‘easual’
slsctrons are being prodused, would cease subsequent te the
removal of the irradisting soures, irrespective eof the
sagnitude of the applisd field,

Townsend originally preposed that the necessary 'seeendery’
meshenism resulted from the ienizing setion of pesitive iens
{produced by collision fonisstien) migrating towards the estheds,
Nowever, celoulations ahewed that under nermal experimental
conditions the ions couwld st reseive lonising snergy frem the
£1614 (ref, seotion 1.2,5). Sudsequently Townsend medified
his 4doas emd introduosd his celsbrated y« mechanism, ia wideh
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sscondary enission frem the sathode due 1o pesitive ioms,
sxpited ions, photons ste., was considered to play the vital
role in producing the 'interasl' source of seeendary elestrens,
' Matheastisally, this 1ed to the well-knewn Townsead
oquation

I, w2 (ad)

i= .

eve  een  ese  (3)
t- vfm(ad)ﬂ} :l ’

where Y, for simplieity, way de defined as the susber of
elettrens relsased from the satheds per pesitive lon impinging
upon it, (the gensral ferm of the squatien is net altered by
insluding other éffnﬁl in the definitisn of ¥ ), It wes
found that for low valuss of p.d, equation (3) agreed quite
“dequately with experimsstal plots of pre-breakdown curreat,
| ‘ On the other hand, investigation by uuehw snd mwh”
hﬂc#m the absence of & Y » mechanism, st least for high
ped, values. This evidenss wes dased upen In VI, & plsts
in the vioinity of breskdewa yleldisg straightlines, imsteed
ef the upcurving of the required hyperexponential imcresss ef
pre~dreskdawn current,

The éitutien was further cbsoured by the studies ef
timewlags associated with discharge. Accerding to Tewmswd's
theery, the time takem for a discharge te develop subsequent

6-23 -




2o the uppowinec of & suitable 'triggeving' electrem (the
formative time, tr) sheuld be of the erder of the trensit tise
of positive ions soress the gap, Oscillographic studies of
pulsed gaps, however, iadisated values of t, two or three
erders lsas, |

| M an alternative, pheteionisation was considered as the
sdfiitional electron wultiplisatien precess, It wes suggestod
that photons preduced im the gap by exciting cellisierms weuld
sove ahesd of the main avelmohe and cause ienisatien ¥y virtus
of their absorption by the seleculess of the gas mixture haviag
low fonisation potentisl, The subsequent creatiom of fresh
slectron n‘dmeﬁ». assisted by field intemsification due te
positive ion spase charges, would cause the gap to be beiigel
in & time interval correspesding te the ebzerved fermative
period, Snppéi;'c for this view was provided by Zsether’ t”
eléua. ehnbor}hotom of spark development, which emadle
ealculations t0 be made of the diameter of the spark ehaumels
and t& rate of growth of the dissharge. Such ‘stresmer’
theories were neverl fully develsped and pest World Wer II
‘ t:matuutien# imveliately demsnded a re-appraisal of idess,
In particular, asscurate ’uemomphie studies of ferwative
times showed that with thresheld fields spplied te a test gep
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(as dsstinet from severs svervolting in pre-war studies) s s
large enough to inolude the possibility of pesitive iems sressing
the gop, at lesst for amsll separatiens. Doubt was sxpressed sbeut
the interpretations ef R.ether's eloud chamber trasks, whiek wer'e
based upon the assumption that the Lirst stages of spark
developwent had been phetographed, Finally a oriticel saslysis
of previous worik by Llewallym Jones and Purhrze revesled that
incerrect conclusions had deed resched comcerning leck of
svidence of the role of pesitive iens in assisting the initistion
of & discharge,

‘Hodern views oi the imsepticn of the d.c, discharge owe mush
't & series of precisien experiments by Llevellys Jonse®® ot 1,
at Swoansesa., Using gases of high purity sad well-regulated pewer
supplies, Jones showed that the development of a discharge sould,
in fact, be satisfactorily explaimed by msohanisms of the
rawasond type 1.0, a0 & ~precess sustained by a Y - precess,
Geod agresment between theory and experiment is in evidenss over
an mondcd rangs of peds

Jenua} soneludes that the secondary sechanism must de
emﬁmd conplex in eharsster, with all processes, which may
lead to the supply of fresh electrons from the catheds, peasidly
contributing « no single process aan be said, in genersl, %o
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to dominate, relstive efficiencies being governed by such
fastors as cathode surfacs and geometry,

By putting the denemimator of equation (3) squal to sere,
a wathematicsl atatenent éf the breakdown criterion may be
sade, visie

| 1.y .[m‘(aa)uif‘] 2 0 oes o .(b)

The adove equation may be regarded as representing a
condition whereby eleotion produstion processes replace the
$nitiatory electrons, giving rise to a selfesustsined gurrent,
fhus, when in practice the dreskiown eriterion is realised,

I, tay be reduced to sero, and 1 should remain finite with the
breakdown potential indopendent 6f current, The above has besn
edequately verified under strioct experimental conditions,

This summary of d.¢. breskdewn acts as an essential
preliminary to the study ¢f breakdown under slternating elestrie

&m‘w transfer Detwomn f£i0ld and gas is still efficlient
under 8,0, copditions provided the electron- gas moleculs
qom;s»‘n'ﬁ'eqmw is sudstantially greater than the angular
£1e1d mquonny. The collision frequency has been found by
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experimont %o depend upon elestren energy as well as gas
preassurs, We may write

¥, & p

o 5,109 m,"‘ u.ﬁt:’ (nypraxiutdy, for s
nusber of gases)
’ . .

9 )
_.“ -i - Mu L j&
: 2we £

v
In practice a ratis -3 > 100 is necessary to ensure the

condition V > > @ ,  Heee j%g > 10°

380 p > £, 1077

Hence for frequencies the ¢rder of e few megacycles, gas
presaures not less thap & few am, Mg, must be used to enswre
officient energy trensfers At these relatively 'high' presswres
the breskdewn mechanisms over a wide range of frequensy are rew
quite well established,

Yor convenlence in the deseription ef starting mechanisas,
a hypothetical test gap will be considered, enclosing a pure
§8 at @ suitable pressure and subjected to a voltage soures
of varisble frequency., It may be seed from Figure 1 that fer
im frequencies the R M.%. starting field l‘ rises slowly but
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stesdily frem the corresponding d.c. value , until a oritical
fregumacy is resshed, at whish ZR shows a small drop; quite
distinet sud fairly sudden, At frequencies deyond this value
s further deoresss, mere prencunced than the firss, eccurs &t
& sscond oritical poimt, 8t4ll higher up the frequemsy seals
a further transition oasurs characterised by & sudden and
wnﬁ;nﬁoua rise in cnset field stragth,
| Discussion of this phenemencn (the cellisien<frequeney

transition) is referred te the following seotisn, s the
conditien v, >y @ RO lsnger applies,

Kot only are the starting field strengths similar at
low fraquencies and d.e., ke discharge mechanisn is alse
easentially the same, Hers the iransit times of the elsstrens,
and even pesitive iens asreas the gap, are short cempared
with the half peried of the applied field,

Pigure 1 shows that a8 the firat eritical frequesey !'c.‘
£s approsehed the amplitude ef eszecillatien of the pesitive lens
is progressively decresssd until they are just unabls ¢ ressh
an eleotrode face during a halfeeycls of the £ild, The censequent
sxistenes of positive leas within the gap has been shma’ te
lead to ‘enhanced’ valuss of the primary oesfficiet @ ,
Clearly a relatively smaller !‘m& is sufficient to imitiate

the discharge.



Comparison batween the results of differsnt werkers,
in this range, is not easy, dut all adopt explanatiens im
terms of the effect of positive space charge,

Until fairly recently, the experimsntal data available
indicated constamcy of sparkinmg potential at frequencies
interzediste between low fraguenciss and to" A publication
- by Fuohs 1 nowever, suggests the gradusl rise mentiened
saclier. An explanation {» given in terms of the dekevieur
of positive lons. The rx-oqun@j !'.01' $s not unique, dut depends
upson the nature of the ges and the cleetrode separation; ia
nw expsriments it is observed in the region of a few hundred
Ke/s.

The second oritiesl frequency fo, is sssociated with the
nonereseval of elestrens from the testegsp, Under these
dﬂmtméu the previeusly dominmnt agency of electren
loss-gobility capture by the eleotrodes ~ is no longer
operative, Hence breakdewn, which may be regarded as dus to
the failure of equilibrium betwsen rates ef elsotren generation
end loas, oan thersfore de sxpected to start with a relatively
less ensrgetic fleld,

Several workers,2*29%7 ave confirmed by experimext
this lowering of the thresheld field value,
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The erigin of breakdewn theory at frequenciss excesding
the second trensition is rooted in the work of S.C. Brewn et al,
at the ¥,I.T. Experimsatal results on gases confined withia
a Pesonant cavity and subjected to micrewave escilistions,led

%o the proposﬁhﬁze

that breakdswn in a mon-attaching ges
~eauld (aubdoo§ to certain limiting conditiens) be explainmed
iilply in terms of sleetrer predustion dy collisien ienisatien,
and their 1os§ tj_‘mn‘tho system by diffusive precesses,

The total flow of particles mu a region of high

concentration mey be written as
Jd u = B‘ L A N

“Ana\mtns that e sxtermal irradiating source is previdiag
a auil rate of ionisatien 5 in the gap, the continuily

sguation may be written as
. 2
™ th + B » ﬁ. V' et sse  soe (s)

Equation 5 may be medified te fncluds depepulation by elestrea
attachment to neutral atoms, (lesding to recombinatien in the
volume of the gas) ly rewriting the eqatien in the form
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. 2
% @ (vi-v‘)n«vSiD.va

s V + S « D. vzﬂ YT Y (XY ) (6)

-
v, 4s the rate of attachment and hensce
v, s the net rate of elestren generation,

Assuming that the appreach of bresakdown is £0 slew
that % may de negleoted, the squatien for a non-attaching

gas begomess

B‘vzn + VB = -8 ese  soe  see (7)

The solutien of equation 7 bxpresses the eleptrea demsity
A at some arbitary distanos x from the median plane betwesn
porallel plates of separation 4, vis:

a = iﬂi_ﬁ__ Tese  see  see (8)

Do‘%’ 2 - vt

Braskdown may be defined as the condition that the elestrea
dwmsity goss to infinity, i.e, it ccours whea

. "1 = D. (*)2 Y ree YY) (9)
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An alternative way of stating the equilibrium conditien is
that an oieémn created ia the gap =ust make one lenising
eollision in its mesn lifetims, tp, as limited by diffusien
i.0, ”:. = %“' = a v see oo (10)
» .
t, is related to diffusien lemgth and diffusicn eeefficient
by equation (11), viss

a2
tn = '5"' one oo eee 11 (11)
: [ ]

A is & convenlent quantity, the '4iftusion' length (intreduced
by Mobonald & Brown)'> whieh describes the geometry of the
discharge cheader,

i‘hu solution of As for & gylinder of length 4 and
radius R, 43 | |

2 . 2. . o
i—i - (%) * (@) | ese oes (12)
The fi:rat term on the RH.8, of the equation desorides
aiffusion to the electredes of & parallel plate system, the
second term relates radial diffusion away from the eleetris

field, o
Prom equations 10, 11, aud 12
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v‘ = ;g - D. [(1)2 .4' (2#)2] eoe  oen (13)

Conparing equstions 9 snd 13 4t is seee that the thresheld
‘expressions for v, are jdentiesl f'_or large values of R 1,8,
4he simple eguation is & special cese of the mere genexral
expression in which sideways diffusion is taken into scsomnt,

Herlin & Am“‘a teated the diffusion theory st misrewave

frequanciss in the preasure range 1 « 1,000 wm, Hge Geed
agreenext was found betwesn sxperimeatel and theoreticsl
_nluu of t within the limiting condition ef theory,

Prowse & Clark?) sxtended the applicability of the thesry
ints the redic=frequensy regien, They have shown gusntitatively
that, if diffusion is the dominsnt remeval mechsnise, the
outve relating EA to pA will be ‘uuquo for any ens gas,
1ehob Breskdemn under conditions where V¥, is the same arder

Changes in 4ischarge behaviour are to be expesied when

the collision « and field+frequencies are the same order of
megnitude, In this regiem the change takes place between many
¢0llisions per oscillation ( ¥, >> ) and seny escillaticus

por collision (@ »> ¥ )e Using the data intrelused in Sestien
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14303, it 13 seen that since
-

then for V.aw

3 .

Hence for a tm-ms maintained st e pressure of a fow mm,.lg,
frequencies of the arder of 107 o/s. are required te stuly
the tranaition region.

The rapid advanses in mfsrowave techuiques duriag 1939-1%5,
and particularly the develepment of highepowsr oavity
nagnetrens, sxtended the availabls frequescy coverage inte the
desired band; in 1948 8.C, Brown and his celleaguss published
their first pw& on C.¥, dreskdewn at 10,000 Ma/s. As
Ml”@ in Seotion 1.443, plots of breakdowa £ield againat
&8s pressure established diffusion as the controlling methed
of elegtrun loss, But whereas, at the higher pressures used,
E decreased regularly with deoreasing p (conforming te simple
diffusien theory), the fall was not maintained and belew a

sartein presaure 5 was observed to rise again quite repidly,

e Le
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Caloulatiens showed that such minfma coincide with the eemditisn
'v, = @, confirming predictiens that the efficiency ef energy
treatafor from the field falls off when the electroas ssase
to make many collisions &uriag s ¢soillagien of the field,
to4e5 Breakdown under @nditiens where Ve “. “ ,

Se far, discharge behavicur has only besn reperted usder

circungtanses where the gas preasure has exseeded a fow mm. Kgo

In fsct, experimentsl dats, eovering an extendsd renge in the
~ low pressure region, sre scares.

G411 and Von Ragel®, hewever, have made importmnt studies
in evacunted glass ucinmt.‘ using extermal perallel-plete
electrodes and a variable frequency supply. Breskdemn wader
these conditions is attributed te a type of electron resensnos,
drought about by secondary emission from the glaas walls of the
tube, |

At the low pressures iuvelved (~ 10™> ma,Hg,) electren
sotion under the inflesnse ef the external fisld is net impeded
t6 any significant extent by solligions with gas moleeules,

The builde-up of population requires that elsotrons leave ens
wall with faveurable velesity 4in a suitadle phase with the field,
traverse the gap in & halfegycle and strike the oppesite wall
with sufficient energy te cause the near-instentanesus release

u”u'



of further electrons by secondary emission, (These secendary
particles may in turn bs reiirned to the eriginal face therely
causing the ralease of further olectrons), Hemce, previded
that the effestive secondsry emission cosfficiett & exeseds
unity, & regular build-up will take place eulminating inm
breakdown. Fer the glass vessol involved, impact velssities of
4O e,v. are neseasary to give unit emissien cosffiodest ¢ .

The experimmtally observed values of break-down field
wers plotted as & funstien of wavelangth. Mer a tude eof
give size the breskdown rield was ebserved initially te
dscrease with imeressing A ., Further inoresse in A was
found to cause an sbrupt sut-slf, following a regisa of fairly
eonstant rield, . .

Gill and Von Eugel have baged their guantitative swudly upem
squations derived from the motisn of elettrons in vaovo,
neeely:

V’. & V'o' + 2e '2003 ﬁ *os  wes sve (1‘)

aw

+ % X ahﬁ ess (15)

g9

wd b= (Ve ° B cesf)

where Vi. is the impast velscity,and ¥, the initial velesity
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of an slectren moving with favourable phase f in the fiald.
A constent relationship between vy and Vo wes assused, end
by assigning s suitable value ¢o their ratie (obtsimed 14
trdal and erier); a theeretical curve was ebtained md fousd
%0 confors olesely té the experimeatal plet. |
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" In discussing s.c, breskdewn in gases (Chapter 1),

theories concerning the starting ef a discharge wers

| catogorised in terms of the efficiency of energy transfer
between the aéumo of slectricsl pewer and the charged
particles present in the gas.

On the other hand, breakdewn under prescribed
experimental conditiens may sometimes be conveniently
studied by investigatimg the applicability of the diffusiea
theory to the results ebtained, experience showing that im
this way any depsrtuss from the theery are more readily made

‘explainsble. Thus, Prewse sad Clark’’ iavestigsted the
onset of electrical discharges in a variety of gases, both
oenstomio and distemic, attaohing and non-sttaching, with
a view to establishing the mechanism of breskdown, Only
relatively high pressures wers smployed, (beyend a few mm,
Hge)e

Previous to these atudies, considerable doubt existed
a2 to the nature of such discharges under such conditions
that electrons both osoillated between the electrede faves
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during a half-gyc® 0f the field, and made many collisiens
~ per oscillation ,»U)o Data from the work of Pil"n i
_ and Prowse snd’lane>, for exsmple, indicste that the
etarting _t'iel;l' t‘or: 8 ges at a given pressure is independent
of tho‘,olaotrodo vaopa‘ration; the view iva; taken, therefore,
that breskdown stress is a constant quaix‘sity. characteristic
of the pressure md naturo of the ¢aa in quution. These
ruultn ure, howover. net m aocord with other mea.surouutl,
notebly by Githem‘?‘ and 1 "hompaop? In these cases the
results’ were consistent with o diffusion-controlled build~

up of olectrcn population. :
Ry quantitatiw malyais.ﬁ PIIZIBB anéi Clark were able to
- demonstrate that in a gas at eonatant pressurs, breskdowa
over & !ide ranso. of _eleatrade geomotries can be brought
'about by th'e ap;;ﬁc‘:atiin of a hikh frequoi\oy field whose
magnitude s sufficient to proietc a rate of collisiea
jonisation just in excess of the losses from the ayatem by

dirfuaion, A
The conclusions resched rogarding the inconsisteneies

nhrrod to, were that they eould be attributed to the use

of undesirable electrede shapes, and, possibly, impure gases,
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2,2 Results of Prowse aad Clark at 9.5 Mo/s,

Typical experimental runs at fixed pressures in hydregea,
nitrogen and air are nlustraﬁd in Figure 2, with peak
breakdown stresa plotted sgainst electrode separation., It is
uon'that sach curve is characterised by two distinet regiens.
For short gaps ‘p decreases rapidly with moruﬁn; d.
Howévor. beyond a certain velue of d (dsterminsd by the gas
prossure) further incresse in elsotrode sepsration is
asgociated with a small but steady lowering of field strangth.

Diffusion theory was found to apply im the less steep
paitn of the ourves. Ia thess regiona elsctrons ossillate
" 4o and fro within the test gap, their lifetims limited by
the time teken fo diffuse either to the electrodes or radially
out of the intense field regiom, Further, the eleotrens
oscillate in phase with the fleld aincoﬁ g even st the
lowest pressures used,

- The 1nit>1ation pro#in on the steep parts of the curve
is not dominated Ly diffusion losses, Bearing in mind that
electron 6sciuution saplitude is determinesd by gas pressure,
field=frequency end field strength - and not by' gap width -

a steady reduction in 4 from s high value (with Bp changing
" only slowly) must result in a critiocal separation 4, below

umq



which the electrons are sble to span the electrodes, during

a half=period of the field, by mobility motionm i.e. the
transition velues of d correspond to the second traasitien

region referred to in Seetion 1,4.3. The increases in field

strength required to start the dischsrge for values of 4< 1

are evidence of the nssessity for increased field-intensified

ionization to counterbalance the inoressed rate of loss due

%o capture by the eleotredes,

‘ It is thus seen that the magnitude of the breskdewn

" £4e1d under diffusion eontrolled conditions im 'high-pressure’

gases at ahort=-wave frequencies is charaterised by:

(a) @& sharp rise, whenever limiting conditiens sre such
that elsotrons reach the electrodes by cacillatory
arift,

(b) a slow but steady decreass, for increased elestrods
separstion at fixed gas presaures.

(c) & decrease, whensver pressurs is reduced at oonstant

electrode separation,

2,3, Measursments st sopeyhat lower pressures
Having established the sbility of a diffusive mechanism

to opsrate at radio-frequencies as well as in the micro~
wave region, further messurements were made by Chrka st
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1

~ somewhat lower pressurss, to enable calculstions to be nade

of lonising efficiencies over sn extended range of 2/p.
Typical plots are shown in Figure 3.

. Calculstions show that for the two smallest sepsrations,
5,08 and 7,62 mm, electrons were sble to reach the electrodes
by molility drift for all pressures used, For gep widths
0,16+ 15,2, am, the transition to diffusien controlled

" breskdown is clearly indisated, at pressures renging fres

2+6 mm, H.g. (the ‘eritical pressures’ p, correspond to

the oritical gaps 3, im Figure 2). But, at the largesy
sipamtiom. 20+ 32 mm,, the onset fisld shows a contimveus
decrease down to the lowsast pressures used, This run in
particular was considered to be of great interest., Values

of breskdown fisld recorded wers lower than any hitherte
publiahoa under :m_u'erl fie1d conditions and were significantly
smaller than those cbtaimed at micro-wave frequencies. However,
no firm interpretations could be made regarding the significause
of the measurementa, for twe reasons., Firstly, the pressure~
weasuring device used fer ;tho J;\Bvest preasures was s sisple
differsntisl gauge, linear scale, which did not permit recexdings
below about 0.3 smm. Bge Xurther, the acourscy of the imstrumest
below 5 um.Hgs was questionable, Secondly, the veltage-
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meusuring systexm, based upon square-lam detection, though quite
suiteble for messuring voltages in excess of 200 volts, was
inherently insensitive for values below this figure,
Thus, oh].v tentative suggestions mey bs made regarding
an explanation of why the starting field can be driven lewer
down st radic=-frequencies compared with microewave values.
Asilysis by HoDonald and Brews'> shows (Sectien 1.4)
that the collision~frequemcy transition using micro-wave
sources occurs at pressure values about two orders higher
than at shortewave radie«frequencies, [Breakdown at jressurss
below the transition value is characterised by a rise ia
6met £ield values, Hence, given & gystem at radio~frequenciss,
in which the electrede ogpmtton is large enough to emable
electrons to o;oiuntc within the gup, diffusion contrel of

" eleotron loss, with inherent ease of starting a discharge,

. -ahould be expected to operate at lower pressures than is
possible under microwave ecorditions.

Such an explanatiem cculd net be tested from Clark's
measuresents for the reasons descrided, Also, it was far from
certsin thet the rates of electron multiplication and less
continued to be dominated by collision ienization end diffusios,
respectively, under the conditions of fairly low pressure and

*
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wide eloctrode aspacing; the possibility of other mechenism
_becoming active could not be ignored.

In view of the uncertainties with regand to the physiesl
mocesses ﬁvelnd it was _dni.dod to make s aystematio
imutiutiqn. of ths breakdewn of relstively large gaps ia
the rqdie-_tmquqxcy region, using pure gases at puuuéu less

then 1 mm,H.g., With sensitive and accurate equipmeat te

" measure the parameters isvelved. Also, it was considered

that measurements invelving extremely lew valuss of breakdewn

stress under uniform field comditions would de of seme teshnical

interest. One mﬁph of this was the failure of radie sigaals

from high-altitude rockets whish led PasKa’> to study lew

| preasure breskiowa im air at 77 Mo/s. Interesting results

wers obtained, includimg lewmmerical values of starting field,

However, to stimulate the transmitting amtenna of & recket,

concentrioc oylinder gesmetry was used, giving radial men-

uniforaity of electric field and undesirable elge effestis. Alse,

from the physicist's point of view, air is not the simplest

gas from which to make deductions regarding fumdamental precesses,
The apparatus deserided in Chapter 3 was aesuud.aaa

comtfuetca to mest the requirements previcusly discussed.
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3 | APPARATUS
3.1 Basie Requirements

The essential regquirememts of the apparstus were s
. followss |
(1) a glun discharge chember surrcunding (but
suffioiently remote from) & pair of uniform field
elsctrodes, and conteining the gus under test,
(ii) A high frequency voltage source of given frequenay
and varinblo.. but known amplitude, having sufficient
strength to break down the gas,
(44i)a muun systes capabls of pumping down the test
lino to low pressures, maintaining a given pressure
under stdic conditions and provided with pressure
weasuring equipment,
(iv) A supply of -ﬁoetnl.ly pure 3::», with facility
for pipetting test samples into the main vacuum linme
and thence into the discharge chexber,
(v) a atéady supply of initiatory electrons, to reduce
statisticsl time~lags,
Tho verisble quentities involved included:

GCas Pressure,

."5'-
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Electrede Separatioa,
Field frequevey,
Pisld Strength.

Care was teken in design o allow the adequate varistiom
~* of these quantities and te messure them with aocursay,
| A schemstic diuru of the iyptratus is shown in
Pigure b |
3.2 The Disgharge Chapber
34241 Comstructional Deteils
Design dofdls of the chamber and its accessories sre
: _é&nn in t.‘.suﬂ S5« The vessel was made to apecification at
the Wear Glass iork.. fren 17.8 cm. (I.D,) Pyrex pipelime
17.8 em. in length with wall thickness ke7 mm, The open ends
of the ohamber were made parallel and accurately groumd,

Two short arms with B.,19 acnes iprc set at right-angles

in the sentre of the chamber, By making comnsction from

| both these points te the pumping and gas~injection systems,
continuous oirculation of gas was ensured in dynamic werking.
One of these arms slso acted s» th.. path for the ultra=viclet
irradiating beam. In addition, twe 10 cm. dlaxeter windews
provided easy access to the interier of the chamber for the
purposes of assembling and sligning the electrodes. During
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the pumping process these windows wers sealed with 4.7 mm.
thick pouna 51&:3 cover plates, lightly smeared with Apeisen
'N' high vacuum mt.
The ends of the ohamber were closed by mild steel plates,

&ceurato].y turned and greund, lctsl-to-ghu seak were mads
~ with Araldite 103 Zpexy Resi, to give vacuus~tight uniens,
| Theae remained leak-free fer the whole psried during which
ﬁ_npmmta were taken, | |

| To permit variatien of elsetrode separation witheut
disturding vacuum conditioms, 1.27 cm. dimmter drass tubes were
sot into the backs of the ohomdoa and passed out of the
& ohubor thmugh brass bushes sealsd to the md-platn. inte
 specially constructed vasuum bellews,

_ The be_llowp. construsted to app_oitiutien by Negratti
and Zambra Ltd,, Q;oh consisted of Q stack of 10 ecapsules
made from reinforced heat=hardened berylliumecopper. Colhrs
fitted to the exds of the stacks ensdled the elestreds rods
v‘to be securely comnected to the bellcws. Each pair of bellews,
- of dimtir Tos m.; hed & maximum working deflection ef 3.5 cm,
gim rise to o maximus electreds separation of 7 cam,
3.2.2 Vapiation sad Nespwrewet o

m unfmco between electrodes was varied by screwing
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the two pairs of large bevellsd auts (N, N, and K.* K,') en
the eleotreds shafts qﬁ@t fixed nild stesl discs (21 md Dz)
csusing the bellows ¢ be expanded or contrected and hemse the
aleotrede spacing to be varied,

Figures Ga end €b show the ﬂcMw sorew gsuges wsed
$0 monitor eleotrode separation. These gm;ci were fixed by
horisontal arms to rigid vertical pillars (P, and Pz) and esuld
be swung aiw by rcloum the serewsd collars on P and Py.
The microxeters were refarred to stesl balls sealed inte
90° countersinkings at the ends of the electrods shafts, 2ere
separation wan dstermined electrically using a d.c. veltage |
source, current limiting resistor and a millicameter,

It was aporeciated that any sttempt to isclate the

| interiors of the bpllun from the main chember would feil due
to leakage down the outsr walls of the electrode shafts, Te
avoid this difficulty, a seriss 0.8 mm, holes was &rilled
through the brass bushes into the interiors of the bellews,
giving pressure egualisation.

(Q) Emaremcs of ggm; pro M

The usefulness of mach brnkden data has been lessensd
by the ohoice of dndesirsble ohomdo shapes, partisularly
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plane-parallel discs, Wnilst the exiatence of inherext

field intensification at the eloctrode edges has deen realised,
soveral workers have censliuded that since such discharges are
comonly observed withia the unifers central region, they were
initiated there, iore recently, evidence strongly wuntu""
that the locality in whioh a discharge is initiated cammet
h readily deduced fyem the position of a sustained discharge.:

The ideal unifeorm field elestrods system would oonsist
of a pair of infinite parallel plates. In 1926 nepnki”
demonstrated mathematically that electrodes of fimite siss may
be suitably shaped to fulfil the éonditien that elestrie field
strength is nowhere greater then in the central umiform fisld
region, Such electredes have frcquoﬁt]y been used 3
slectrolytic tank tests eonfira a gradual decrease im field
intensity away from the eentre,

From a purely empirieal approach Stophuuon% has derived
electrode profiks which falfil the ssme conditions es Regewski
profiles but which have the advaatage that they are simpler %o
construct geometrically, In addition, the Stephensom prefile
offers, per unit areas of the electrode, s greater constamt field
region than the Rogowski envelepe. In essence, the Stephensea

profile has a pim central region, leading to a aeetiem which
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follews a 3ine curve and sulninates in sn arc of a eirels,
The shape and dimensicns of the adopted Stephensem
~ @efile are shown im Figure 7,
(b) Chotcs of Kieotrede Natevia) i Profiling
' . At the time of comstyuetien of the apparatus it was nvt
believed that the physical preperties of the elestreds surfaces
inula have axy impertant effest upon the initiatiom of
discharges ~ in most caves of high-frequency bngkm the
electrodes serve ealy te stress the gas and limit the exteat
of the discharge.
Brass was, thersfers, sslested, largely becsuse of the
eass with which it could be turned and greund,

' This choice was later s sourse of treuble because secendary
enipsion from the eleotrede fases became an importmmt part of |
the breakdown mechanism &% 20 Ne/s and no® dats are svailable

for amnduy_uhsion from brasses,

A tinplate former of half an alsctrede profile was
constructed. Cylinders of bdrass were turmed in the lathe umtil

their profiles roughly cerresponded to the former,
An accurate curve represemting the desired prefile
envelope (magnified ten times) was drawn on a screem. Optiesd
means were used whereby & parmyel beea of light from a small
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iat;hia source (Med through & good quality condenser lens)
prejected «a image of the reugh profile on to the seresa (via
another lena). Very careful alumlnt was made of the seures,
lenses, oleetroan and sereen,
N m olcctredo in ths lttho was carefully filed umtil the
.mawkod image correspoendsd mere clesely to the ascurately
drawn pz;afih on the scresn. l?ingl agourasy ,(i.initod by the
di!’fr;etieh edge of the light beam) was obtained by a secies
of grinding metericls, Pirstly, emery paper of varying
ér;t‘ica, followed in turm by cptical grinding paste and fimally
metal polish until the projeeted pofile corresponded to the
aaster profile. Ths elestrodes ware cleaned using carbem
tetrachleride, acetens, and finally distilled water, before
being carefully dried.
34204 Attachment of Hseiredss
A 'iufml' dise was sunk MO & recess at the dack of the
-#pp‘or electrode (Figure 6a) apd fixed with nylon serews. The
~diso was internally tapped to accommodate the electreds shaft,
Pigure also 4ahén that the disc and the back ef the elestreds
ware drilled end tapped for the 16 8.7.G. copper wire used to
‘feed the high frequescy supply to the electrods. |
Care was taken to emsure thet the fesd wire was soaxial
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_with the electrode shaft, though as an sdded precaution against
s possible short circuit, s hollew P,V.C, tube was inserted
batwesn the wire and the imner wall of the shaft, The resaining
 space Aeontaintfd. air at atmespheric pressure, A vacuum seal of
opoxy Tesin was used (around the tufnsl dise) te preveat
leakage of air into the discharge chamber, The possibility ef
eleotrical breskdown betwesn wire and shaft was most unlikely,

ﬁr soometries similar to these expluyed, a wltage of betwesn
20=-30KV i3 required to imitiate & discharge at stmospherie
pressure, many times in exaess of the maximum value used.
Breakdown between ceaxial «ylinders under A.C. conditiems

has been stadied by Uhlmaan'é:

Tho attachment of the lewer electreds is skown in Figure

Gb.‘ A brass ddac was fixed, by Allen acrews, into the drilled
hclé‘ in the back of this doetnd..v A 1/40 ca. rubber dise

was fitted betwesn the bress disc and the elsctrode (with
suitable holes for the passage of the fixing screws) so that
the electrodes could be socurately all;noé horiszentally, whes
the final sssenbly was sade. This was done by using the fixisg
screws as adjusting screws, the rubber disc permitting a saall
amount of angulsr retatien. Klectrical connection between this
‘electrode and the earthed side of the supply wes made by extermal
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eonnsotion to the elastrede shaft,
3,25 Aligment |

The tw end plates were drilled together to ensure that
the electrods shafts and luiu the slectredes themselves would
" be aligned vertioally after finsl sssembly.

8ince the two central 10 om, windows in the chamber were
at right-sngles to cne another, a straightforward epticel
method of ohoek;nc the elestrode alignment was possible, using
s cathstonster mounmted is turm in front ef each windew, Oaly
a fractional edjustment to the alignment was found necessary,

Figure 8 shews the fimal design of the gystem,
The main vacuum lines were construsted from 20 mm,
- Fyrex tubing, emur:ln; rapid throughput when outgassing the
systen. Contimucus cireulation of the gas was ensursd by the
inclusion of san inlet amd sa eutlet arm in the oentre of the
discharge chesber,

_ Persanent greund joimts and metal-to-glass unions frea
" the pumps to the glass vacuum line were sealed with Apiessn
wax, 20 om, bore highwvacuum stopcooks wers used on the main

- vacuum line; otherwise 10 mm, bore stopoecks were incorporated,
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Both types wore fitted with sesled hollow plugs. Any seetien
of the ‘ayitﬂ'oéuld be iselated; all taps wore readily acoessible,
, AInit‘hl prossurs redustion was obiained using aa Edwerd's
“Syoeuvu' rotiry oil pump, and the high vacuum from an aire
¢ooled m-stase "Speedivac” silicone oil eiffusion pump,
ﬁtted with an isolatien daffle. |
 Various methods wers used to rémn occluded gases frem
the walls of the aystems |
(s) by wrapping "Blectrethersal" hesting tapes round the
walle of the aystes,
Using energy regulstors & temperature of 325’0 was
' obtainablé. which is the optimum tempersture fer the
removal of occluded gas from yrex glass,
Tezperatures wers mpasured using thermecouples sad
a calibrated galvanemster.
() by rumning a 'Tesla' ceil aleng the glass walls ef the
_aystem,
(e) th§ electrodes were clesned by applying a glow disoharge
betwoen then at regular intervals,
(4) a liquid air trsp was inserted between the pumps end the
" maim vacuum iinlo. »
(e) & phosphoreus pentexide trap was placed im the vaeuum lime,

4
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situsted on top of the backing pusp.

o It wes found thet an ultisate pressure of less than
107 mm.Hg. was obtainable, No cbservable change im presswre
cceured during breakdows measuremsnt, with the discharge ehamber
Ssolated from the pumping sﬁtu.
© 3.5.2 Gas supplies | .

Samples of spectrescopically pure geses were obtained
from B,0.Co Ltd, in 1 1itre flasks, The flasks were fitted
to the system using B 19 coness The seals were broken
magnetically when roquirqd.

S8mall quantities of gas were introduced into the systes
via the pipetting line shewn in Figure 8,

The whole aysten was regularly flushed with samples of
gas to assist p\n‘iﬁentia. particularly when a change of gas
was in process,

Doubt as to the purity of the neon smaples is discussed
s_n Chepter é. :

34303 Pressure messurengng

During all expsrimental runs en Zdwards Pirani Cauge
was used (G5/2) fitted with two gauge-heads. Gas presswre in
the discharge viucl was monitored by one head sited mesr the
chasber (Figure 8)¢ The second head, fixed sbove the diffusicm
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pump, wes used simply as an indicator and safety check.

Atourate measuremsats were possible in the range 0,0001
mm, Hege to 0.t malig., Nessurements wers also possible between
Out wm, Hg. tnd 1 sm. Hg. but no great accuricy could be
claimed in this region due to scale cramping.

Calibration of the gauge was carried out by the
Ranufacturers for &ry air; oerresponding pressures for other
ghnes were obtained by reference to calibration curves
wrovided. The celibration was checked in the laboratory using

s Mcleod gauge.

Mw.xm_&_s

3o+t Gemeral Deseriptien
Basically the reguireamt of the generator was te yrevide

s atable source of alternating woltsge with low harmenise
content across the test gap, with facility for varying and
uﬁuﬂu the emplitude and frequenay of the supply.
}s.w(duism were considersd, It was finally dnld-ii
to buo the gensrator upen & orystal-contrelled master
osoillator. It wes falt that the dissdvsatage of being
restricted in frequency ceverage (to the fundamental and eme
" or two harsonics) was evershadswed by the sdvautages of sush
s oy:;ntén i.0, puri.ty of _.nvotén, frequensy stability over
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large tiwe intervals and when subjected to varying leads, sad
10:5 ool‘:plicated tuning oircuits,

A schematic diagru of the gensrator is shown ia Figures
9 and 10. 'nu naatnr esoillater stage, based upon s 10 No/s
.q\mz’-tz cmtnl in an evacuated mourt and san EF 80 valve, was
du!smd es a Coelpitts harmonic esoilletor v;ith referenee to
the preferred circuit smntod by the Quarts Crystal Go.hl.
A high=Q tuned m&o 1024 ensured aslective high gein at the
fundaneatal frequengy. In addition, three other pre-set
ooils wiro _availnblo for switching soross 61. By suitably
tunﬁn; C, the parallel airouit could be made to resenate
additionally at the seeend, third and fourth hammenics of the
erystal .6, 20 Ue/s, 30 ¥o/s sad 4O Mo/s.

Ry means of R~C coupling the output was fed to the
buffer-amplifier, Using this stage, fall=off in amplificatiea
" due to the Niller effect was minimised. Seleotive gain at the
fundamental or dssired harmenis was again sifected using
tumed=circult eleneits, as descrided above,

Stage thres, employing an 807 valve, perforamed sssentially
as a driver oirouit to feed the final power stage. Tramsferser
ocoupling was used to transfer the output to the final stage of
the gonerator, Coaxial feed prevented .tho appearasce of unwanted
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' umu.

The power amplifier used two DET 18 high-frequemcy
triodes, werking in linsar push~pull operation., Neutralisation
by way of preset capseitors linking the auode and grid eireuits
preventesd instability amd the risk of parasitio osoillstien,

A high=Q tunc& oircuit lickiag the anodes was used to eombine
“the e.c. osutputs of the valves,
_ Standard de~coupling toehniquu were employsd in all

© stages to guard sgainst eircuit instsbilities, Esch stage

was suitably shislded amd aer«ged heater leads were used to
all valves. Ancde eurrents wers menitored for ease of gensrater
tuning.
The esrly stages wers supplied by a 300 v, stadbilised
power supply unit. A similsr source provided negative biass
 te the grids of the power valves, E.H,T, for this stage was
drawn from & 1200 v, power supply umit, eaploying metal
rectifiors snd w <type smoothing filter. Anode voltage was
varied by adjustment of the mains input to thoA E.H.T, uais,
using & 'Variac' in the prisery oircuit of the input transfermer,
Oscillations developed across the tunmed circuit of the
power stage wers fed by way of megnetic coupling to the test
cﬁcuit. as desoribed belew, |
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| 3uke2 Osctllstor ouput sipeult

The eircuit by which k.f. voltage of varisble strength
was made availsble to the elestrodes, is shown in Pigure 11,

. LeCe n‘prount'th. output tuped elements of the pewer
saplifier, Coil L. plugged into & low-loss cersais former
attached to the fromt pelel of the generator (ses photegreph).
A u!st..atio obapl.'m; coil 17 was aitusted ceaxially with
respect to Lo and beneath it, Variation of the distance
between Lo end b,,‘ and henoe of their mutual inductance, was
used to alter the voltage applied to the test gap. Tesats
were carrisd out to establish the positien of oritiesl coupling,
This was never excesded,

A mechanical deviee, shown in the disgram, enabled 17
to move in a strictly vertiesl plane, By meams of a flexible
mechanical drive, fractional adjustments could be made %0 the
position of !.7(an importent requiremesnt in changing the test
voltege ia the vicinity ef breskdown), At the same time 2
quick release mechanism sllowed L7 to fallaway rapidly., This
was found useful in extinguishing & maintained discharge scross
the elcotredes,

The dcotmﬁen (capacitanes Cgy formed part of the prallel
oircuit Ly, C,p C,' and Cge Varistion of C. was used te tune
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| the oircuit to resonsace at the desired frequemcy, Plug-in
| inductance coils were available to alter 1.9. Stray cspasitanse
was reduced to a minimum te i:np the circuit Q¢ as high as pessible.

The tuned circuit ef which the elsctrodes formed mrt,
was _eiurs:hc& by magnetioc ocoupling between 19 and Lge low-
capacitanse, fhxible, coaxisl cable lipksd Iy with the mevesble
codl L7; |

A Marconi TP 1041 B valve voltaeter was ussd for wolisge
geasurement (0 *300 v, R.M.S. 1n 6 ranges, with a 10™ veltage
.-aluplm adaptor available), This instrument possesses very
desirable input charscteristies, having an equivalent imput
impedsnce of 2p.P. in parallel with high resistanoe,

Tests showed that s t frequencies of 10 Me/s. and 20 Mo/s.,
the maximum R.M.S. voltage available was abeut 400 v, The
atability of the oscillations was excellsnt, and no evidenss
~ of frequenoy pulling was found. At 30 Mo/s. end 4O Me/s. only
s small voltage could be derived, due partly to redustion in
oircuit, Q, (bigh 1/C ratie eould not be maintained owing to
capacitance of leads, elsctrodes, eto.) smd also to Niller
effect attenustion in the early stages.

. In view of the time fastor, it was deeided to confime
seasursnents to the lower fraquemelies.
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5.5 Irrsdiaticn
3.5.1 Geners] Comonty
The tho-m detwesn the application of a voltage of the
nacessary magnitude and the eonsequent dreskdswn of o gap may
4 be separated into two components. | |
(s) the atatistical time-leg, & ocenssquence of the nesd fer
' an initiatery elsstrom (er electrons) to appear at &
. suitadle point in the gap, amd | |
(v) the formative thn-}s, the interval betwesn the arrival
~ of such an electroa and the inception of the dizeharge,

The formative time-lag is imdepsndent of extermal
@ﬁitiou (other then the strength of the spplied field) sad
with the threshold field applied is ulnllly of the eréer of

0‘5‘ 10'6 aec,

Statistical lags, on the other hand, can vary from small
fractions of a aecond up te severzl minutes, depsuding largely
upoR the intensity of the extermal irradiating seuree,

Irradiation may be effected using ‘casusl' mesns, e.g.
natural radicactivity and cosmic rays. It is usual, hewever,
%0 supply ol»tmm_ at & faster and more stealy rate, to reduce

statistical lags: Examination of ths literature revealsd
that use has been made of the following methods:
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(1) ultreviolet ivradistion of elestrode surfaces,
. (41) irrsdistion weing radicactive meterials,

(444) irradiation by spark and coroms discharges)
(i) drrediatien by Xerays.
3.5+2 Discussion of etailshle metjods

The requiresent of irradiating system is to predues
& steady source of slestroms, without significantly affecting
breakdown conditions. | |

roé d.c., dreakdewn, U~V irradistion of the cathede appears
%o be satisfectory, partisularly in view of the feot that the
secondary (Y) source of elestrons in such & dlischarge is rested
in the ecatheds. In many Sypea of h.f, discharge, hewever,
elsctrons and lons are usable to reach the electrodes by
modility motion. Under sush conditiens, a supply of imitial
electrens within the bedy of the gas is perhaps desiredle o
re&uce lags to & minima,

A dean of U~V acress the middle of the gap may produse
éloetm'ns by p!_xptoionintm. Such a systen, criginsted by
Prowse and Juianki”, has been successfully used by several
workers, JIn Prowse's method, & discharge (giving rise te
U-Y qanta) 45 saintained in pulsed form across a shert gep
situated i & side-arm of the discherge chamber. The merit ef
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this is that absorptieon of the hard U-V quants by quarts windews
etc., is avoldsd, Unfortumately, Clark>® found thas fer
pressures below 1 ma, Ng. the irradiating spark becomes &iffuse
in character ané tends to spread into the msin chambers,

. . Rmdioactive seurces, though widely uasd, have the
disadvantsge that the radistiens sannot be collimated with
sase or ocontrollsd in ixtensity, Purther, streng seurces tesd
to affect the threshold field valus,

Sinos none of the wailable wethods were entirely free
fren cbjections, it was decided to try a slightly differemt
methed, |
3.5,3 Mid-gap irredistion ysing exterpal O-V souro

In the system adopied, a collimated boar of U=V 1light was
passed through & thin quarss window (centrally situated in a
sidearm of the discharge chamber) and directed inte the mid-gap
vegion of the test electredes,

The lsup used was a mains-operated 12% ¥ highepresswrs
mereury erc lasp (philips MBL/V) with quartz envelope, whish
produced em ara 30 um. loag end 2 mm. wide, A metal housing
was used to afford protsetion from the radiations, Ry
mounting the assesbly on a mevesble trolley and by the use ef
collimating cylinders ef varisble lenmgth end bors, control of
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bhsa width end intensity was obtained. A metal cap was wsed
6 bleck the redistiens, whem required.

The method worked surprisingly well, Careful tests
&howbd conclusively thet  substantisl redaction in statistiesl
time~lags was effected without changing the thresield field,
Although the times did tend te increass with redustion in gas
pretauro; the change was not largi m at the lowsst pressures
encountered, (107 = 407 mm, Hg.)e

Sinse this wethod of irradistion may be of interest %o
other workers, & short dissussion of the pessibls sources of
the ulaefrons will now he given,

' 3.5. Irzailetien segbanise

| As atated, rudiaeiou from the merocury arc colume were
. @ollimated by small heles drilled in wetel cylinders, The

hesx entersd the chamber sentrally through a qusrts windew.
Ceometrically, a alightly divergent beam passed threugh the
Anterelectrods apsce sheut the mid-gap positionm,

It ns‘first thought that photionisation through abacrption
of & single U=V quantum by a gas molecule could scceunt for the
supply of initistory electroas, In fact, considereble deudt
exists as to the possibility of such s mechaniss,

A photen 1a kuown to ionize em atom with a maxima
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probedility et & certaim eritical quantum euergy slightly ia
sxcess of the first ionisation enerzy,

e, B 2 aw> ey,
I
PN WX f%‘
Hence for moleculsr hydregen, N < 8058 .
Using the mamufecterer’s transaission chart for quarts
of the thickness and éomitien used in the side-arm windew,
radiations in the U=V regioh below 18008 are stroagly sbsorbed
with a 'out-off' arousd 16008, If it be accepted that
shacrpsien is complete below this value it ia obvious that
photo-ionization is imoperative, 'On the other hand, it oay bde
'yoésiblo that a fow high emergy photons pass through, sufficient
%o provide a level of phetoionizatien dut too small to be
detacted by spectroscopie methods. The fact that time-Igs
increased only slowly with decreasing pressure would indicate
that such events are unlikely. |
i An alternative ta the above is that radiations of 1600:
and ebove snable gas melecules to be ionised in steps, Xxsaples
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of cumalative lonisstion ef this type are resdily found where
melecules possess metsatsble sxoitatien levels, The mechemisa
i3 en unlikely ome, however, simce in none of the gases used
are metastable states to be found (other than necn) and ence
again e dependence betwesm statistical time~lags and pressure
would be nocesssry (the probability of the process <) e¥
low pressures).

If photolenisation be ruled out, the scurce of elestrems
must have been derived from either the electrodes or the glass
walls of the chambay qpesite the quarts window,

Photeelectric exission from a 30lid is possidle fer
quantum energiss excesding the work funstien, 9, of the
surface, Although 2o valus for @ is availadle for Pyrex glass,
& value of about 4.4 e.v. is cemaon for magy insulaters, Simce
the quantum energy of a 1600: radistion is 7.7 e.v., exissien
from the glass walls appears to be & very likely soures ef
eleotrona. |

The final possidility, photoelestric saission from the
slsotrodes, cannot be eliminmated. Twe seurces of quants are
possibile; from the origimal beam snd by re~ralistiea frem the
glass wall, Simce the irradietimg source sucoessfully
provided a regular supply of starting eloétm. no further
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experimental work was sttempted to deduce their true origia
(»). Such a study would be useful $n view of the essential
simplicity of the system,




ke

bt Experimental prossure

~ Most of the experimental 'runs’ involved deterwinfing
ReM 3, breskdown field as & funetion of gas pressure; s
given set of readings bBeing taken 2t constant electreds
separation.

Gas pressurs was varied by initially filling the
ddacharge chember vath'lvdruu st the higheat pressure te
be used (about | mm.Ng.) and sudsequently reducing pressure
An convenient ateps.

With the gas in eguilibrium at a required pressure,
irredistien wes imtroduced and the spplied field alewly
incressed until a disshargs ocsurred. The thresheld voltage
was determined by re-applying the £ield at a slightly smaller
uylitudo than that at which breakdown had first ccourred,
this procsss being repeated until a minimua valus wes
eatedblished, Upwards of twe minutes was allowed between
successive readings to enmure charge neutralisation, Mreakdewn
f4eds lowsr than the true threshold were observed whea
ddscherges were started quickly fellowing s previous discherge.
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Irradiation was remsved during such perlods,

Before each run the systea was cleened, as desoribed ia
Chepter 3. In this wyy, breakdswn valuss at given elesctreds
specing and pressure were found to be in close agreement whea
runs were repeated, Prior to adopting this strict precedure,
a spread of experimental results had been noted.

Iwo families of apmtul' curves rolutins RES breakdown
£i61d4 for different pressures at 10 Mo/s and 20 Mo/s, and
for different elsctrode spacings, are shown in Figure 12,

At 20 Mo/s breakdewn st constant gep width is
ohaiaeterised by a slow fall in field strength with reduetioa
in pressure, to an almost eonstant velue which persists
dows to the lowest pressure imvestigated, 10™% m.lg. Fith
fixed gas pressure, dscrease in electrode separation is seen
to r‘equiro an incrsase in starting fiold.

Uaing 10 Mo/s oscillations, abrupt changes in breakdewn
behaviour cocurs The eénset field atrength at constant elegtrode
separation initially shows a gesdual decrease as gas pressure
is reduced from the highest value used (somewhat less tham
1 mnHg, ). This decresse is not maintsined, however, With
further reduction in pressure, thf'atu'ting field falls te
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& broadly-defined minimum value, At pressures belew the
ninisum, fisld-atrength was found to incresse sharply,
culaimating in sn sbrupt 'euteoff', Insuffieient voltage
was available to restart & discharge at atill lower pressures,
In the work reported by Prowse & Gltrk29, breakdown in & wide
pressure range down to & few miHg., has been shown to ceaform
with the requirements of the diffysion theory. Departures
frop the limits >f applicadility of the theory = discussed

in Bection S.4.1 = are to b§ sxpeoted with u&etie: in gas
pﬁaam. Such changes im breakdown behaviour ave

dependent upon elestrede geometry.

The observed cut«offs in the 10 Ms/s curves osour at
pressures dstermined by elaotrede geometry aud an explamatica
 of these effects in terms of departures from diffuam -
cantrolled breakdown is at omse suggested by qualitative
exsaination of the results,

Although little information regarding the mechanisms
of breskcdown can be dedused by inspection, it is clear that
ého Anitiation of s disohsrge acoording to diffusion theory
requirenents is not possible at the lower pressures. BZimple
caloulations show that over much of the pressure range the
slestron mean free path is in excess of the electreds
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aopﬁration. The probability cflan electron making an
ionicing event in its mean lifetime must therefore become
péogrcasivaxy Rore remote, as the pressurs is reducsed,

~ In Chapters 5 and & explanations are put forward of
breckdewn at 20 No/s amd 10 Mo/s respesctively,

Before offering quantitative interpretations, hewever,
it is neocessary to preseat certais basic equations of elestren
sotion in high fﬁ-qponqy fiolas. and alse to dsduce, or
state, relevant information regarding atomic data suwch as
mean fres paths, collision frequencies eto., under
experimental conditions.
ke Elsotron mesp free path

r Caloulstion of elestron mssa free path ‘ﬁb as & funstien
of gas pressure is complisated by the Rensaeur effest, i.e.
the variation in collisien probability with elactrom energy.

The term "probability of colliaion”, P;. intreduced
by Brods'®, is definsd as the mumber of collisions made by
an eleotron in travelling 1 om, through a gas &t & pressure
of 1 nm,Hg, and at 0°C,

~ Henoe )¥ and gas presswrs p are related by the

expression

_7\' | "%“ ere soe ess XY (16)
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TABLE |

GAS_PRESSURES  COINCIDENT WITH THE ELECTRON MEAN

FREE . PATH EQUALLING THE ELECTRODE SEPARATION.

d (em) P(mm. HS')

4- 0-005|
3 0-0068
2 0-0102

| 0 0204




Changes in magnitude of P with elestron energy variatisns
nave been studied expsrinetally by Brode'S, The publishel
curve for molesular hydroges shows a complex and largely
| n-rcgulnr variation between oomoiog probability and elestrea
‘velooity, However, for energies below 4 e.v., P, decreases
enly slowly with reduced velosity and has sn approximate
value of 49 on.-" u.Hg,".
Using the spproxisation

7\‘ - & :on.' see YY) Y3 (i?)

0f special interest in the kydrogen results are the pressures
at which electron mesn free paths coinoide with the separatisn
of the slectrodes. Applying equation 17 these events are
plotted graphically ia nom@ and is Jisted in Teble 1.

It is seen that withim the range of experimental
observaticn, for sach ¢f the separations used, breskéews
£4el4 nessuresents wers recerded st pressures both delew md
sbove the values at which elestron mesn free path equals the
gop width, .

These transitions are signifiosnt u the develepment of
en sccount of the mechanisms of Lreakdown; even at this stage
it is apparent that fenisstion by oleotron collisiem with gas
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moleoules is ;unu.blo ika0lf teo promete Yreakdowa of the geas
over the full pressure rangs used.
L

It has besn shown in Ssetion 1.4.2 that for elestrons
escillating under the influence of an a.c. field the prineipal
factor governing the efficiensy of snsrgy transfer Retwesn
£4414 snd gas is the Tatle of fie1d frequensy te collisien
tﬂtqumcy,w /%
olestrio field, equation (2), 4s sn expression of the sbeve

. Nargensau's comcept of the 'effestive’

atatement, _

It follows that im cases whers elsctroa metion is met
disturded other than by the applied field, changes ia
breskdown behaviour ave to be expeoted in the region surrcundiag
that corresponding to & and 'vé being the same order of
negnitude, |

Bxact caloulatiems of collision frequencies are me%
~ pessidle since Y in & sisilar way to m.f.p., is a fumetion
of eleotron snergy. As indirect iothod‘ of ealeulstion has

been found. This relates oollisiecn frequency and gas jpressure
ever a fairly broad range of elestron enerygy, and. is givem
‘belew, _

Fron the definitien of collision freguemcy it relates
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%o mean free path and mean (random) slectron velscity & by
the equationss
vﬁ - ﬁ" YY) ave e Y (18)
]

Substituting for M im equation (16)

v‘ " op ’.
. v , .
s © ’0 - ',4 ses  ses  ses (1’)

Rrode's experiment relates collisicn srobability esd
eleotron energy for hydrogen gas, the curve being shewa
in Pigure 13.

From the figure in reglen A~R

P, (5)* = sonstant = 10°

i = mean eleotron ensrgy, expressed in e.v.
© In o.g.8e units

1a(3)? 107 -« o3
. i - y _R & -
@ () P

o U o




- a \ ¥ . _
o..c P.(n) Ij (;;fo") P.' s 102 ess YY) (20)

Eaigs frem (-19)
(52:3;7) :-; = - 10°
e ()t

| ‘v'! = 59 1% sl e e (21)
(In oloss sgrecmsat with the value derived by Browa &
¥asDomala'®),

© The eolldsion frequenay may be considered comstaxt
(at fixed gas pressurs) fer electrons in the ensrgy ramge
Oﬂz'rupm to A=B, 1,0, b * 50 @.v,, equivalent to &
 voleotty range 1.2.10% = 5.10% em/a0e.
| Tt sust be adnitted that the energy ranges used i the
saloulations of uu.m. path and eollision frequemey &¢
© pot ooinoide; unfertunstely mere complets experimentel data
is hekmp |

‘The gas pressurs oorrnpondm to eemmim under whieh
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$he average elsctron mskes one cellision per escillation is
obtained by equating Vv, im equaticn (21) to the field
frequency |

A'i'n'- W 5.9 109 Po.f.

7
«*e Po0, * ﬁ & 0,021 mu.Hge st 20 Ne/s.

Py, r, OV be called the pressure corresponding te the
sollision~froquency transitien,

Assuming for the momemt that elsetron motion is met
haspersd by cellisions with the slsctrods faces, i.e. s
deterained duly by the field modulsting thermal movement,
it &s poasible to caloulste the effective R.N.S, field whieh
delivers the same energy to the gas as & unidirectiemsl field
under go:rupoadm «mmm The relevant equatien,

already introduced in Beetion 1.4.2 i8
2 ]

2.2 = . vBR vug . 'YT) ok s [ XX ) (2)
. ‘ o *
2 2
1.0, ( %) b (1 * ::2)
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.:3. (1,,&.-25-—‘-‘2:&)% cee eee T (22).
(] P

using the appropﬁato values for ¥, andw ,
A double-log plot of E/E. ve8. p 18 given in Pigurs 14,
covering the low pressure end of the experinental renge studied.
Calculations, using eqixation 22, show that for pressures
in excess of about 0.1 um.Hg., B, becomes almost identical
with the epplied R.M.S. field Ep. However, the ratio BR/E
increases rapidly with reduction in gas pressure and at 10“" nn.Hg.
" (the lowest recorded in practice) the effective field is only
sbout 1/200 of the applied strese.
The fact that the hydrogen discharges at 20 Mc/s. have
been observed to start with comparable field strengths over
the whole pressurs r;ngc - for given values of elsotrode
separation ~ appears at first sight to contradict the state-
pents and calculations made above regarding energy transfer
considontions. However, the ‘'effective’ field oconcept is
only relevant in casss where the to-ani-fro movement of

electron is not restiicted by (for example) the walls of the
containing vessel,




AR expressien for the amplitude of elestrun oscillatiea
bas been deduoed in Seetien 4.5.2, )

boid MM&M

Studies of discharge phesomens in gases are frequently
“’_Mﬂ the point of tm of the behaviour of the
(imsginary) ‘aversge’ slsstren. As explained below, the
gotion of such s partiele is unlike that of any individual

electron 4n & swarm or avalanche, but represents the mean
pmpma.n of such & avars, Agresssut betwesn experiment
end theory developed aleag such limes has, in many cases,
pmnd gstutuwvy. _
Kleotrons in » gas net subjeated to an elsotrie field
/‘iﬁ randon thermally-dSrestsd paths and as time goes e
/« ‘d42fuse eway from their peints of origin, Kmowledge of the
.-g.nwa- of eleotronie eseillation is, thersfore, most
h ant in interpreting Lreskdewn behaviour. It is
epﬂmnl.y assumed that the particles travel in straight lines
;biﬂrun sucoessive collisiens, The mean free yath?\ is
| dcf;imd as the average rectilinear distance between impasts
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Rendonm motion is altered when an slectric field is

xade to stress the gas, Considering s cleud of eleeireas
the £ield may be considered as moving the swarm bodily
through the gas. The aversge spesd of the gentre of the
nim in the £ield diresticn gives the (average) drift
velocity, v, asd defimes the d&rift speed of the ' average’
slsctron, ‘l‘hh pﬂuﬂ is upylieqﬁlo even in cases where the
© drift veloeity is only 8 ssall frastion of the mean rendsa
velogity,

| Atteapts have been made to relate v to unidirestional
educed €414 strength ¥/p, At high pressures (low ¥/p)
theory predicts v & (Vp)i' in scoordmee with expsrimextal
observations in many mu“s o3 « Studies st higher ¥/p ars
eomplicated by inoreasing mimbers of imslastie collisions o
both exeiting and ienising « eccurring im the body of the
gas. The dependence of elestren random velocity amd mean
free path upon the redused field preseats s diffisulty eommen
fo a1l such problems., Satisfactery coiveotien terms are ned
aveilsble over en extended range of 5/p sad the sppreximetion
4s usually teken that such terms as mean free path are
invariant, Experimentally, s comsiderable weight of evidenes
sugzests that drift velooity is direstly proportismal te ¥y
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 over a wide range of the latters

45,2 Amplitude of oapillgkion snd drift velooity sxarespich
An expression for the saplituds of elestren oscillation
with the breakiown f1414 T, spplied will row be derived by
oomidm ths high-frequendy field £ = x, sin Wt spplied
%o electrons moving in an unbounded gas. The effects
~ of finite elsctrode geometry will then be taken inte sssount
by th_e, insertion of suitable bouﬁdu'y conditions,
The ordered motion of an elestron in a gas subjested
| to an alternating field la dctuiimd by the equation of
motiont (lorents),

+ AV, Ve ez oB = QBP sin wt e (23)

&
as
To solve for v, let the imtegrating faotar = exp( v.dt)
= .@(v.ot)
0% .xp(tv‘t) g + v, oxp(v.t).v = igp oxp(vgt) sinw ¢
. %;[oxp( v,e).v] = g &, om(¥t). stawt
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‘since %é’ [ up(v‘t)v.] . Ve Yy oxp(v't) . o:p(v.t).ﬁ

Hence expt(vyt)e v = & B / exp(v,t) ain ok, at,

. -'; v = :?-;3; v, 'w* ) m‘“t.) ¢ Goﬁ:p(-v.t)

a0 [ 1] e (3&)

Zquation (24) may alse de written

v () (w2’v‘2)i .:b-} sin g - —-gu’;* conw$

" D) i) b,

ok, ‘
vhenos, ¥ = By staut =) + Coxp(=v t) ..o (25)
9 ¥ ‘(“2"’. )i -}

nhm l .. t!n.‘ (;") ohe * s ase e see (2‘)
L]

The electren velocity is seer to have two compoments, The first
is oseillatory due to the aetion of the field; the second is
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" unidirectienal and decays sxpenentially with time,
Considering for the mement the escillatory term aleme

v g—-?-ﬂ sin (“ 9‘“) 606  eoe  see (27)
I( w.) _

Equation (27) shows that the aversge elsetron drift velecity
varies sinusoidally at the fisld frequeney with a phass
difference O = eu"(;‘-‘) Yotween the twe,

®

Twoe sizple checks can immediately de mads whieh imdicate
that the equation is of a form cempatidle with acoepted
electron behaviour under a.os conditions,

Fhan ®>> V,, tan @& * o, 4, & * ¥/2,

Hence v & oos %%, 4.6, e clsstron in a vacuum will
osoillate in quadrature with the epplied field,

On the other hand whem @ << ¥, correspending to high
pressures or low freguencies, tamo® 0, $,0.% = 0,

i.0, V a--;;,f- asin Wt,

The drift velosity,therefors, follows the field
variations, a result well estedlished in high-frequenmcy werk i
the equation sgrees exsetly with that derived by Brewa &
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umua" s Using & different approseh,

The velecity eguation can be used to detormine the
elostron displacement and hemos the smplitude of osaillatien
X 0 -

[ . -
 Trom equatien (27)
. " ..
v = ;%W iin(af _bé'-) - ;(73-;3')' [V.shﬂt =Ghos ¥t ]

- o

Sox e =iy s (ot-a) o4

am(afe ")
whsre « © flld (.;ﬂ)
’ ®
Ve xux, v = 0, 0, > x:,

®

- oF

Q.‘.. 8'. .- m » A

. oF cos( Wt - o)
ote s — . ' g , e X eee (28
; @(ag + %E)—* ) ulz:%wg ) . (=

Yhsa X = o, v = maximm, $.0, % = 0
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' we X -
i.q.%- ;(7:;:-5;; cos (Wt-~x) = o
s cos(M-r) = e

+*, Substituting these mnditions in equstien (28)

. *
x° = ;(—%3)1 YY) YY) soe eee (29)

Sinoe colliston frequency ¥, is calouleble frem equatiea (21),
the amplitude of eleotream osoillation may be determined for
any gives field astrength and gas pressure,
| Caloulations of this typs have been used to produse
Figurs 15, The curves relate slectrom amplitude x as &
function ot'prouuro for the breskdown fields encoumtered ia
hydrogen et 20 Mo/s, with elestrode separation as the parameter,
‘l‘hln elcotron embit, i.0. the total traverse inm the field
direotion during s cyele ef the field, is equal te 2 t R Kenes,
47 for s given fisld strength sud electrede separatien,
g > xl’. slectrons will tead to oscillate within the test
gD witheut suffering cellisions with the elsctrodes,
The arrows drewn in tinr- 15 indicate the % positions
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corresponding to each of the sxperimental curves, It is
seen that in a3}l cases, for pmaéuru <€ 0.2 mm,Hg,, the
slectron ambit exceeds slestrede separation,
LeSed Sumsary

Sunmarising the anslyses presented in Seotioms L.l «
be3 ehe' following dedustions may be mades
ilo;n. fres path determinmatiens. The fact that electroa
n,f?p. exoeeds elsctrode separation at the lewer pressures
is evidence that ainali-stu. fonisation by collisiea is
unable, by itaslf, to premste an increase in elsotrena
pepulation leading to iruﬂmm

ifﬂoi'omy of energy trsasfer between an s.c. field of given

- atrength and eleotrens o38illating within the gas depends

~ upen the ratic @/ ¥+ Caleulations given in Section k.2 asd
shewn diagrammatisally in Pigure 14 indieste that the sversge

energy transferred te an elestren during a oycle of the

applied field falls off quickly with reduction in pressure

below O.1 ma,fig, This effest is directly esscoiated with

slestren isertis. However, dedustions based upon energy

. ﬁmshr oan only have real significance when the electren is

"free' in the sense that it is not impeded ether than by
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3511ision with gas molesules. |

Flectrop asbits., The caloulations based upen equation (27)
show that for all Sut the highest pressures used, sa elestrea
starting at any point in the gap must strike an elsetrode
during s peried of the supply, provided it does not diffuss
laterally away from the influence of the field,

. If the slectron arrival velocity is sufficiently high,
with consequent secondsry=elestron emission from a surfage,
the posaibility arises that cellislons with the electredes
oam assist the growth of slestren populstien,

The work of Gill & Ven Pagel”° (Sestien 1.4.5) has
established that high frequemsy electrodsless discharges can
be started under ‘vacwun' conditions by progressive bulldeup
of ‘olaotron population by seeondary eaissien, Such a
| generation process is not seocuntered in the inceptien of

either 4,0. glow discharges or under high-freguengy cenditicas
' wh.ieh couform to diffusieas~thesry requirements,

The diffusion theery implies that there is no meed to
look beyend single-diage iemisation by collision as the
eleoctron generation mechanism, Hence, electrons whess thermel
notion‘tlkn them to the elsatredes must be suppesed ‘lost’
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from the system. It 4s reasénable to suppose that they either
suffer surface roconbinstion with positive ions or are
accepted into the reservedy of 'free’ elestrens nesr the metal
surface. The contribution ef any noenénry elsatrens towards
an overall buildeup of elestren density would appesr to be
-negligibly small, Further evidence of a drect nature is
aveilable, -

Prowse & clarx®® nave shown by funotienal amalysis that
the relation between EAand pA Jdepeads only on the natwre
of the gas, (The diffusion length, A , 4s defined in
Sestion 1,3.3)« Hemee the curve relating B A emd p A
should be unique for any ene gas. This has been verified ¥y
suitsble comparison of the results of several workers.
Smiﬁemﬂ\y, all measurements lie cn a single surve,
irrespective of the pature of the metal surfases of the elestredes.
Ihtié in diffusiem theory the slectredes serve to stress tie
gas with the high-frequemey field, and limit the extest of the
maintained 4ischarge, but play no important role in the
development of breskdewn, Agsim in d.c. discharge tudbes,
aumbnia of energetic secendery eleetrons ars eleased from the
snode dut ere retursed $0 it by the unidireetional field, ILoecal
jonization end excitation dows take place But the really
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esssential processes eoccur in the cathode regien.

The justifioatien for detailing the peist is thet,
contrary to the above, nooadnéy smisaion from the electredes
by nlutrén_inpwt 1s considered te play an importsat rels
ia mﬁatsng.low pressure diseharges in hydrogen st 20 Ne/s,




used will mow be given, in terns of s progressive builémup

of slectron population governed by secondary emissiea frea
the electrede faces.

For the sffects of secondary eaissisa to be oumulstive,
a necessary condition for the development of a doharge is
that electrematraverse the inter-slsstrods space in & halfe
¢vole of the applied fisld,

Equation (2) is used as a starting point in the
quantitative expression of the breakdewn eriterien.

Befet YVelogity and 41spips sment 1
The abeve squatisn descridas the imfluence of field
strength, fisld frequemiy, and gas pressure upen the arift

" motion of electrons in am cesan of gas. The expressien

becomes applicable to the experimental arrangemsnt used when
sutsble boundary terns are imposed,

The ultra~vielet irradiating source used in the hyéregem
experinents provided s small but steady supply of casual
eleotrons within the gap, let it Do assumed that at & time

e be -




t = g subssquent to the breakdewn field pasaing through
. a sero valus sush en slectren be moving with rift velosiyy

'v;' ansy from an elestreds surface.

K -%—-2) ‘(}v. M « woos ot) ¢ C exp(=yg8) eeo ()

a *

am.vuv'vhont- ‘ .
o

‘,,..:?;.t?)(v‘.w wees £) + C exp(= == )

and henes v = (v. siagt = g oeag t)

‘w. )

- ok Vel
* [V, - -.-(?f;:z) (v stn 4 -am.‘)] exp(===) oxp(=y,¢)

00 soe Xy} (30)

Considering these cases of breskdown in which the elestren
sabit oxcesds the elestrede separstion (see Pigure 15), let
the phase angle 4 be such that the eleatren justtraverses

Q”-




the gap in & halfeperiod of the field, v/ w,
Then at ut:nt-%‘, the other elec¢terds will be

resched with velocity Vg given by

-‘ t-—%-g [v sin {w+ #) = aces (w+ ﬁ)]
L0 e |
. | s3 v v
. ['a :(-3:5.1) (v,sind = woead) ]'xv =)

. % AN Y v
o' f'i = f, up(-%-) 0:&3&:}) 1 + oxp(~ -‘;';-)](on‘ - ;‘ sinf)
e sed ' 1Y (31)

Again, the elcetron displscement after o tims ¢ :1.-}-4, is
squal to the elsctrode separation 4.
T_hlrd‘ero‘m- eqﬁatin (30)
4 *5 L adl
/ X = el [ (vomtwwuwt) as,
° .(U'*Vc ) ‘

& (cout)
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c[ ---r‘-g (v, -m’»-amd):] cx»(-v;,'!?) /%‘m(-v) at
W‘Hs : é

W

2 v
Sl :(-3%?) (*5_0»1 * 248 4)

_[ o B (v, sing » wgess)

v, - 'E(:ﬁ._?vj': ]3.. [,,,(.-2-)-1:] eee (33)

Bquetdon (31) .ipmun elsotran impact velocity in
torms of cniuien nlootﬁy ot Fhase sngle £ end field stremgth
lp. If v, is ot suf fisient -uitado. enargy traasfer between
an aspsum elsotren and elestrons in. the elestreds surfese
will result iu the releass of noonﬁary cloatram baock uh
the gas,

A build-up of electyen consentratien by secondary emissiem
i poasible provided that she relessed electrons sise sreas the
g6p in a halfw-period of the applied field i.s. they retum te
the opposite elsctrode face at time 3'-;-'“ with veleeity vy
and in their turn cause the releass of secondaries,
Contiinuation of the process may ultimately result im breakdewn,

-« §2 =




The applisability ef suoh s meekanisa te the results ia

kydrogen is now conaidered,

The ronwmmutitzu Molua. :ua squations (31)

and (32) are known
pesk breskiowa field X,
Angular field frequensy & ) experimental measurements
olactrode npcituon 4 | ' |
collision frequemey V_. = fron measursd pnuiﬁ
specifie electren charge o/m « from atomic dats,

M quantities remain walnownt v,, v, and Ao
Selutiss for v, must, thevefers, be seni-sapiriesl aat ean
bo made in the following way Wys
(a) assigning arbitary valwes te 4 in squation (32) sl

hencs solving for v _ |
 (b) imserting the calmlmd values for v, ia equstion (31)

sad hence dedusing v, &3 a fumction ef '
~ Simplified wxpressisms for v, sad & may be obtained
under certain imposed eenditions, Discharges at very lew
Jressures are of partisular imterest in this respest.

 In suchases ¥, <<, so that

.”-




yey

.zp(';.;) - 1+ ‘3’ + enses
Heuso frem equation (20), to a first order spproximstien

'ﬁ = '. L 4 2? !h..l‘ oo see eos (1b)
| Xt

and from equation (21), te & sesend order appreximtisn
8 --;}2 "R sia g —}' 471 . (15)
] v, ¢ 00h PYYY
™ y ' [' ne ] b

These faraulse are in sgresment with :cxpnudead-rinl by
G411 & Ven Engo1 °(Sestiom 14445) 1n thelr study of the grewsh
of oleotredqlon discharges in evacuated glass containers

{ presaures < 10"'"’-.&. )¢ Their equstiomns may be regaried

as sinplified forms of the gensrsl expressions - equatiens
(31) amd (32) = with the eondition ¥, <<wreslised by the
use of extremsly low gas pressures,

TUsing the method indicsted in the previcus sestiem,
caloulatisns were made of eleotren arrival veloaity vy, as &
function of phsse angle 4, using equations (14) and (15),

'ﬂ%.~
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" fhe results are displayed in terms of elestren ey, Wy
in Pigure (16), and refer spesifically to measurements st
electrede separaticas of 4 em, and 3 cm, taken at the leweat
pressures used, 10" mm.kg, « 1o ma,lge Where ¥V, << W oo

A striot test of the meshaniss of an incresss iu elestrea
population dominated by seeendary emissien could be made if
expsrimental dste werse availeble regarding sesendary emissien
coefficient, § , sa s fﬁﬂm of primary electrea emergy |
for the brnudlutmw used, It would de expested that
slestrens leeving one wurfase st & suitsble time /v, smd
arviving st the oppesits fase st uulg-;i- » would strike the
surfese with sufficient emergy to cause the relsase of mere
than cne secondary elestrea per primary i.,e. the emissiem
coeffiotent & must be s)ightly inm excess of unity, whem
sseount is takem of lesses from the aystem,

Ixsaination of published ntorlim revealed that a fow
measurésents of seoondsry emission yislds have been male
" 4nvelving certain alleys; wafsrtunately no information regarding
Wrass could be found, Rewsver, ecmparison between the
eaieuiaua arrival velesities and data ebtained frem sesenlary
oeefficient measurements imvolving metal alleys (given belew),
indicates that caloulated arrival emsrgies m.mtfuhnt te
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- give a yield in exoess of unidy.
In Figure 17, the ceeffieient § is plotted as & fumetiem

of primary electron enewgy, expressed in eleotron volts, for

& variety ervpur- metals, metal alleys and oxidised metal
surfaces, The dotted lime eorresponds %o a value § = 1,
Table 2, derived frox the swme sources, lists primery emergiss
corresponding to ¢ = 1 end also gives the maximum & valwes

-obtdubh.' _

' Relatively low yields are cbtained from pure metals‘',

The primary emargy required to relesse one secondary elestren
variss Trom metal to metal e.gs 70 o»v (Thallium), 100e~¥
(Copper); it usually 1ies in the range 100=200 e=v. Alloys,
on the other hand, can give rise to higher values of & , and
the enargy values ford = ¢ (obtained by extrapelation of the
dats) are sorresponiingly lewer, lying between .ubout 25 eov
(niekel = beryllius) asd 60 e-v (beryllium-copper). The curves
far magnesium anl megnesium exide illustrate the large imcreases
in & which cap be breught sveut by surfaee exidatiea -~ em
offect partioularly assesisted with metals having a high

| emygen affinity,

| The brass electredes used $a the present work had am

* approximate compositisn of 60X copper and LOX sine, Stesdaxd

- % -




ohemical surface « clenisg processes were used, as descrided
in Seation 3.2.3;.1& sdditien, routine clean-up using a glew
~ discharge wag‘.-f;m‘qumth osrrisd cut, All the early msasurenmis
were taken in the reducimg gas hydregem and during this peried
(leating many weeks) the elestrodss were contimueusly imsarsed
in the gas. ﬁovmholusg the exact stats of the surf ees
wﬂs 5ot known and they mey have gontained absorded exygem,
Although conolusive evidenes is not available dus to lsck
of dats regarding the electrede saterials used, a cemparises
between the dalculated arrival emergies, Pigure 16 and the
snission ourves shown in Pigure 17 suggests that a range ef
4 values exist whioh will give rise to a sesendary ouission
coeffioient suffioiently grester than unity to enable breakdewn
to take place by the tevaad-fre motion of an oseilletery
slestyrsn stresn, |
Setsb Caloulations ot spaller elsotpeds ssparatisns
. Rlectrons moving away from an elestrede at time Aa
(£ negative) are retarded im their progress along te positive
direction of x until at & time subssquent te t = o, whem the
£ie14 polarity is reversed. Usder certain phasing eenditiems,
at the larger electrode ssparatisns, slsetrons may in fast be
dremn back for a short disteses towards their parent elestreds,
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before the accelerating £isld f£inslly sweeps them to the
epposite eleotrode, .
A detailed atudy of slestron motion in transit acress
the gap, given below, shows that for separstions belew 3 on,,
'- slectrommay be returmed to their parent electrode surfaee,
making the straightfervard puasizg neshsnisa inspplisshles
In erder to investigate electren displacement as &
funotion of transit time, it is first necessary te caloulste
electren velooity et times fatermediste detwesn 4/ w amd

» |
Nodifying equation (30) for very low pressures

v 'e = ‘.—'b. (”‘ ‘ - 008 ‘) + '. see (3})

" P x be the eleotren displacesent at time ¢, them ¥y
integraticn

xs {:é Gﬂ“""."t-‘ %) - %["‘".h‘]

e (3‘)
(xsoevhent= %)

' Yhe variation of v with x ua_thut be oalgulated,
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in analysis is given belew (typical of the lew separstiea
results) for d = 2 omyy £ = =80 p = 107 wm.Hg,
Substituting knewn values imte equation (34)

x = 0,27 « (449 10°% = 4.7 aingt)

The curve relating x and ¢ is shown in Pigure 18,
s Tt 48 seen that sn elestron released from elestrode A
firet moves acroas the gap to poiat C (a displacemant of
about 0.8 cm.), whersupen its motion is reverssd by the field,
A ¢ = o, corresponding ¥e poist D, change in field pelarity
1s imaspadle of preventing return to the parest slsetrede
ot tims 032. 1070 ces. (point E), Nathematically derived
values beyond this point using equstion (34) which assumes
clsetren motion to be conditienal only by theapplied tield -
eannot therefore have say real significance; tle ourve
beyond R is shown dashed.

A modified breakdewn mechanism will now be considered,
If a starting slestrem give rise to af 5 electrans due to
secondary m?ha&an frem impact at elootrode A and ny = ' f o
dus %o emissiea from elestrods B, then for breskiewn,

o> B
1.9, | G g2 1




The velocitiss correspending t§ both impacts may be
salculated, Por elestrens returning to slectreds A (peimt
B, Mgurs 18a) the arrival veleeity V, say be sbtained By
direct subsitutien in equatien (33)e’

New boundary sonditiens must be fitted to equationth )
to eénable impast velosity vy at eleotrode B to be determined,
. In its simplified ferm, fer low pressures, equatiea (25)

aay be w_rlttw as

v . :flwuc

" Let the emission velooity ef electrons striking the perest
.;.Qma., at tine t‘. o f'xt

=)
e ¥ = Vop * :_;:_g(mt-uw 'z) ees  see  (35)

Vhen ¢ = ¢, = I»—!’-A, Vavy =V
.‘; '3"03’ :.é (“utr-‘ouu t‘) ess s (3‘)
Yor the case considereds

e 100 -~




Impact velecity on perent slectrode

s 3,95, 108 on./sec.(Frem (33))
(44 o=v)

a

P ‘.72. 108 “./O“Q(M (")
negleoting v,,)

s
(12‘ e-v)

Prem the available secomdary emission data it weuld sppear
that the velooity valuss ave large enough to sustsin a
growth in ehoﬁma population, though once again s eritieal
, test of the meohsnism is net possible.

 The displacementetime curve for the period t‘-?t’,
cbtained by integrating squstien (35) is shown by the
broken curve in Figure 18,
Here

'x‘ P % (sinwt - sis tt) - % cos wty (0, - tx) oee (37)

In the abeve caloulstiems it has been assumed that the
tine ‘utmal betwesn an eleetron striking s metal surfase,
and & secondary electron leaving it, is small compared with
a period of the applied fisld, The emission interval has, in
' fast, besn found experimentally to be sbout 1072 ses.,




u;luibly‘ small oompared with the field period; 2 x 10" ses,

Se2e1 W
The breakdown fisld values at 20 llo/o‘ show no shrupt

changes for _inemuqd gas pressurs, Hewever, it will be

shown thet the initiation of a discharge through s mechmism

| dominated by secondary emission from the slectrode fuses
cannot be sustained at pressurss corresponding te the elestrens
making many cellisiems in transit soross the gap. For the
highest pressurss used, the breakdewn data conforms with the
diffusion theory of high freguemcy breakdewn. Froam the
shaenoe of discontinuities in ths breskdown curves, it weuld
appear that a smooth tramsitien tekes place between the twe
wechanisas.

Quantistive analysis e¢f results Sn this region proved
very aifficult and it must de admitted that it has net desn
possible to formulate & eamplete pioture of eveats leading
to breakdown. Nevertheless, it can be shown that as the
pressure is i,ac‘rusod bayend values for whioh the mean free
path is small ocompered with electrods ssparaticn, the
effioiency of lonizatien Smereases, and the fmpact velecity

of electroms on electrede faces decreases. The peiats are
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#stablished bslow,
~ Changes in impact velecity v, as ¢ funotion of xessure
are calculable from equation 31, namely,

) o .‘9.‘7 | . | X 4 VV
’A‘fﬁ oxp(*g'}.) »:(-;.%-3) [14».:9(;3»)] (o_nd-’i-sm‘)_

Alse V‘; £ 5,954 ‘IO9 P she u; see  see (21)

" Using knewn atomic data tegether with experimentally
deternined values of !l’ vy Gan be found at & gives phase
angle for o range of gas pressures,

. A set of results is shewn in Figure 19, The impect
velocity is seen to remain auba’ﬁntially constant at its 'free
space' value for pressures up to the point at which the mesm
free path fills the .tube and thareafter exhibits a steady
decrease with further inorease in pressure. Thus the
contridbution of secondary eleatrons towards a buildeup ef
_oloctron population beconmes progressively less effective,
5.2.2 Change of jonising effieiency with gas pressure

Collision Sfonisation in a gas is usually desoribed sn
terms of Townsend's primary coefficienta: , or in related
| terms such as ionization rate vy and ionising efficiency 8‘.
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Poth theery and experiment show that in a given gas® /p is &
esatinuous funotion of the reduced field ¥/p,

In evaluating the inervase fn ienisation due teo inersase
in gas pressure, recourse wust bi made to the experimestal
data availsble.

Twe spproaches were mads, ons based upon Vor Emgel
A Stoghoekls $onising amdw = ¢oluctron energy surve,
the othar u'si,n.g Von Xngel' 'W qi - -3 pth. In sach case
- analysis was complicated by the mscessity of introdueing
the tixme veriation of elsetric field stresgh.

(a) ZEvaluatien

At & given pressure, the number eof iom pairs prodwsed

by an eleotren in a lifetime limited by mobility capture
may be deduced from the breskdewn dats by finding
(1) electron velocity (and hence, energy) as a fwmetion
of displasement zeress the geap,
(44) fonising effieiensy 3, s a functiea of
A displacemsnt x, amd
© (441)integration of 8, dx ever the whels gap,
(1) iloetm velooity at varieus times in transit secress
the gap is given by the geusralised equation

-m-“
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[ -(Jw (v’.mi " woesd :]
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%s obtain s displacement~time relstionship it is necessary
to 4integrate the above equatien 1.9,

'z- o t
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Te produse & contimisus ¥ « x curve ot & partiocular
ressure, tedious caleulatiea is required to cbtain sets
of values of v and x ot esrresponding times, using equstiens
(30 and (38). |

For the c'uo‘l-h.u.,ﬁi-soﬂ p = 0.005 mm. Mg,
the velecity~tine is given in Figure 20a and the velooity-
displacenent in Pigure 20b, The early decresse in velesity
is & result of the field initially retarding the elsstreas,

Since § av> = o ¥, an emergy displacemsat ourve msy
be drawn, This is shewn im Figure 21,
(11) The electron lomtsing efficlenay S, is defised as the
gusdber of lon pairs preduced by one piasry partiocle,
reduced te 1 m.lik.

If the probability of a ecllisien resulting iz
tenisation is £,, 3t is related te 5, by

8, = _fg ( Qg which i3 the cross=sestion
for fonisatien by electrom
. eellission) |
Von Euge1® repcoduces messured values of &, in hydrogen as
a funotion of elettron energy. 7The ourve rises sharply
from goro V = V, (a3 expscted onr Pohr theery), resshes s
paxisun at energies & fow times Vi and then dsoreases.
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' Due to doudle-leg pletting, valies of 5 csnmet
easily be r'céd frem the eurve, However, it is feund5 that
for ensrgies below the maxisum, the rise in 8  1s
approximately linear, shaying ths empirical equation

8, » ap Ve~ vi) ves  see  eee (39)

[ ]

where *a’ is a constant fer a partioculsr gas,
Yor hydregen s’ = 21,107 4 sppropriste umits,

Usiog equation (38) in econjunction with figure 21, it
is, therefore, possible to ealeulste valuss of 8, &
_warious peints im the gep. This is shemn in FPigure 22,

, It is seen that for x € 2,3 en,, B8 = O, This
lopuratiaa corresponds 40 ¥ = ¥,, Betwesn 2.5 aud & om.,
Bq rises steadlly as the electron geins energy. The detted
ourve in the figure shews the isnising effset of an elestrea
travelling in the reverse direction,
(m) The mumber of isn pairs produced per electrea im
transit across the gep is given by By -j‘ S‘ dx,.

®

By graphical method, fer the case comsidered, me » 0.02 isa

poiu. ,
The sbove ensysis afferds caloulation of the mumder of

'i QQ" -




lca» peirs produced im the gap end could be sxtended to other
pressures, However, in view of the lengthy mature of the
celculations, an altermative approach was made, meking use
of known varistiens of . /p with ¥/p..

: X
a“x_p('/a. dx) where n 4s the normalised nusber of
®

slestrens emergiag from a plane

X fros the erigin, in the field
| direstion,
x
Hence uf s @Xp (/ o h) -1 sée 1) YY) (w)
o _

| For s given gas & s » (¥p)

The instantanecus value of o An an h.f. field may be
comsidered the same s the steady value in a steady field ef
the seme strength (see, for example, Pie'),

| _,Uains this concept,

3 -7 )

Frperinentally*?, the varistien of g/p with imcreasing ¥/p i
hydrogen shews an initisl inerease up to an ¥/p value of about

0108;
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600; for higher values ef B/p values of & /p remsin
approximately constant.
Mathemetically the curve is represented by a semis

-ompirical rolatieas ’

% e A OXP ("' %’5) | | see ode ess ("-’)

A and B being constants.

2ange of validity of ¥p,
22 « 1000,

K3 [a:.k,” [ p (fp%m) vodt oo (42)

Values of v in tramsit acress the gap are givea by
equation (30). Hence, by selculation of v and the experimemtal
tern at various times in transit scross the gap, the imtegral
aay be evaluated by graphical method, |

A simplified, though less exact, form of equatiom (42)
wil)l now de oouidord.

At the llmr pressure it 4a seen that for all but very
amall values of Wt (and henoe B = B, sia wt), o/p reaains
al_nosf et a value close te A. (5 iom paira/om, mm,Mg.)s The

o« 109 =




24, Calculated ion-pair production as_a function of gas pressure.
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slepe of the ourve indicates that at the high §/p velues
encountered during most of a c¢yele of the applied fidd,
almost ell collisions will result in ionisstion, maskinga,/p
virtually independent of the reduced field strength. The
ourve plotted for a pressure of 0,005 wm.Hg. is similer,
altheugh the flst portiom of the curve is resched mere
gradually and the maximum value of o/p 5 slightly emaller,
Over much of the imtersediate pressure raa;o. o/p
#ay be considered roughly comstant, indepandsnt ef both
‘time veriatien of the elestric field and of Ep 4.0, the
cxpenéutidl tera in eguation (41) temds to unity.
B Hence a/p * A ' |

Equetion (34) then reduses to

[ o 8x = Ap /Vdﬁ’ﬁ Ap/dxalpd.
® .

.o‘ .f . exp (Apd) - 9§ Py sen Yy} [Ty (‘l»’)

i, vthn pusber of lopspairs ereated in the gep rises steadlly
with increasing gas pressures

Por the L cm, gap, the variation cf =y with gas pressure
in the intermediate region, as expressed by equation (43), 1s
shown in Figure 24, At higher gas preasures, the me values
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ars unfoubtedly too large, due to the approximations
introduced, Agreement detwems the two caloulatiems at

y = O, 005 mm.lg. is 2ot goof (np values batng 2,107 asd
10™! for the first and sessnd calolatiens, respectively)
probsbly due to the fast that the X/p value at this pressure
is well eutside the geted range of validity of eguatien (81
5.3 Zisstren lonsss

To establish a regular imerssse in elestron pepulatien,
sheir net rate of insresse mist exceed the rate of less,

In & build-up donisated by secondsry emission, reweval
| from the aystem, at the lower presaures, is ascounted fer
by the primary elsotroms entering the electredss. In the
goneral osse the effective sséondnry emission eeeffislent
of the alestrods surfases weat be sufficiently in exoess
of unity to uplm any further losses. .
| Depopulation « im terms of tote] removal from the
' ovnndtr of cio oontained b} the cleetrodes - is largely
prassure depeslent. A qualitstive agcount of the possidle
recesses will now de given,

(s) Jolus Zecopbizatise
Volume recombinstion was considered te be unimpertams

"~ 4n the renge of pressures smpleyed,
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Neutralisation by way of dirsot ion-elsotron collision

| is an improbable event, due to the high relative velocities
involved. Three-body processes are in gencral more effective.
Such collisions are unlikely at low pressures and hydrogen is
virtually a ndnpattaching gas.

' The special type of dissociative recombination described
by Fucks'', end discussed in Section 1.3.2., can give rise to
eléctroﬁ generation. However, the necessary sequence of
'evunti ia most improbable below a fev mm.Hg. Corrigan & Von
Engel, who have étudiod excitation and dissociation in hydrogen
by‘an electron swarm, neglect volume recombination in the
pressure range 0.7 mm.Hg. - 12.mm. Hg. '

(v) Diffusion - A

Thermal diffusion of electrons in a gaseous medium
may be pictured as a 'random walk' of the particles away from
rég;ons of high conoeﬁtration. Eiectron drift is therefore
accompanied by a radial aﬁread of charge.

By its very nature, losses from the system should be very
‘anall in thi low pressure regionV < W , corresponding to much
.of the oxporineﬁtal range. At higher pressures where electrons
make many collisions per oscillation, diffusion becomss increasingly
1mportant, particularly when electrons are unable to reach the
electrodes by oscillatory.drift. Results at the higher pressures used

are seen in the following section to conform to such behaviour.
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quentitatively, 1ittle headway could be made at the
low pressures. The basic diffusien equations were found

to be inapplicable under experimental conditions.

Yor the highest pressures iavestigated, breskiows may
be expooted to conform with the diffusion theory of highe
fregiensy broskdomn, |

The requirements of the diffusion theory= that under
threshold conditions the gain in electron population dus
to collision jonizetion shall Just rsplace diffusive losses »
demand  mumber of experimantal conditions to be cbserved,'”
nanelys |
{e) thet sach electron mske at least one ionising collision
before it leaves the tube.

In the limiting case, the electron meésn free path A,
bedomes oqual to the charsoteristic diffusion length A and
to conform with theoryk € A,

The characteristio diffusion length A 4s Mmimd by
the geometry of the slsctrods aystem and for e gylinder of
height @ apd radius R has been evaluated'> ass

L. @ . emr
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TABLE S N | N |

CHARACTER\ST\C BIFFUSION LENCGTHS.

d (=) | A () |
4 |- 08
z2 087 |

\ 2 o6l
| \ 030




TABLE 4

PRESSURES AT WHICH A - A\,

FOR VARIOUS CAP WIDTHS

| d (cm.) P(mm-Hj)

4 0-019

Y 0-023
7 0032
|

0068




Caloulations of A for various values of elsotrods
separation 4 m given &m Tadle 3, The proper value of R
is & matter of some deudt, since the field streagth
£redually dsoreases amay from the f;ht contral region of
the elegtrodes: the value used ia that batween the centre
and periphery of an elestrede. ‘

8inoce 'A. uz-%-; (ever a fair range of elegtren

energies) S € ) 2.

the condition becomest

»> o

Hance the limiting pressure for various sleotrede separetiens
4 may de caleuleted, These are given in Table &.
(») - that uniform field senditions are obeyed.

A further requirepmt can de written in tems of the sise
¢f the dischargs tude permissable to sustain & single losp of
e standing weve of the applied ffeld 1,0, % > A,

Bince 4 << A for all the aleptrode separstions used, the
uniform field conditien is cheyed,

(6) thet slestrens, by virtue ef their escillatory motiem,
osoillate within the oonfimes of the gap,

Honeo X, €  &/2  aen  ses  eee ees aee  (Ub)

Q’%.



TABLE &

d (em) P(h\m. Hg )

4— ALL PRESSURES

35. 107"

3
Z 3. 107
|

05. lo'l




Alternatively, dsfining the eleetron amdit 4, as the
diaplacement in & halfecyols of the £ie1d

4 = =,
% ‘. < 4.
Prom equation (29)
LI |
x = —ﬁ N
(-] :( *‘}
the varistions of x, with p wier experimental conditions
have been plotted im Pigure 15, (It should here be restated
¥hat the accuresy of the plet « and all calewlations

involviag the collision frequenay term ~ &s dependent upen

the assumption that v, « p (3estion hek))e

Using Figure 15, the limiting pressures correapeading

to equality of egustien (k) are given in Table 5e
- The limiting pressures thus decreases with increasing

separation, as sxpeeted,

For the 4 om. gap, the eleotren ambit and electreds
separation are almost oqml for pressures bolow about
5. 10™> mmJHg, fHowever, in this range electrens are still
capable of opossing the gap during s half-cyole under suitshle
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Sadtia) conditiens, as rrevieus snelysis has shown -
m\us sivm in the table refer meiﬁodly to mtiob
h&ah is purely ue!.llutwy.

It 1s evident from ¥he ealeulations based upsn
 @iffusien theory requirsments that the escillation smplitwie
sondition effestively limits the pressure range under whish
diffusien theery may bs ayplied. To test the theery wee
nay be made of the expressien darived by Frewss & Claa®,
mly that under diffusien eeatrealled oouuﬁm-

.T‘; %’ 33 g’-"“n ¥, (EB.) oo ()

7, ant B, ave funstions depanding upon the mture of the

ges. The ourve relating B A md p A is thus unique fer

any one ges and provides & striagest test for the applisedilily
orjtha theory. Por lew gas presaures whears y, 43 eomparadle
with @ , the R.N.5, field B, in oquatien (45) should be
modified to read B ; where B is the effective field for

' wg.tmfor (see Seatiom k.b).

R, is related to By Wy

£2 . T 5’ . R € )

. .
o "'v‘
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Seke2 _l_'A « p\ Results

| 8ince the B‘A - A ourve h unigue for hydreges in
the diffusion sentrelled regien, and therefors iniepeniont
of frequendy, the experimemial results at 20 No/s sheuld

3o on the same ourve as messursmexts taken by esher werkers,
using differsnt slectrole gesmedrios and field freguemeiss.

The plet is shewn £x Figure 25, using the muther’s
romlts and those of Mewwn sad NsDewald'”, Thewpoon®! emd
e, |

It 15 sem tl;nt by & shert smesth oxﬁlpchthl of the
| other worker's data, the 20 Ne/s results are in ressomshle
smfermity with the 2iffusien thewmy.

Yor ganstant pA , eerrespending values of EA  fer
4ifferent gap widths tend to exhibit a emall but sharasher=
istic increase as 4 is deereased, It is diffieult te
conolude whether or net this oluui is significant ~ the
spresd of results is 1i¥tle mers than that betwesn these em

the common curve st higher pA valuwes, Also, pressures
measured above 0.1 mu Mg, wiwe subject to error due to &
cramping of the Pirani gsuge near the limdt of its seale,
Apart from this veservatien, it msy be cend oded that
breakdewn st the high pressures is initiated when the less
ef slestrons by diffusion is slightly xore than made wp Wy
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production through collision ionigzation.

5.h.3 Onset fisld values in diffusion controlled discharges.
- Discussion '

One of the featamn of the hydrogen results shown in Figure
12, 1s that the minimum values of field strength recorded for
breakdomn under diffusion-1imited conditions ars lower than have
besn hitherto reported. A comparison with the results obtained
at miorowave frequencieu15 is partioularly interesting.

It has already been mentionedz9 that the curve relating
ER& and pA 48 unique,for a given gaa, when breakdown
conditions accord with the atfeusion theory. For a system with
fixed electrode geometry (/. end hence d constant) reduction
in gas pressure gives riee.‘ to a progressive lowering of onset
£i61d strength, provided that the eleotrons make many collisions/
oscillation. This is a consequence of the fact that as pressure
is reduced, slectron mesn free path is incressed, and hence the
enorgy geined from the fisld per collision rises. |

Under such conditions field frequency is not significent
and similar £ield values are required for breskdewn in a
frequency renge extending from a few megacycles up to the
microwave region (as evidenced by results at widely different
frequencies lying on a common EA = pA curve),

At microvave frequencies, reduction of field strength with
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decreasing pressure is net sontimious, even within the limits

of diffusion oontrol. Yor & frequency of 3000 Ne/s., the
Collisica Frequemey trensitien ( v, * @) cscurs at p = 3,2 Mm,Ng.
(Caoe (), Table 6), Furthar redustion in p mcessitates & rise
| in. field at&ﬁath,. sinse transfer of energy betvesn Ricld snd
m becones less effieiemt. |

o On the other hand, s 20 ¥o/s, the transitim eseurs st

p @ 2,1072 mn.Mg. Honos, rroviding the natursl limits of the
d4ffusion theery are eemplied wiih withim the range 3.2 ma,ig.
- 2.10’2 m.0g. lower ultimate values of breskdown stress are
poasidle at this frequemty.

Table ¢ relates the limiting pressure values fer the
gop ( A= 1,08 oa,) with veferenss to the Nean Free Path and
Oseillation Anplitude limits (sases (b) and (0)); 3t is seem
that diffusion centrel is limited by the mean free peth filling
the tubs at p = 1.8.15° mu.Ng. Avalus alese to that for the
Cellision Frequensy tramsition,

Incresse in sise of the &disekarge tuwbe ~ and hemse
imorease in A ~ causes & redwstion in thresheld field streagth,
sinee diffusion lesses fyem the systes are reduced. The sesling
prosess 1s limited, hewever, by the fregusagy-dspendent Unifern
Pield limit, Aif thediffusien theory is to be appliesdle, Maximm

1»1'9.




values of  are gliven in Table Case (&) and shew that &
- valus A = 1.6 cm, sust not b exseeded at 3000 Me/s. The
sorreaponding value at 20 No/s, e the ether hand, is wush
hr;ﬁr than has yet been wsed in practios.

b1 ) w be concluded that the low dreskdewn fields
here reported in hydregen arise frem s sheice of fiddd frequemey
and electrods geonstry whish emsble ths dirfusten thewry, ia
the regien where electrems meke nors than ene collisiem per
mmntion, te be ceaplied with dewn to relatively low

pressures,
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PREAXPOWE IN EYDROGEN A%
RREOLSS FOR OYERR GASES
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The experimeatal teshmiques employed in recording
Dreskdewn measursaents at 10 Mo/s were very similar teo
| these deseribed for 20 Ne/s experiments. The tuned eirenit
saster esoillater, based upen & 10 No/s quarts orystal, was
tuned to resomate in tiw fundsmeatal meds snd the driver,
pénz' and eoupling eircuits apmyrhtci.y adjusted,

Ultravioles irradietion of the gap was sgain used,

. the thresheld field was estadlished by inmsreasing the
aprifed field in small steps until & ddscharge ccourred;

~ 4he process being repeated s nuber of times, Adequmte
{utervals were sllswed b salte into scoount statistical lags
and delemisation times,

A The experimental plets are shows grephically im Figure
12, with R,M.3, breskdewn field l, given as a fumetion of
gos punwc for different oheerﬁu separations,

The fora of the breakiewn curves differ mirkedly frem
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" the sorrespopding results at 20 Me/s. ith deoreasing
preasure the onset field mngth rhu sharply after s
Mmmﬁn regisn, seasuresents terminating ia an
sbrupt cut-eff.

| At pressures above ewtesff, fisld values were edserved
te &eorssse as the electizede amt&cn was imoressed, in

s mezmer similar to reserdings ot 20 Ne/s. Againm, the |
#at-0ff pressures showed & eharssteristio decresse as he

separatien was imoressed,

41f0usion theory of high=fregisnsy breakdewn is restristed
te certain ranges of the parsmsters involved (elsetreds
separation, gas pressure, fisld frequeny), in sceorisnee
with the limits preseribed by Mo & 1%,

At 10 No/s, the expevimental results lie withia the
npean free path and uniferm field Iﬂ“.

However, it will new be shown thet the inersases ia
field stresgth culnimating in ewteeffs may be sttriduted te
depatures from the diffusiea theery, csased by ‘mwn
fucresses in the smplituiss of electron escillation te the
polnts at which the ambivs cempletely £ill the apases detwesst
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th slsctrodes, ,
From squetiens (29) eai [{¥Y

»"‘.a 2:.0 _a: TR ¥ Y “‘)
| w(w;v ?);

Taing the dats from figare 3 iz eonjunctisn with oqustion
(A5), changes in sleotren sdit with gas preasure may be pletted,
~ -and are given in Figure 20, Trom these curves, the eritieel
" pressures at which the elsotvon asbits fill the interelestrede

spaces may be leoated; these are marked in the figure using
© gotted lines, By transfeyring thess caltuletions to the
~ experimental 2 « p ouxve (see Pgure 3) 4t is seen that for
sash valus of elsstrode separatien, the eritical presaure lles
on the sloping part of its veleveat ourve, at o point seme~
what above the eutweff values

From this evidenze it seems reasonsble to suppose thed
$he characteristio rise ¢f K with desressiag p is dreught
Mﬁ by the gradusl removal of elevtrons from the test gep
dy wb.ility capture, remeval commensing at apressure
corresponding t; the feot of the slops and bdeing oo-qlm st
the out-off values

1t should be peinted out that slthough precise
theoretical infermatisn is lacking regarding the distridution
of individual smplitules in & swarm of elsctrens escillming
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st high freensy, & lavge body of experimentel evidesss
indtastes that the oscillatien smplitule limts of the
ammm theory is s grafual pressas covering a finite
pange of the parsmeter invelved ~ in this case, gas premswre.
6.2 Resultn in stuer sames
- 6e2e1  Rxperimensal sy

Ereakdown sessuremsnts were slse reeorded in & secend
datenic g (nitrogen) sol & somatendo gaa (nson),
Spectrossepioally pure smples of gas provided by the
British Oxysen Cempawy Ltd. weve vaed; »e additions)
purification was attespted. In this respest the nesm results
mist be trested with some reserve, (A, von Tngel, i
ccnverastion with J,L, Clark, peinted eut that small but
tun:lﬂwtm: of srgem sust be expected in neen samples
used from the above soures, Additlenal iemizatien due ¥ the
Pesniing effeot will, therefere, take plase, owising vardstiens
in breskiemn field values). |

Standard methods of flushing the vasuum systes weve
uadsrtakan, 53 deseribed infestion 3.5: Imitiatery eleetvens
wete again provided by ultvsvielet irrsdistion; ststistised
lags were found to vary between a fow seconds end & nimute o

- fwe, in extreme cases. There sppeared to be mo sigitiems

of%w.
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relationship botwesn statistiosl times sul the mature of
s partieular gas,

‘Beveral runs wers taken usiag these two gases. As
in yeevious cases the vm of thresheld field wes ebtained
u s functien of mum. fu‘ various fixed elsctrede spesiags,
A mapdar of upu'iunmm are shem im Mgure 27; results
1a Wydrogen ere alse given fer comparisen,

At 10 Mo/s, cutwoffs wars agein cbaerved, though the
transiticns were not quite se sbrupt ss in kydregen, The
auteof? prossures, hewever, varisd signifiosatly frem ges
to gas at sonstant electrods separetion,

Assuming $hat the mature of the cut-sffs is asseeisted
with the smplitudes of elestren escillation inoreasing %e
£41) the gap) as in h&iﬂm. the variations in euiweff
preasures are to be expested, since preperties such as eellisha
pretability, mesa froe pash ete,, sre depsndent upea the
pature of the gas as well as its pressure,

) For nitrogen, using the esllision prodability - elestren
wistgy carve of Brode,'S, sl substituting the proper
variables, it is found ¥hat ever & range of electren ensygiss

frem . = 50 0.¥. eollision frequensy and gas pressure are
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related by the squetient

1a‘°

P = fdzan soes  des ey (W)

(the sumeriosl value varies withia 105 of the vayus over
the range given sbove), |
- hosording to equatiea (29) the smplitude of slestren
“eanillstion inereases with decressing collislon frequenty,
rm&h@teo with decreasing presswre,
In qualitAtive agresaent with experisental observations,
_it is t0 be expested that wiweffs in nitpogen eccur st
 yelatively lewer pressures thar in hydrogem, simce at & givea
pressure the respective gellision freguenties arv in s ratie
of mire than two 5 one (2,16 ¢ 1) Quentitatively 1t een
: be shown that at cuteeff the retde ( ) should be
, npm:dut-ly vonstant whatever gas :1: used, st sonstant
' n&wtrodc peparation. Unfertunately, this omuld not be tested
&ue to the abrpt mature of the cut+offs,
lhplo relationship appesrs to exiat betwesn eellisien
: fraquency sad gas Iressure in msom, as shown from Brede's 16
probability owrve, The ressoning c@v& abeve suggests that tie
sollision frequency should 1ie Wetwesn the values fer Nriregen
and pitrogen (at conseant presaure)s
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A% 20 Mo/s, vesulta in mitregem show that the dreakdewa
fields at low pressures arve siaflar hthotom
sacountersd in hylrogen st the sase freguemsy and gap width,
This may bs regarded ss evidence in suppers ef the analysis
of the hydrogen results st lew pressures, in which breskieowms
dndsietion was explained in terms of a buildeup of elsstrem
 dsaadty through secondary emissien at the eleotrols surfaces,
Sueh & mechenism is &uymt upon the utuu of the slestredes
rather than upon the nefwrs of the gas and would give rise
to similar breskiown values,
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The diffusion theery of breskdewn proposes &
wreskdomn mehinisn wheshy $he Tate of growth of elestren
popilation within & test gap, is restristed by a rats of
delonisation doninated by diffusive lesses of elestrens frem
the system. #Within the astwesl limits of the theery, Browm
ot &), of N.I.7. Dhave demsmstrated the validity of tde
theory $a & vardety of geses it frequenciss in the misvewswe

lore resemtly, Prewse & Clark® have verified Wy
_msasurenmts ot 9.5 Mo/s that the theory s spplicsdle b
¥reakdown in the radio=fyequemay region,

Using xisrowave sevress, decrease in gas presswre within
an elestrode system of glven geesstry results in an initial
decrsase in threshold field values, However, sush dscreases
are not usually maintained belew pressures of a few m.Ng,,
sinoe reduotion in pressurs hes the sffect of causing departures
frem diffusien theory requirewents, Breskdown fislds rise,
Begause cutside the diffusien oontrolled regien either the rate
of aleotron loss ia incressed or the rate of produstion Vesomes
‘ less offective, Similar evidemss of departures rm the theery
Bave Desu obasrved by several werkers at nuu freqensive, O
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the other hand, measursaents by Clari2, st 9.5 K¢/s suggesteld
that utli suitable electrods guhotﬂin the theery might hold

at pressures below 1 ma.Kg., with a further desresss of

ureskdowa £1e1d valuss belew the minima cbteinsble ia the
 adeyowave reglen, |

| The work here reported is hydregen sheve thet departwres

soour st semewkat lower presmurss thaa have hitherts beem

~ reported, At 10 No/s snalysis hes indicated that the eutmeffs

may be attributed te the fast that the saplitudes of elestren
soveneat can be no lomger esalfined to the Snter-elestrede distanes,
Kobl14ty eapture greatly ewhemees the mst rate of loss of elestrens
and demands an imoresse in spplied £ie1d strength te hreak dewa
the gap,

At 20 Mo/s breskdewn fislds decrease slowly with redueed
pressure (st £ixed elestrods separation) to an almest scastent
valug, The sbsence of suddem shanges in dreaklewn fisld
strengths aad the lsck of basis dats regarding the properties
of the elestrade surfaces s led $¢ 2 semi~supirieal snalysis
of brsakdown £or low presmures st this frequenaye

8 writing down the dasie equation of olectren mitien
in an alternsting field, s theerstical pioture of breskdewa hes
besn bullt up in terms of & toeanivfre movement of elsetrons

~12§.




m‘u the interslectrods space. Electren density is
consideresd te inoreass largely by secondary eaission from
the slectveds surfsces, AS vay low presaures (eorrespending
%o broaklonn 1 o ‘vassua') the fL12 equations wre In apresment
with those of G411 & Veu Xagel™®, whe have explained the
inoeption of elestredeless diseharges ot Very lew precaures ia
terms of secondary emissSen frem the walls of the glass
dissharge capsule. |

A basis requiremeat of breskiown under such comditiens
is #hut elgotron motion 1 13 tuim phaded vmi respest %
the simisoidsl applied fisld sad that the interelectrode
$pace be traversed in & half pericd of the supply. Assuming
that breakdewn sscurs at a fiald value such thst a net gain
i electrom density is Just meintained during esch half period,
knowledge of the secondary emissive jroperties of the elestredes
would ensble & critical test of the thesry te be meds, As
provicusly seutionsd, this has net preved pesaidle, Howover,
saloulations of ispast velesities etc, suggest that the edesrved
breakdewn field wvalues m suffioisnt to persit an imeressse in
slsotron populatiens, lesting ultinstely to breeRown, Jer th
sanller elootreds apacings s medification %o the straighte
Lorward to-and~fre mechanism, is proposed, whershky elsstrens
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traverse the gap 3n a halfeperied during whish they resteile
the perent elsatrode, |

With imgreasing gas pressurse, esloulations show that fer
piessures below the regiem iw which the elestren mesa free pakd
i@eus' gomparable with the ‘ﬂhetwdi spesing, breskdown behavieww
appreximates clopely to ‘vasuwa' sonditions, Per further
imarease in pressure, the wecheaiss decomes progressively less
officlent snd fails when elestrens make numbers of collisiems
in transit scross the gap. At the ssze time the amplitule of
slestron oscillation (in the perely escillatory seuse) dsereasss
with ineressing pressurs, givisg rise, st pressurss betwees
sbout 102 mm,fig, %o 5,10°! mlig, (depending on the gap
apasing) to breakdown in reasemsdle conformily with the &iffweden
theery, Interusdiste senditiens have not dewm expletued
quantitatimly but results indisate & swosth transition hetwesn
the two, |

Por a given electrode ssperatisn and field stremgth, e
sleotron encillation smplitude (ene half the tetal distanee
ssved in a hslfeqycle ef the field, a,) is given by equstien 18,
%, * _;; - 5 ’)ir

n 0’6

v 131 -




Adse ¥V, x P
The preasure at -hioh_ an slestrem juat ercsses a gep of
‘huth&, in & half-pericd, thus imcreases as field frequensy
decreases. At 10 No/s yressures e&m;peaaiu te d‘ = 4 aye
too high te give electrens striking the olastrode fases
sufficient eoergy to release surfade slectrons by seecaisry
enission. Heunce eleotrems striking the walls are lest frem
the system exd ‘cut~offa’ eecur, With 20 ¥%o/s oscillatiens,
the eorrespending pressures are low ensugh and hemce impect
veloeities suffieiently kigh te permit suitadly phased elestrens
%o release further slestvens frem the elsetredes.

No theoretieal mm wis attenpted for the results,
in otim* geses. Qualitstively results suppert the werk ia
hydregen. At 20 Me/s, £ield values at low pressures for
, Mcupew.nc elostrede separations sre very similar, supperting
the viq that breakdewn ia not significantly influenced hy the
. nature of the gas, The charssteristie changes in cuteef!
pﬁams at 10 No/s are a3 expested from considerations of
departures from the Aiffusien theory.
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