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The com1 t1.on tor the bre2kdocm of a gas excited by high frequency elec:rtromoptic 

wav~s depends mainly upon taotom eooh eo the p:reeauro of the gas, the d1msmion 

of the discharge tube am the frequency ot_ exoi mtion. The two dominant footors 

by \Yllioh electrons are lost o:m diffusion end mobility ~ if the goo 1e an 

electron attaching one, then by electron attoobment alsO• It has been. fo\Zld that 
~ ' wmm the pressure of the BaG ia of the o:rcler of a few microns and the length of 

, the discharge tube 1a large ocmpa:red to the mean free Jti th ot the eleo trone, 

botb the mobili ey and di:ff'uaion ar0 the dominant factors by which olectrom 8l."e 

lost. On tho ot..lwr hand, when the gas pressure is hi€):1 am the frequency of 

em1 tat1on lies in the m:t::rowave region, the elect!'Ons are lost mainly by 

dif:fuaio~ The e:xperimen·~aJ. values of the brc~..lcdown voltO{)">O ar·e consitstent 

with :those calculated theoretieally toking the Hbova eloctron remQ.val p:rooesaee 

into ooneidere<tion•· 'Eta method of oalcula ting the brfJtakdown volt• fran 
8 

theoretical consideration has been developed by Herlin mil 11rown ( 194'1) in the 

. case of high pressu..-.oe em high frequency where the daninent ca~s for the 

electron nm10val process ie diffusion. S·tart:Ulg from a moleoular model, an 

alternative metho~ of caloulation bas been developed by 'K1.b.ara (1952) ~ He bae 

considered both the mob1li ty ani dif:tusion as electron removal px•oceoeee and 

in a mmber of pape:re published from this laboratory, (Sen & Ghosh 1953, 

Sen & Jilattaoher3ee 1965, .1956; 1967 ) exper".uaentel reeulte obtatmd hnw bee~ 
oomp~d with the theory developed by 'K:I.bam~ It lw.a been found that when tile 

preesure ie o£ ·the order of a taw m:i"! :rons and the frequeney of exoi tation 

ia of the order ot a tf!1#1 mQgooyc las/eee,J both the diffusion and mob111 ty are 
0 . Q.. {}-' . . 

the najor electron removing preaeeaeo. The diec:r;t:pGnoy observe<"l between the 
'""' 

experimental results em tbose ceicu~d hem X!tm...-na 's theory has been 

attributed to the Ul'JCertainty in tho valuee o:f the moleoula.r conetan·te 

in·trodooed by 19-l".a:ra. As the rooohammn of breakdown depends upon the pressure 
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u we1.1. 88 upon the trequemy ot em1 tation1 1 t is worthwhile to 1nYeat1gste which 

procee• 1a 1101n11 xeapon8ible tor electron removal under the preeent esperlllental 
. . 0~ 

••tup• lurtber in thia paper en at·tespt will be made to :lnaroporate the effect 

ot attaobment :l.n lWlara'e tbe0%7• 

. ~..e breakdown ot a gaa e:mi ted by a rad1ofrequenoy voltB@t in proseDCe ot a 

magnetic tield either longitudinal or treDB'Yeree hu been ot,ied previous]¥. 

Mention ~ be made ot the wo~ bJ Townaetd Br¥1 Gill ( 1937) who carried >Out 

exper1menta in air for two trequenc1e• neme~ 49 and 30 Mc/eec onll the range ot 

presaure· yary1ng from a fflfl mierom to;~:,o• 24 m.m. of DfH'Cu.if. Iaz, ·Allie and Brolin 

(1950) perto:rmed expe~nta on the breakdown voltage _ot a 6811 in a micrcnrave 

:field in preeence ot a tranavern msnetio field. The ga.e \8ed wse helita 

containing a amall abixture of mercury yapour and they obt&ined breakdown 
,_ 

curve• tor different Taluee of the preesurt.h Ferri tti and vez-Pneei ( 1955) 

perlozmed eXJB riment• :tor :frequeno:l.ee ~ troa 10 to '0 ~Ieee 1n air; the · 

magnetic field varying frcr& o to 600 gauss.:· t;lhey uaed oyl1Dlr1c~ eleotrodee . 

ADd observed a lowerirl8 · ot breakdown potential 1n preserJCe of the magnetiC field. 

The breekdown of a diecharge 1n air and D1 trogen e:mi ted by a radiotrequency 

wltfl88 ot :trequency b!tween 7 to 10 Me/sec and the pre•~ure vruzy:t.ng tree 

10 to 300 r in preeeme of a tranaveree m~tio field va:eying traa 0 w 'eo puee 

hao been eWlied by Sen an4 Gbo•h ( 1963 )~: · ASetmins that mob1l1 ty ODd ditfullion 
. ' 

are· both reaponeible for removal Q~ electrons am utilising Kibara'e theory• the 

au.thore bave touild good agreement .w1 tb experimental 1'\!Dults~;. In ths prusent 
' .· . . . ~: ' . ' 

. . 

paper the effect of a higher. magnetic , field ··trcm JOO to 1800 ge.U$a appl1e4 
' ' ' . . 

trtm~Ne:rse~ baa .. been/studied ~· the .paper ~porte the .~eulta in oaae ot 

b.Jdrogent, eirt; · O~een. lOl CBrbondioXtde.: Attempt Will firet be made. 1;0 ezpl.aiD 
. ., . . . - . '- . . . . . 8 ·,· 

the results W:ith the bo~ deve~ped ·b1llerUn Sl'k],· .Brown ,(1941) ana t~ to 
. . ' ' . . .. ' . -. . ' ' 

. . 

compare the reeulte with nhara'e, .theory (1952l,.atter tiltrod~ing .ift the theo17 
. . . . :.,. ' .. ' ' . . -·. ._. - . ,. :·.-' '. . . ' ,' 

the etfecta Produced by b. ~t1~.· ;tiel<l~:· · . · · . . 
. '\ 

.·! . 

·-.·; .·- . - ' . 

,1,. 
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Tl:te method ot meuu:roment of breakdown volt&ge has been deeoribed in ohapteriii. 

The ·ueebat'ge tube :ts cyl:tndrical1 of ler~to~ 0.4 em and red1u 1.4 em f'itt0cl 

with two external electrodes am distame between the ·ttwo electrodes beinS{o.4 em. 

~or aU the gBaes studied •. The radiofreqwnoy voltage boo been supplied fran s 

tuned plato turted grid oecillator, the freqllelooy of tl~ oscillator va:xying fz>a:ll 

10 t%J/sec to 30 Ifc/sec, too freqmncy ueed to e:xc1te ·the diochs.rge being 17.6 ~/sec, 

ana the output of the osoilLi:or can be continuoue~ varted\froca 0 to 500 volts. 
' 

'l'hc![r.m.e. output voltage 1138 been measured with a VOCUlD tube YOl'tlooter. The 

preeeure of the gae has been measured with a mercury manometer. r.lho magy¥3tio 

field hae been euppUed by en olootroma.gnet, the lines o:r force being porpon4icular 

· to the length oi' ths diaoharge tube am the magnetic i':J.eld has been measured 

socura·tely with a. calibrated flumetcr. Keeping the magnetic tielti at a constant 

Y8lue, the prosaure of the gas he.a been varied mn breakdown vol~ dete:rmtned 

for various valuee of ·the gaa pressuree The oxp&riment8 have been repeated a 

large numter of times and the reaUlte have been found to be consistent. 

Hydrogen was prepr;red by tho eleetroqsis of a wam comentrated 80lution of 

bariun ~droxtde in a hard glaea U tube fitted with nickel electrodes in which 

!J¥drogen[v.r:a.s libn·ated. at the oat.hooe., The gas 1e dried by passing over broken 

pieoee of potaesiun hydro::d.de tollo\ved by purified phosphorous pontoxlde. 

Pure OlWgen is evolved at the anode in the electrolysis of bariun hydroxide 

solution.. It ia passed over red bot ple.tinun to remov0 traces of eydrogen and 

dried with pu:re phosphorous pentoxide:~, .·, 

1'-w."G carbon dioxide hG.S been obtained by the action or dilute culphur1c acid, 

boiled to fteo 1 t fran a.ir1 on pure aoliun ca.rbom·te. The avolvod gas is first 

paaeed thro~ water to remove trace~ of acid and is then d r1ed by paeaing 

throtf€h oilioa gol and phoephol'U! pen.toxide,. 
·' 
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RESULTS AND :D I S 0 U S S I 0 N. -... 
IJ.be (E/p) values for different gooea have been plotted egainst P f\ in figure (1o ) 

for bydrogen1 tn figure ( 11 ) for m.r, in figure ( 1 2 ) ~or O:~¥gen and in 

figure ( 13 ) for carbondiondo where f\ ia tho diffusion lel'lt:.oth. The ourvem 

indicate that the values of ( E I P ) gradual~ decrease tvi th increasing vsluee 

of P 1\ W1 thin tha range of Pl"eBBttre 1nveet1r;o.ted. In order to ascertain which 

process is domirlant under the p:rosent experimental setup as the cause of 

electron removal, the folloWing po1nta have been taken ·tnto aoneideration. 

(a) Ae has bean etoted by Brcmn ( 1959) the val1d:L ty ot the diffusion tleo17 

ass'W!el!l that ·tbt?~ .:· meoou:roments of breakdown a-..e always· taken in veesale whose 

d1menaione B...'Y'f} SAall compared to the wavelength of tho oxciting power beonuse 

in that case tho tmitom field aaslJDPtiOn 1s alwayu valid •.. In our present 

experimental eetup1 ·the wewelength of the exciting radiation ii!J 17.04 meters and 

the length of the discharc-e tube is/0.4 om aai radius · .. 1.4cm. Oonseqtwntly the 

uniform field aesunpt1on which :1s nec0ssa:cy for the diffusion theory to be valid 

is satisfied. 

(b) The values of mean free path of eleot:rone for various ge.ses have been 

given by Townselli ( 1947) aD1 are ento:rod in table I.:. 

~A B.L E- I. 

Gas 
/ 

L 1n om. 

IWdzto9'D .o2 - .• 04 

atr .o, 
O'Wgen •. 03 -.06 

Carbond:toxlde .()04. ..... 06 
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Wbtre L cteDOteA the electronic •an tree path at a preeaure of 1 •·•• 'l'be W.lUia 

of 7\e the el8ctron1c uan f.rn path will be smaller e.t higher pre~sut'ea. Since 
) ' 

the length ot the d1~~eharge tube 1a/o.4 oa1 aul .rad1UI • 1.4 om it 1e obeened. 

that ?\e ( J... (](' --r Where J.. 1a the length $n4 Y' 1• the radius o~ the 

41eobarp tube. 

(o) fhe collieion frequency ~c = 'l9r /7\e where uz,. 1a the rarldca wloc1 V• 

hca the meE~Buremente made in this laborato%'3 on the radiofreqmnoy conduct1T1'V 

of 1oniaed paea1 (Gupta & vandal 1967) the rsncica velocity of electrollll 1a of 

the order of 108 oa/aeo tor mcst of the gaeee stt¥11ed he:re and hence ·for s 

preaeure of 1 ••• ~ me:roury the co111a1on treqwDCJ' will be of tbe order ot 

109 am ae the frequency of the sppl1ed field 1e 17.6 Jrc/eec, b ooll1e1on 

trectuency is gr;Dater than th~ applied treqooncy end at higher preeeure :1 t Will 

be ati.U grea.tel,"• Wi th1n tbe l1m1 te of experiu""Wntol cond1 tiona in wbich 

d1ttuaion theory adequa~ely e:plaina the breakdown behaTior, one of the 

pbenomenolo«ical ohangos that occura ie the trana1t1on tram ll1&t\V collieioM per 

oeo1llat1on to JIWV' oecille.tione per· oolli81on.. W1 thin our p:reeent exp&rimental 

•tup for. the range ot pressu-re 1m'e•t1gatecl -)c ) > w where w 1e 1be 

aagula.r frequency ot the applied r.t. field •. Heme wa ehaU only dc.al With 

the caM 1n Which the electron .. au:tfera larse Dlaber o:t coUi•iou par oao1llat1on. 

(d) ihe. f:l!lplittr!e of electron oec1Uation when ooll1a1on itt taken into 

consideration ie gl..-en b7 

X 
el:::. p 

.· •.••. (4.1) 

where Ep 1a the electric field intensity.-.:· Putting an average Talm ot Ept w 

an! -))c. 1 t/is observed that the empl1 tude ~t o.c1Uat1on ia ot the Ol'der ot 

.32 em at e. pressure ot 1 :••.••;, and for higher pressure• the aaplit\de will be 

auu amaller~ 
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Under the abOVe CO!JditiOMg it iS thUS appn:rent that the electrons Cake 

llaf\V oecillat1one of mall emplitW.e becouae the motion is restricted by , 

collisions, and the clo\¥1 o:f' eleotronfi appeare stationary { there being no clrift 

motion ) epreading outwal'ds o~ by ditfuaion. Her.ce in the p:resen·t oaae, the 

lose due to drift can be neglected. New charb'Od particles are :fo:nned due to 

ionization collieione alld only the lose <1ue to diffusion pre401l1natee. The 

aooe 1o aimilar to that oocuring in the case of microwave brukdcwn of gases 

+ ]). =0 

• •• (4.2) 

dimormioml treatment iu valid a.nd the solution of the equation w1 th the ueusl 

boundo.:ry oomi tion rn. • o at x • ±. d!2.. where <1 denotes the length of the 

diechorge tube, ie g1 ven by 

••• {4.3) 

where 1\ ie the diffueion length and tor a cylinder of length d. and radius 'Y" 111 

given by 

••• (4.4) 

A8 eto.tcd above,. under tho p:r.eeent e:x:perimental setup and the range of preeatm3 

1nveet1gated> the collision :fnlqucooy ie much lnrger than the freq;wnoy of tho . . 
·' ' ·~ : 

applied rad:l.of:t"equency field am the electron eufters maey .eollieiom per. 
I 

oscillation of tho field. oo has been o·tated tr.r E:t"'?m. ( 1959 ), .with the r.iae ot 

preaeure the electronic mea~ frs~ path decreooes and the ener& gain r.~r mean 

frae path is proport1on'll to the mea..~ tree r.atn at constant E field. lienee to 
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ca\28• b~akdown the tield nNBt iDO:rean inverse~ proport1o~ to the mean 

:tree path or direct~ proportlonel to preernu'ft. He hu thUR concluded that at 

b1gb preesure• where the electrons make m9.1\Y collieione per oecllla tion, tbe1r 

behaYiour 18 the same as in the caee of a.c. discharge.- Iienoe putting J = oC \<. E 

in equation (41!·:3) where of._ :I.e the tirst To\maend coetticient ElDl i the zaobilttJ Co<!.H~·,ie"~ 

•• get 

-
.. I< --­""]) 

we get, · 

••• (4.?) 

where ~. 1e the electron temperature 

(2L) Ee P 
P kTe 

.Y "2.- ••• (4.6) 

( o<; p) 

A -e:t:J, r .. - ~). ~ .. _g_ . P2. = '/"'}... 
o r l E p KTe. 

'}V 

In oaae ot lmr density plasmas/• tfoomtend 1n low cQtTent electric diocharpa, 

the electron te.'t!:pe:raturo Te. 1CJ t ( E'/p )!;· 1'118. the~l energy ot en electron ia 

deteiJS1ned by the d:l.tterenoe between the work done by the electric field !lDI1 tht 

ener§ lo••• due to oolliaion between electrons and atome•. It 1e evident th&t 
e a. 

at higher field_ atrength the electron will gain gr(a~r amount of erterQ between 

aucceaaive colliaion~~..,. Howe'ftl" w1 th the tm:reaae o~ preesUl'G there 1e an 
. \ . ' 

1J3orease in eZ~erli,W loaeea due· t·o coll1a1oM and tberetore the electron 
cL ' . 

tet'lperaturci will ~ere aee with .1mrce51ng p:roes~*: A matheraatical. expression 
' ' . ' . . . . ' . ' . ' . '-~ .. 

' ' 

1~~1yU,.STe and ( E/p) hu;beeD\&d~ed by v~~:Eneel (1955) 
' • ' 0 0 • ' 0 • ~.,...._ ): : ~ '- r' 0 

= _b_ .(tlf) =' -I. {Ejp} ~~ .. y ": k 
. ~ . '·t•;-.('\~~) 
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where L io the mean fre(f) path of t."le electron in the gss at a press'Ul'e of 1 m.m. 

R -=~ 
M 

where m ia the mass of the electron • M :I.e the 

maee of ion. Hem& we eet 

Ao e~r C:. ~D p) p'2-
E · I Yr 

••• (4.9) 

In oaee when"& tllere are ma:w oecilia.t1ona per collision, Brown ( 1959) ha.e deduced 

an oxpreae1on for ·the breckdtYom volt:iige tt.7king the diffusion loss into consideration 

but in a ruse when there are maey collisions per oac1llation at~ 1a the case 

inveet:i.gn:ted here the breakdown potential has been calculated by him 1n an 

11ldlrect wa.fl heme the nbove dedwtion which &ntables us to calculate theoretically 

the breakdovJn volt~e from the knowleClge o:f' different known paranote1:-a haa bean 
K 

adopteld here. Jiihara. ( 1952) baa tre1ilted the phenomena of alectrlcal discharge b7 

adopting a proper molecular model for collimion processes. Aaattning a sui table 

model for the cro11eeeotion of the molecule for elaotic, exa1ti~ and ioni.ung 

collisions with l'lrer.vellian diet!'ioution of velocities of electrons which is :near]3 

N 30'. 
. Ci. 

KTe 
'l'Y\ 

.... (4~10) 

where c 1e a molecular constant equ1 valent to collieion croeseect1on ana 7\. is 

another moleoulnr constant introduced by K1hara hc.vtng the dimension of~' /eeo, 
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1f 1e the tlliDber denaity of gas atoma 1 K the Doltrman oonetant, 0~ the moleculR;r 

wloci ty and T 1s the electron tempero.ture. IJonce we get, 
ft 

N '2._ 3 ° . 'f\_ ~ -e-7<.-p (em_ e_ Z/2. KTe) 
(1_, 

o= ~ [ N 2: 3~ C . 71. /\'-J 
1-

••• (4.11) 

l.l'urther acoordins to Kibe.:ra 's theory the electron temperature le:. ie given by 

e. 
N 

Where f 1e another molecular model constant introd'l¥)ed b;y lWla.·,,a with the 

dimension o:f.' area divided by veloc1 ty and ie related to the total CI'UsiJection 

by the relation Q. = fc, which means t.liat the total cross section ie proportional 

to the speed o:r the colliding eloat:ron. l'uttine the valm of K Te we get1 

1 + --[ 
w'- ] '/2-

Nl- /\')... = 

6 o p \ 1 + ( C 1 )7.-J '12-
E L A,P7\ 

2 ~ (A I p 1f 1\) 
••• (4.12) 

where A1 and c
1 

are the two derived ooneta"lte introduced by Kiha.ra and their 

values tor different geeee have be~n provided. where 

B ~- ~ . 'rn c z-. (3?\.f)'h ?\ 1e the wavelength of the e~1 ting r.:t., field c~.nd 0 p 2 e. 

end :B 0 ha$ been shown to be equal to 1he constant D introduced by Townsend 1n 

his theory of electrical discharge._. From th11:1 voluee of the oonato.nte c1 am A1 

ae given by Kiha..""ll for different gneea and ?-.... the wavelength of the r.f. field 

the nunerioal Talm of the tem ( A c., )2 beeaneu negligible compared 
I p ?\ 

to uni tq and the equati.on can be further e1mpl1f1ed 



••• (4.13) 
' ! I •> '• 

The value of the eonetant A1 can be calculated according to Kiba!'a from the 

constants A
0

81'¥1 B
0

,. the Townsend 'e oonatanta, ae follow». K1hara has shown tint 

.A o = li o . ( 3?\) 'h_ ) 8o = ~ . ~eci.'l-. (3'Af)'h 
F c.(, A 

= (p~) 

3o'A. 
c., 

A. 

. ' '• •• (4.14) 

"here Vi. denotes the ioni~t1on potential of the gas. Thet values ot A
0 

end B
0 . ~ 

have been given by Von hngel (195~) 1n case o:f air and hydrogen for the values 

. of ( E/ P ) uaed in thia experiment; 1n esse of Co2 the va.lms of A
0 

and D
0 

_ voH·~>/C.rr..lr.""'ofl-l·a-· C'/ 
~ PI"?Vided :for t / p wryin8 :tn:Jm 500 to 100011which is much hi~r than ( t:: P ) 

Yaliwa used bore arxi in case of O%if.f!,e'tl no data baa been provided. Consequent~ 
c . 

values ot A
0 

and D
0 

have been celculated in case of O'qf!18ll and f)arbon41ox1de 

:trom the cUIVeilJ showing the variation ot ( eX/ P ) ~imt ( E / P ) 

(Brown 1959) tor values ot Efp ~ing between 50 to 100 volts/em. izm. of Hg. 
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Do Ao A1 1 Vol w/aa.-.. :lPJl ~!!&~· 1 
ot 11&~ •••• ot Us· =~ -· Ba· 1\ 

~gen 130 5 2 •. 5 10.61 

A1r ;,65 15 ,.,,? 10.61 

(b.ygen 138 5~.65 ,.182 10.61 

~bond1oxlde· :541 18.8 a~,,,o 10.61 

!he value• ot E"jp baw been ealoulflted bo.th troll the expreueion (4.9) 1m! (4.1') 

tor 41:t~erent vd.uee of PI\ 1D cemo ot aU the guea and the .results plottecl 

e1cie by. aide tn ftgu:ree 1 o, 1\ , 12 I!&Bl 13· ~ · b Yalue of the conetant 1' in 

equation (4.9.) bu boen taken fl'Clll the experimental (lata provided by Deaa tmil 

Fal1ue ( 1949) where the experitaental Yaria.tion o't -,e: w1 tb redtX)ec\ :t1eld ( E/ P ) 

tor various molec~ r g88ea ba8 been provided tor wee 'B/ p ftluee ( ~300 Y/ca. 

m~m· of Hs• ) •.. by are suitable ~ame the. vartat:ion o:t E/p 'Yaluea in our 
• ·e';;c . . . . 

..,_.~ent ·. ·a1ao 11ee in tb18 rsage,~( It is advieab,_. to uae the experimental 

Yaluee of 1 becaU. ~ = ~ ezi4·· no preoiM value ot. L 1a &Ye1lable 1n the 

li teratuxtt. 

Dbazoa 1n hie theory baa provided the tbeoretioai\ma1e for calculating the 

lmlakdown. potent18l. in caae ot non.~ttachiras s•••• Sen ana Ghoab (1963) in 
' . ' c . ' 

col..culating the breakdown potential 1D. rediotrequemy field in• ot electron . . ' . ' : .. 

• 1: ' 

pxooedure baa yielded better :msul.tel £11\ alt-e~tive moth~ b.aaed on more · 

. -'' ' 

" 
''· 

.·. ·, 
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\Vhen Qttaohment 1s aleo taken into com:lderation the bN "'kdown oom1 tion is 

given by 

-~ 
. (Ia_ .. 

• •• (4.15) 

and if o( 1a taken ea the coefficient of at·tacbment th~n 
~ . 

• •• (4-.16) 

- c.oe.!J ;d"-"'-'< 
whex'e K is tne mob111tyhentl Et:t. ie ·the breakdown voltage when attscbm\lnt 1e taken 

into coneide:ration. Putting the veluea of .)) and D ae before 1 . 

3.6" 
N. C· 

l. 

,. ,. ~ , ,.-JIX_I)Y\ N 1\ 
\ZTe 

and t%'a'!l lWtm·a'e theoey 

K Te. I ryy.,. N. ]'.._ 

\{ Te.. I 'Yr\. N ()\_ 

1-<-.. 

(eX~/ p) ( Eoj p J K P J- 7h N ~ 

~ Ea./t3~ f )'1~N J 

the brecl«lown voltage will now be given by 

8E: [t + ( A,;·?'r r-
where 

+ 

or u betore mglec ting ( 

••• (4.18) 

••• (4.20) 



... 

-· 106 ·-

ThUG ·the etteot ot electron attoob.ngnt consists in dM~~eaeing the value ct. 

eft'ootive diffusion lensth. The values ( ~/P ) for o:xygen am air have 

been obtained fl:tan J:i~o-.m ( 1959) consequently lA end ttenoe · · A.e can bll . · 
. G\... 

oalcullllted. As ·ttere ia no available data :for Co2 attachment oorxeo.tion could 
not be ati..9Ti~d out in this case~. In his ·theory ot high troquer.oey- breakdo~r-.fn in 

electron attaching ·gruses J:3rrJwn (1959) llae el$0 follcwFGd a simi:le:r ·tre<:tmen:t aM: 
~ 

ae hae been ahown above,.~ the e:t'teot of sttac:bment conaiete in replooing ·tne 

4i:U'ue1on le~ 1\ by 1\e.i eo equ.~:J.tion (4.,9) can be modified and w get 

"u.(4~22) - . ~ 

Herlin and ~ (1948) by considering the eftect of e.ttubnpt has calculated 
r 

o( 
p 

_L 
p ••• (4.23) 

To calcuh:te theoretic~ ( E Q./ P ' l :tor different valuoo of P 1\ sa hAS been 

done hare the difficulty. arises doo to the foot that o\fp ,.. (3/ p and u!UJ. 
are all f'unctiom of ( E I P )a: lienee ( EQ. I P ) oan not be calculat.od 

intlopendent:cy or th~se qmntitiee but i'rcm equ.,.tion (4.,22) ( Eo./ P ) can be 

calculated :tor. c11:t':tennt values of P /\e. and suob vmntion has been plotted 

:tn fig. 1 1 t 12.. .and 13 ~ase of air,_ o:x;veen and oarbondio:.d.de.~' 
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.!tJect ot MHmtic field. 

Brc'Jml ( 1956) has ahown that in preaeooe of a msgootio field the diffusion 
Le 

coafficient can be rGpresented in -~ms of the mean sqooro <lieplooenJ~Jnt aDi if 

j):x.x , l) 0 (1- am ']) z z. are the diffusion coefficients then 

, the cyclotron frequency. When the brenkdownlleld 1e 

stl.Aiied 1n a tlat oyl1ndr1cal om ty whose length is very short CCDJ!&red to 

1te disneter MV1 the magnetic field is ple.ced t:ranaveme to the o.xte of the 

tube, most of' the d1:f'fuaion t9kes plooe perpendicular to the melgmtic field 

~ the breakdown field will show reduction in value. The mean square ot 

dieplocement travelled by en electron is proportional to diffusion coefficient 

D ani Drown has shown "that the effective diffusion length 1\ p appropriate to 

infini '00 puoallel pto.te will be given by 

'- ~ '\ '1.. wb + 'Vc. . 1\'l-
vL 
+le~~J]./\~ 
+ ( ~\9~ y- \-\ /r~ ] . "2-

denoting the eons tent c e L I rm t9y-5 = c 

••• (4.24) 

Hence under the action of the transverse n:agnetio fi0ld the effective d1ftwt1on 

lflngth imroaees and the breakdown field in ease of a crossed electric am 

magnetic field is given by tran oquat:i.on (4.9) 

em from equation · (4~ 13) 



2 La.(A,PIT/\p) 
·B.o 

<4.26) 

IJ.'be value• ot f\e and 1\p oen be caloulated from equat1oM (4.20) and (4.24) 

an4 M.DOe tl1e theoretical e~ress1on for E H f p · can be cBlcula:ted. The V&luea 

of 0 tor ~drogen waa oeloUlnted by BleYin and I~don (195G) and wea aleo 

obtained iD!epeDt'lently l?Y mic:rows:re measurements~ 0 for ltyuopn waa taken sa 

2._42 x. 10-5 .• The valuers ot 1.9-r , the ~aa velOcity h.e.ve been obtained frt'll 

red:lot.'requemy eomuct1v1 ty measurements ( Gupta ancl Mandal 1967 )1 and the 

Te.lue~ of L were obtaimd trom the values of A0 (Townsoncl 1gJ). '!he valme ot 

2. .• 2 s 10~5 
:.1 

5115 X 10.: · . 
2. -1 

•• 159x 1() \•' 

1.,5 z 10~' 

!ftle theOretical reeulte calculated from the d~~~d equaUona (4.25) au! (4.26) 

luwe been plOtted •1de by aide in .e!IOh case 1n tbe t1£U.l'Ge \ o to · 1 3 . 

S,clrogen t• In ft.g.,I0-1 it io obsel'ftd ~bat the 9f)ement 18 quite eatietectm:f 

between the experimental resulta a theo:et1cally calculated ?Olues o'l ( E /p ) 

both fJ:om. Brown rmd.IW18ra'a ei:preaeions througb:out the range of preoeu:re 

inveettgated.~,: Wheil the raaemtic field :i.e pl'eeent the theoretical msul te 
' \ . ' 

11141ca.te that the breakdown voltage bscomee snaller in accotdetAce with the 

experimental results obtained-.. The lose of· electrons due· tD dittueionleoomee 

enaller in presence. of maptic f16ld DtJd small~r wltagesare •ceaoar.v tor 
·, 

b:rea.kxlown~ For 300 gauss Bnd 600 gause { Up,~.1o-2. , 1 o-:3 l the agreement 
. ·, ' ' ··'\ 

io gootl for higher values ot ( P 1\ ) t:l!e~: for bighQr presEJ'Wioe but fo~ ·. 
-~~-· ''. . . , " . ' 

900 gause tm experimental :reeu1 t.B are ~sher than tnot~e ~Olcula.ted both trca. 

the equations of l3roWD ana· KihaTfi ·.for all the val\lea ~t P" irl'\18et1gated beret! . ' - . - ' . ' . , . 
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Air t• fig. 1\-\ iniice.tee that in abeeooe of me..enetio field the theor.et1cal 

values oaloulated from Drown's o:r,pression aro in better agreement with e:xper:Lme .. 

ntal .results than those calCulated from Kibero'a expression. As in the ce.oe of 

hydrogen the breakdown voltages are smalle:r• \then the megmtic field ie preeent. 

The value a of ( E I P ), ca.loula ted fran Brown's expraesion are howovor in 

better asreoment w:'!.th experimental :re&rulte than those calculated fran Kihara's 

theory apeoial]¥ for high pressure and emall val me of magnetic field' the 

diso.greement beocmes more and more when 'the preasurej:Le · low end the magnetic 

field ie increased. 

Oq~n ·- Fig. 12-1 indicates gl)()d_ agreement beimeen iheor-.:r :md exr,eriu:ent when 
'• 

no magnetic field is present. In presence of magnetic field ( f~• '00 gauss), 

( E/p ) valtes caloulatd from Brovm'e exp:oossion a~e in bettsr ~em.ent than 

t'hoee aal.oula:tted from Kiharo 10 but Wide divergence io noted between the 

theoretical values calculated from both the eqt\9.t1ons ani experimental 

results when the megnetio field is increased am ·the th~Jo:cy fails quantitative~ 

to explain the reeul. ts ( fig. 1 '2.- ~ , 1 2- 4 ). · 

Ctn'bondio:d.de I• Fig.I3-I ahowe good agoement between \ro,-'r.Y a:r'A experiment 

When rio mGgnertio field ie present. In presence of' megns'tio :field ( H u: 300 gauss: 

and H = 600 gause) ( E/ P ) Yalme oa.loulated from llrown 'a expression axe 1n 

better ~enEnt with experimental raBUl tG than those cnlculated from K:1ha.ra 'a 

theory specially :for high Ylll}&le of preef3Ul'e. Divergence is noted in case of 

low pressure and high values. 9~ ms1gnetic field._ 
c .. 

From 9omperieon of axper3.ment~ and· thaoretioal results it coo thus be 

concluded thnt in aboeooe of ~aptic :fielrl the theo:retical and experimental 

results a:ro consistent and diffuaion is the main electron removal process •. 

In general the results onlcv.J:-. ted :t'rOm Drown's e:xpreooion ( equa:t:i.on 4.7,) are 
'·'' . 

in better agreement with experimental results trum thoee celcwated from. 
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Kihara's theory. lt :t.s worth noting at this point tha.t if in equation (4.7) t 

the expreeeio~ tor electron temperature· a.s deduced by Kih!l!'a be inserted then ~· 

e:xp!'easion for E/P b~omee identical in both ·the cas~e. We get from equation (4. 7) . 

by putting 

'L N. 3 r)'f.,. 

(. 
L 

,N'l. I 

7T2. p2. 

~ 

.K 

3o7\ 
c-.L 

.·A, 

)
'h 

N P (3'A{· 

Ao = t~ )Cf) cq )'h 
~x.f l Bv p /E ) 

~ ~ _1 ) 36"']1.. 
If p \f '(.._ 

-exr ( Bo ~IE ) · 

Ejp 
2 4 (A, PTI /\) 

which ia equivalent to equation (4.13) 

Ooneaquent~ the tno equatione beeane identical' if a sui table exp:rees1on coo. be 

deduced independent~ showing the Ve.'t'iation of T e w1 th ( E / P ). 

When the value of ( \4 / p ) ie smUll and lies below 150 gausa/wn. ot Hg., the 

values in a.ll the casee etwied hare ana the agreement is better when calcul.o.ted 

1'rom ~'e &QU<:'ltion but when ( H/p ) becaoos gl"eater than approxima.telf 

1510 {!.t!l.ooej m. ag. the results are in vdde d:ivergeme.\ To make thie point clear 

the valooa of Ap (A have been calCulated for each g.aa eepa:ratel¥ fr.:m the 

theoreticalla' derived equation ( 4~24) '/'L 

- {\.. L 1 + c H~/p~J 
tor different val'!lGS of ( \--\ / P ) "'lm"ying fran 50 eeuse/nm. . of Hg. to 

500 gattee.Allll. •. of fig. To examine whether ·tho alternation in -the effective value 

of 1\ is in acco:rd~e wtth the thf.rOr'.ffleveloped, · f\p j 1\ has also been calculated 



.E/E ~ 

••• (4.28) . 

The theoretical and ·oxper:lmental values of ( ""r / f\ ) for all the gases have been 

plotted side by side in :tlg. 14- ct,b,c., d • It 1~ observed th.nt in each caoo tJ-.10 

experimentel. valoos are quite cloae to theoretical valwe for ( \-\ f P ) ( 150 ge.uae/ 

m.m. ot Hg.· but for higher values there is wide dive:t .. gence. This indicates that 

the comept of equivalent p:resou..~ upon which tho dedw'tion is baaed becomos 

invalid for ( H/ P ) > 150 gaUGs/m.m. of Hg. This toot hOB also been obeerved by 

Haydon (1961) .• In a previouo 'paper Sen am Gup·ta (1964), it was abo obeorved 
e L 2 · 

that the coMtant 0 • ( ~ · ~ ) dooe not :t"'emein oonatont aa the random 
Y' 

Teloci -cy changes With magnetic :fi~ld and hence the constant C bec001ee e function 

of ·the magnetic field• Further thore ie much uncertainty ill the values ·Of the 

molecular conetarJts introihEed by ~a.ra rna thia to~;a·ther with ·the ~e:rtainty 

in t11e values o:t C· cen explain the divergence obee:t"'ed between ·tthe values of 

breakdown voltages observed 1n the present investiga·tion and thoae calculated 

theo:retical:cy". · 

The theoretical dedoot1on c l.lrriad out e.bove cannot be regar-Jed as rigorotw. 

:I.e introdmed into Eo~trmcn trGnsport eqtlf\tio:n: f'rcm which the en!}rgy distribution 

of eleotrone in p~seme of magnetic field t.nd the rate of iuniaation ce.n be 

deri"V'ed. However the above discussion clearly' iruliccrtes tf'illt though :t:~sulte are 
Pa: ' ' ' ~ 

better expla:tned"Drcmn'a theory, ~:ni'a molecular lheo:cy of radiof'l"eq~my 
. . 

breakdown can aleo explain ae.tisfectori~r. tho ex:Por:tmental :ro$ul'ts nt least 
,, '. 

qm-11 tative]3 specia.1]3 for low values of mggnetic field . and tm generel 
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J 
equation oen be conTen1ently modified to take into oooount" tbe pbe~M of 

attaobae:ot e(ad the effect ot 1186MtiC tield. 
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In continuation of the work dom previous~ by Sen W1d Ghosh ( 1963) 

tiW breakdown of a ~ c:mi ted by a :radiofrequemy field of frequency vsr.virJB 

f:t"eo 4 »J/oeo to 12 Mo/uc has been atud:!.ed in a transverse megmtic fisla 

in case .of heli\IDft.. mon ann argon •. The breakdown of a gas in a _'b.tgb ~qooney 

field in p:reaer,10e of a magnetic field hae bema studied previous~. !.bet of tb9 

preVious work: hse been dono in a resonant field, the frequency Qf h applied 

field cmd the ugnttme of the magmt'io fiold being m..¥3h that the :rola:tion 

} &},plied ·f!! -e. 'Hj21r-mc. was oatiefied •. It will be ot interest to see the t:t'f~ot 
ot a nonresonant m~tic field on the breekdown potential o~ a gas When tlle · 

magmtic field te to::r removea· tram the reso~e valoo, ae regards botb the 

'Yalw of the breakdown. potential and the shift ot pressure for m1n1tma 

breakdown wl tage. The eondi tion for the breakdown of a gsa excited by biBb 

:t':Nqmncy eleot~tio waYee clepeme mainly upon tootora eU3h aa the 

pzoessu.r.e of the gas, the d:toens:lcm o£ the diacharge tuba ana the fl'eqwncy of 
c 

e.mitation. It 1e well known that two d~nt factors by w~ eloot:rons era 

lost from the discharge are diffusion and mobili ~~ It has been :rewa that when 

the presaure o:t tho goo is hiu.h and frequency of e:xo:l tation is in the mlol"'WPlW 

re{51on, the electrcne: am·loat ma1nl.y b3' d1f-.fuaion. The reeulte of' b:makdown 

eli;Perimente of section A where the pressure of the goo has been maintained 1n 

the millimeter ~t the dimension of/tho discharge rube is sooh that the 

electronic mesn free path is mooh analler than the length of the diecliD:rge tube 

en! the discharge ia el!'Cited by a radiof:reqttorJCy voltage, show that mdel" the 

oirctDStances dif:t"usion is the only dominant footor for eloctron remo-val proceaa. 
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i'bi.G soction however xeporte :results when the presm.n-e of the Bar!~ is of the 

order of a few microne and the length of the d1ech>:'ll"ge tube 18 large compared 

to the mean tree path of the elect:::-ona am tl·c.e frequency ot exo1 tation lioe in 

the radiotreqwooy region. 'lhe object of the present paper 1e to develop o. 

coooietant tb.t:ory which can e:Q>lain fue obaerved reaul te. I':Lhara ( 1952) eta'rtinc 

:troll a molecular model hM advanced a theo:ey regarding the brakdown of a f!IJIJ 

when it ia emited by a. :radiofrequeooy field. In 'tile r.f. field, the loes' ot 

electrons haG been ascribed to diffusion at¥! mob1li ty of elecrtrone. Sen en:\ 

Ohoeb ( 1963) modified Y~ra' s theo:ey- rega_'l"{):lng rndiofrequency discharge ( 1952) 

by the 1ntrodt¥:!tion of effects doo to the magnetic field and dedoood a new 

ezproeeion for the bref:lkdown voltage and e.lao the presatU"e at which the 

breelalmm voltSboe becOilJ!!s a tn1nimm. To eupplsr..ent the verifioo.t:ton o£ the 

theory dedooed by Sen and Ghosh ( 1963 ) proViooo~ B.tld to extend 1 t in case of 

other gases u.nder iden'fJioal condi tiom o:t breakdown in a nonresonant transverae 

ID.Flgn.etio .field, the present work bas been undertaken and the paper reports tbe 

reeul te :tn case ot' be ~t'!'l, argon and mon when -o:xci ted by a md1otrequency 

field of fre(lUOncy varying from 4 ·to 12 ftl/sec ~ a trorwve:r~ magnetic field 

vmr.r1ne from 2e:ro to 120 gauss. 

'.t'~1e _ breakdorm potentials have been d ete:mlim d in the srune Wf?J3 oo haa been 

done by Sen and Ghoeb ( 1963 ), Gill and Von Fflb~l ( 1948 ). T'ne source of r.f. 

oee1llation 1G a tuned ple:tli!d tuned grid oecillator covering the frequeooy 
~ 

range 4 to 12 Mo/aec and 'the output can be varielb aontinuously !rom 0 to 500 

volta. '~ output r.m.e. voltag~ 1e measured by a vaoutm tube voltmeter. h 

diacberge tOOe w-1 th two outer electrodes 10 placed at the output of the 
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'tftOU\D gauge.\ The Yo1 tsge fran the radiofreqtJ:lncy'" source ie 1Dcreeaed gra4ua1]J 

mtil a glarr appears at the discharge tube am eimul tanaoue~ there is en 

indi~ation ot a tall in voltao"'1t at the output vOltmeter ( internal :lmpedame 

50000 olii/Yolt)• Thie perticuler voltage 1• taken an the breakdown voltage. 
;,'. 

~ preawre ot the l'irtmi 8/luee is calibrated individual~ for each gee. it.o ·· 

breakdown YOltagee have been mea8ured 1n the case ot pure and d17' argon, neon 

and hel1ua, which are epectroecop1cal~ pun. asaplea ·and supplied b7 British 

02'3'gen co. Ltd~. •i'he msgmtic field was provided b,y an elec~t and obserwa• . ;· 

tioMI were made for magnetic fielde ranging frail. 30 to 120 gaues with the liMa 

o:t .force ot the electranagnet at .right angles both to the length of the 

41eohnree tube arid to the Mrection o:t the eleqtr1c field •. Keeping the magnetic ~ 

constant at a particular value, the preesure of the . gae h!l8 been varied an4 
' ' 

breakdown voltngee determined :tor various valuee ot the pre$sll!"e of the gas. 

The eam.e procedure bu been repeated for different values .of the magnetic field. 

The experiments b.sY'e been mpeated e. large :tll.Dber ot t~a with wide intel'Wls 

and the ·results have been found to be consistent, the variation of "EL" ·~ 

found to be Within.:!:, 2 volta, where E is the breakdown voltage tx:tr em ant 

L denotee the length ot the tube. 

R E S U L f S AND DISCUSSION. 

!he Talues of the breakdown potential have been plotted for varioue 'Yaluae 

of the pressure and for var10US ValUe• Of the mtignetic field in Oastt of arson, 
neon tu·Jd- heliUI!l in ftgut"Ce 1 s, I b and 11 :reapect1vel.1',. Also the curve ot 

breakdown voltage egairutt )'>1'eFJBU1"41 . hae been plotted in the abaenoo ot a magneUc 

field in the t.l'l!ee figure• for compariao~ Exp&nmcnto have bean pertorraoct tor 

Yalues ot H • Ot 30t. 60t 90, 120 gaua•f lt 10 ObilttrYed that 'file breakdown 
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wltap alwa.ya :tracreeeea 1n pre•no• · ot a maenetio field tor ail values ot 

~teeiurt ·am ·'\ht preee11l.'e at which the breakdown voltage beccmea m1!1lllta 

~ ~ ~ higher preaDUl'e when the magnetic tiold is applied 8Dd tb!a 

value !DD.reaMe with inc:reue in the megDetic field. The experimental reaul te 

are entered 1n Tab:t. I SD4 ·II an4 III where E1111n and Pmin are ad.i:d.nua 

breakdown voltage axt the corresponding pressure em ( E~-t )111ft · all4 (PH )lltn 

are oomspondirJS quanti tie• 1n ma&Uetio field. 

!ABLE-I 

JUDillta M'egneUc (PH )ldn '.m a( Fk )llin ( PH ~ 
Gu bre$4cmn fiel4 

wltage in pun Experimental. ~aloulated trca - !Caloe frca 

.wlta :ln •••• •Q.u. . (4'1t3) ~ .... ~qun. ( ~t·lf~) •·•• 
(r.m.a.) 

130 0 .,285 .226 \ 

140. 30 .,25 .251 .252 .. 

AriJYA 145 60 .,50 .261 .26, 
155 90 .375 ··232 •. 286 

165 120 .400 ·306 .,12 

< 

!ABLE • II. 

Mildala I•i'J&Ditio (PH- )111ft Pain· 4 ( ~ )Ilia Gaa breakdown field ( f» >atn 
wl~ 1n •• , Expe:rJ.mental od®latecl ~· calc. traa 
Y01ia . :lna.m. equ.. : (4·lt3) tri ••II• equ. ( lt'+'t) •••• 
(r.m·~·) 

150 0 .625 .595 
.G54 

160 30 .675 •. 651 
.?10 

Neo'T\ 170 60 .?50 .?04 .. .?62 
190 90 .aso .. .,5 

.812 
190 120 .925 .768 

I 
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TABLE·- In. 

Mtrltmua Magnetic 
(PH )!lin ll'.raft the 1st set ot valuee ~rom the 2o11 eet ot 

breakdmm field in of ~ conste. given by Val.ue0 of the conat. 
wlte.se Gauea. Expt. in R'!Mm. ~ven by ltbara 
volts m.m. 
(r.m.e •. ) (PH b (PH .>mn { p" )min ~ Pw )min 

calculated cslculatect calculated ~e.leul.Qtec! 
:trom Equn. (1r43) :f'rcm B}w. fran Eqw. ~ D}twt. 
in m.m. (4·¥~r) 1n (4 'If~ in ftMJl• ,'~'4'+) 1n m.m. 

m.~a. 

. 

130 0 .85 .70 .·8'76 

140 so 1.00 .• 76 .?6' 1~09 1.17 

150 60 1.10 .82 • 84' 1.19 1.-42 . 

160 90 1.20 .• f!fl ~ 
.91 1.30 .. 1.69 

170 120·' 1.35 .• 91 .• 98 1.42 1.99 

., ., 

!o aeoertain the aanin:mt oa.uaes for electron :!'emoval prooeas under the present 
~ '· 

il¥,Pe:r:imental aetup the following pointe can be noted. 

(a) ASsuning that ·the mar,m tree path ~ the electron in the gas is given by L' = 1fA 
'· • .. 0 

w~m A
0 

ie t.lte ooqotant introduced by Ta.vnae.nd in lds ·theory. of electr10~'f1ioch~ge o:rt 

L' 1e the electronic mean tree path at a pressure of 1 mqJ!lt the values of t• ccm be 

calculated fi'om the velma ot the oonetant A
0 
.~~n by Drown (1959). 

~A B L B • !V. 

" .. 
GAS Ao . !Jt " 

' 

'' 

' 
tonpeix$ 1n om. 

em. nm• o:t IJg. 

' 
Arson 14 •· .0714 

1!ol1Wl ' ·'''' 0 

' Neon 4 .• 2500 

.. ' 

' 
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~ eo~l TalUia of •• me pa~ ua hoWewr mt.~th emaller ae b8e Men ehalm. bf 

TowneeDI ( 194? ). !lbe general l'llll8f! ot p:resaure under which the preaent esper111ente 

have been carr:Led out n.ry boca a ff!lfll microns to 1. 5 •• ot Ha· 'lald.ng an 

anrale value of preoaure all 250 r the mean tree pe:th').p:t the el9ctron becCDJe 

o.,2S56 om, 1.32 om Emil 1 •. 00 em. :1D case o:t argon, heli\D 8D4 MOD. respeotivel¥• 

Heme under the presaure oone1llezd the maan tree pe.tb became• much •all.er tban 

tbe le~th of/the dt.oharge tube(l o c..,·) · 

(b) !he:. collision trequea:y ,.)c..= Clf'Ae. .. Whel'e ci. te the remam YelocifQ 
. ' ' 8 ' ' . 
ana aestiDinS an average, veloo1 v of 10 011/eeo. the colU.eion fl'equency. t• rtasr]J 

10~ oycles/aeo whereO. .ths frequency. ot. the ezci t1ng radiofrequenoy field :I.e 
• • . I • 

6.4 Mo/eeo an4 be110e ~e ooll:leitm frequency .18 JllJ)b larger tban ~ appl1tKt 
I ' • 1 • /, ' • 

0 
' 

treque:noy. 

(o) h~ eapl1tu4e, ~t o.ll011lat1on ot the: electron i. giwn b;r 1Jrawil (1956) .. 

the ampU.tu4e ot osci-llation ta given by 

I • , 

'€ Ep~~ W -0c X= 

•• (4.29) 

).)c.>> w 

Putting' thi wloos ofEp • 1:5 volta/CI!lt~Al• 6 •.. 28 z 6t!4 s 106 
and ~ ...... • 109 · · 

-x~o 11 52 a Wbicb :I.e muoh IIIEll.ler than tbe length o't the d:!.aobargo tube~ U.me 

thOU$h ·aU the eleOtrotw cannot 8WtJap over complete~ acrose ihe tube 8lld · · · · · 
'' 

®llide'.wi th the walla on e'Nr.Y 'halt ·c~ole, t.boH el.eotrone· wh1ob ant ve:q mar 

the W&lle will be Gnpt ove·r to the Wallo and be loat. ' : · ' . , 
' ' ' 

· , · .. ; Vt.d.er 'the ·~ comittor.&a, the eleottoM m.'lk~ 1lm\Y .coll1e1ona tor each 

:dDC1ll~·tion ;of the field 1F..lrid drUt. oa a ol.O~ 1n the :f'iel4~ Their motion can be 

.. ·.4e80rl.bed by a mob1U ~ to1m eat u tbe p~ssure is oompit.rat1Te~ low and 
• • . • • ! • 



calculation shows tmt the anpl1tuiE!l of oHOillat1on is finite I9Dd 8ClCH eleoti'Ona 

sre loet due to mob1lityo Conseqwntly the lose of elect:rorw cP.n me.incy be 

attributed both to mobility and diffueion. 

When_ the diffusion ie the only' electron removal prooeae, the theory of 

breakdown hue been \\'Or'.ted out by I!erlill and Drown ( 1948 ). If for the eake of 

argunerxt ·we neglect the loss due to mobility and aesune that the diffusion is 

the only electron removal proceee then ooeo:rding to K1baTa ( 1952) the mekdom 

voltage E is given by 

BoP . [ 1 
E . + 

...(4.31) 

where »
0 

ie the constant int:rodwed by Towmend 1n llis theory of eloo1-'l'ioal 

discharge, a1 , A1 and . ~ are tm molecular constants introduced by K1hBra 

am 7\
0 

ill the. wavelength of the exe1tin6 radiofrequenoy field. Putting the 
0--

Yal.ooe ot c1 t A1 u given by KihBre ~ r"J\. 0 and ¢amm1rlg P = 200 /'" the 

'2 
n1.110rioal value ot the tam ( C./A, P7\o ) . beoomae negligible in oompaneon 

to mity .S!ld the preeslm!t at which the breakdown voltage becomes m1nim1.1D can 

be oalcula ted to be 

P~. 
• •• (4.3~). 

The valuea ot Pm:lft can M thus be oeloulated for the tJntee ·sasl3e ar¥1. reeultaJ 

are entered in table V whe~ the values of B
0 

have been taken tran 1lrown ( 1959 ). 

-~ 
Gas Pmln (cal.C.) p 

min ( E:ptJ 
in m.m. 1n m.m. 

Argon .144 •. 285 

lteliun .165 .• as 
Neon ~'0 .625 



'lbua ·1 't l8 obaerred 'till t there 18 W:l.cle. divergence. tJetlfeell theoretical aM 
. ' . ,, ' 

-· 
experimental. val•• ot :taift .., 1 t cen ~ concluded ~t diftuei~ oamot 

alone eocomt for all ·the 1o•••·· 
Co!J8~Wtntly :1n our. PNHnt -wo*. K1bara 'a theory baa been ueed to explain 

tb8 :result,. 'baoauee he ~ taken bo~ .ob111 ty eiXl 41fN!on aa electron 
' ·. 

MmOVal proc••••• It 1e noted u Kib&m augeata that hU theory loaea 1 te 

wbere w 1e the frequency ot the applied t1el4, 

7\. :La a aoleoular constant 1ntro4uoe4 by Klhara the lllllBrical valuefJ ot "" 
. ~ 0 

tor varioua gaeee bas been given by Jahara 8Dl'l B ill tile 11111bor ot mtPleouiea per 

Uld. t vo111Jle. AIJ the frequency •ployed 1n the expel'imenta 1e of the or«er ot 
. . 5, 

6.4 lt!/..c, the theo17 is not expected to bold for pressure lees than 1J( 
~~ -~ . 
l:M!e'?!!)eB when the Taluea ot c.u •. 5 8nd ?\.are ·tue~, the left hand side ot 

. be . 
the equatJ.on ~~COO\e8 greater than urd:ty ~n l? 18 D&ll.er than 15 r· •-: Further 

wbere :s
0 

ill ToWnseDl'• con.tant and 

A I = c N(pir) (_ :,.0. 71.fc. y 
02 ta another mol.ecular oonetant atd c i. io the ranaan wloo:l ~r ot eleotronei. 

o :18 equivalent tc ~ coU1aio:n cross eeot1on, and 7\.0 111 'the wavelength 

of t~ r •. t •. voltage;· freD equation_ (4~33 ) (P)IIiD • the preaeure at which 

tl1e breakdown voltage becomea a mtnuma _:i.e gt:nn by 

P,_,, = (2 E~/e,o) kQ(?-A,LE.fB.) 
••• (4~.34) 

The vfbt• ot (P >ain haw been celeUlatecl 1li the case of argon; neon aD1 hel1us. 

The .valuee ot A1 haYe been prori.ded' .bY ~· (1952) 1D b18. paper aDS tht!t 

reaulte · 8.1'8 entered :tnto the fittJ;a. qolunn of table I eld II ~or argon a 
. . ~ -

~on reepeottve]¥ and in the fourth coluim of table' III 1Jlasee of helitaJ the . - ' . -



results are eome wba.t 1n agreement with the experimental values 1n case of 

· arson and neon am the dieoripenoy em be attributed to the uneerta.int1ee in 

the values ot thQ comtent involved in K:l.hara1o theory. The diecrep&'K)y ie 

more in case ot bel1un ~ It 1a however observed that Kiharn 1n his paper bruiJ 

given wo valuen of the coutante in oooe ot hell\1!1~ If we choaa the oocom 

eet of values of the oonatants in oooe ot helitm then the reoulte a?."e 1n 
. . 

quU;a good egraemnt with the ex,Per:l.mental wlooa~· The theoey given by K:1.hQra 

ie orll,y valid for one d:imensional bntment that is when the ares ot the oleotro• 

des ie large enough in oanpartr;;on to 1 te lengtho In Out' exporimental eetup 

the length of the diooha.rge tube ie 10 em and radiua of the elec.trodee ie 5 em 

so th&.t the e.rsa of the eleotrodec becomes 78.5 eq. cmo 'nne doee not 

esoent:Le.l~ jueti:t"J one dimexwional treatment ani conseqmnt:cy an attempt llU 

been made to cal.oula te the breakdown vol'W{,YG by considering both the mobil.i ty 

aM. d11:fu.eion loss in three <l1mens1om. When a eu.oer:tmpoel!d d.c. "field :t.e 

pre~nt in addition to e:mi ting. rediofrequ:mcy field the cont1nu1 ty equation 1& 

stven by Ve:marin and .D:rmJn ( 1950) as 

.. -
wbe:m 1\ ie th.e dif:ftmion length of lt. is the mobility aoo D, the diffusion 

coefficient; 1he affect of the d~J':ls. field 'if) to 1m :reese mob11:1 ty which ie the 
" ~. ·, 

eane effect p!Oduoed by fue rootof'reqwn=:y fiel•l in addition to loss duo to 

diffusion. 'lhe effective radiotreQ.ucmY field which will produoe the acme 

effect as the d.c. field is E. (--,)ct../-l>c2-+l0
2
-) and ae .:>c )) w the 

e1'fcct1ve :field becomes E arA the equivalent dif:f?ti9ion length becoocll 

~1-:r> - 1~/\2 = 1( If 
e.ff 

+ (k E /2-n)J_ = Yf'!- +(E /zKTJ2. 
1

'······ (4~D'7) 
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kle [ Yc_3 ~-f)Y2 J (_ e E/N) 

--)(-:o ( 3.'o N2-/\/ci.) ·e::cf (,BoP/E) 

••• (4.38) 
' .. l 

and the pressure at which the breakdown voltage becomea a minimta is given by 

' ••• (4.39) 

where o( ia a constant for a particular ~ and, 111 ,given by o( =(t)G~l'i\·f 

~r the Valtma of. preasure at which the bftlskdown voltage becomee m1n1mlll, for 

th~ ·three gaaea etooied her-e, the left hand aids becomes negative whereaa the 

r1gl:rt hmd cide 1e alwayo posi tiv0 and hence the equation cannot hold end n 

three din:emion81 trea'tment ~'Yea negative reeulta. Consequently though tha 

experimental setup 1nd1oatea that the three din"..eneional trea"tllent 1s neceseer,v 

the experimental reeulte in11cate that a major portion of mobility end diffusion 
'JV 

loesee take plaoe o.long the rude ~~ wb1oh the field 1e applied. 

When tbe maenetic field H 1e e,ppUed, Sen & Ghosh (1963) modified 11ha:ra'e 

theory .'J)y introduction of e:t.recte due to magnetic field ee regards the change of 

mob111 izy" and d1ffuaion and deduced the expression for the b:reakdO\Wl voltage 

in the presence ot e. magQ&tic field as 

r B p v J 2. )'h ~ EH I Bo p ' l : 
e.x.p L2~H (1 + c H(p:z.) 2 = A,PL 0 + CH(p2. t- ((:z.L/r-.) (1 + c H/r"~-)j 

•.•• (4~40) 
ctNvL 

\f. p 2. \'/41 c ~2. \'/'t ~ EH/BoP l 
e:x:~ ~f" (1 + c H7r~) J == A ,I'L 1 + c lr') C- (c,L/") (t+C "7'r'Y''-j 

·.!;U (4,.41") 

Equation (4.40) w~ deduced on the OliPMGeion for equt"'l'nlent pressure 1n 

prosenco of magne·tic field as given lr.l Tomman and G1U (1937) 
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~1-\/ 7\ 
1 

c = (~· ~J~ 
where L' ie the mean :tree path ot the electron in the goo at a preacure ot 1 m.m. 

whereas equation (4.41) wae deduced on the. expreeeion for 0quivalent preeeure 

g1 ven by Dlev1n & P.svdon ( 1958) 
1 

't'o aalcmlate C = (;, · ~L ) 2-' L1 
- obta:lmd tran table IV 

whe~Ci. wea obtained from reeulte obtained previounly (Sen ond Gupta 1967). 

The values of 0 haYe been enter.ed in the table 'YI 

-
Gee L' C.t,: 10-e c -

e:Vseo 

Argon .0714 12.65 .97 z 10-6 

lfeon .2500 1:5.2 1.1 X 10-5 

Jr., lim ·3333 12.40 2.17 X 10-5 

The eolution of these two equat1one for E, one Without the magnetic field am 

the other With the :tiel4t. cannot be perfonnecl 1n the uswl wey and heDCe 
s 

tra.mfemental. IJOlutione o:t the 't.oro 0quationa have been obtained. 0Ul"ftC bmw 

been obtained :tor exp (BoP /2 E) aseiMt E and also for A1PLL1- ~:(;~] 
against E, thej:lnterseotion of the ourvea giving the valuee ot E at the 

particular p:rssslJI'e. The resulte are entered ~ Table VII and tbc graphical 

reeul ts tor tbio presGu.re are shoml in t1g. 1 8- ct , b, c ~ 1 9 - ec., b, c . 
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V~RU\i\ON oF 
21 

1 '. ex.f> (_'BoP /'2. E) l _ s,P/2.E 1 
\1 : Ad'L 1 Cz..l-/1\ 
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\ 

NE 0 N 

H=O Gauss 

10 

--l 

5 ~·. 
-~ 0-

I 

0 
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E Volts I Cm. --~ Fig. 18b 

I 
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H= 0 Gauss 
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) Jtllg. fi0lA• 
NEON HBLitli ARGOR 

g ?Dlts/om E volts/CJI E volts/em E wl ts/om z; 1'Volte/em : IE VOlts/em 
!lheore tical: E:pe:rimentGl. 'lheorettcal Experiniental ~ ~eorq;ttcal , ~~~ntal G.o..u s.., 
' 

0 10•9·. 1, .. 6 11.6 11.B 10.05 11.81 

30 11.2 14.5 11.9 12.7 10.25 :;~.1~.7. 

GO 11.5 15.4 12.15 13.6 10.4 13.1 

90 11.9 16., 12.6 14.5 10.75 14.0 

120 12.4 17.2 13.2 15.i4 11.2 ', 15.0 
•' 

' ·h 

!'he same procedure has been af!opted for the caoo when there is a m~tic .field ~'lD.i 
'; 

oUl"V'ea obta:tmd from equation (4.40 ). It i£vnotod that agreement ie quite satisfactory t 

and shows the.t tm breakdown voltage is alwayg higher when tAw magnetic field ie 

present than that witbout a field.· Similer calculations have aleo been carried: 
':· 

out for other values of pressure and 1 t ie foUnd that the breakdown yol t3ge ie .. 

alvu:lys higher than when no magnetic field ie -,p~cent. · The ~mer,tt :is satiefacto:cy 
• ,, t,· ' • ' •. ,·· • 

not only :trool'the qualitat1ve.point of view t:u·~.it ie s.leo c;;.utte good'qU9nt1tst1ve~, 
. . r . ~ ' 

of other ge.ees by Son & Ghosh ( 1963 ), '!'owneem & Gill ( 1937 ). The value of tbe 

pressure at which the breakdown voltage beoanea mi1.'limta is obta1ood :from equation 

(4.40) by ihe con'U. tion 

==0 

A,(EI-\ )~"" f\ 
C.1-Bo P 3 

··-



'· 
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!l'he second tem on the r.h.s. o:t the expression bee been computed and its nuneri• 

cal valm h!?JJ been :tomd to be nogligibly small in ccmpa.rieon w1 th other terms. 

Heme 

••• (4.43) 

aDi in the same way we can obtainad :t'rOOl equation (4.41 ) the preaeure at which 

the breakdown voltt~ becomes minimtm i,e~ ( PH >.tn which 1e given by 

••• (4.44) 

'l'he Yaluee of ( PH )llin have been oalculated frcn both equation (4tt4') &: (4.44) 

ar¥1 tho resulte entered into Table I,_ II A III tor different value& of the 

aagnetic :t'ield •. From a CCDparieon o~ these results with the observed experimental 

vallieia 1 t ie noted tm t both the equations predict s shift ot preos'llt"El towarcle 

higher Val.W& than that in the absence of 8 l!lOgMtiC field though the quantita-

t1w agreement :la not very eatiefactory; further :in case of argon and neon tor 

hl~er· v.r~luea of Jna809tio field equation (4.44) g1vee better values then equation 

(4.43) in comp~~n with experimental reeulte. In .CS$e of he lim we got two 

aete of: va.l.'llee ®l"Z"e~ponding to two eets of conetante given by nhe.ra and tM 

resul t8 cor.r0eponding to the seoond eet are more satisfactory than the reoul ta 

obtained :trom the 1st aet of oona·tente in comparison with the exper.lmental 

:Nsults. In tha HCOnd eet ·we fini equation (4~'43) glvee better values than 

eque.tion (4.44) for higher val~e of magnetic field. 
' , ' . •1!, 
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It 1e further obMrved that 1n caee of all the three Gases the dieggreement 
. ~ ·, ' 

with the experimental reaUlta 1a more in coao of mngnetic field ~r than 

90 game. Th1o ie to be expected beclause ao baa beon sbown earlier ( Sen ant'\ 
l~ . 

Ghoeh 196~ , Gupta am Jlsndal 1967 ) that the t"Jquivalent preeBUre concept 

18 valid for a limited raJ:'1ge ot preestlt'e and magmtiO field. aM. epootall3 for 

~tic field lGsG than 100 ga'tms~ Eeaides, the t.beoretioal deduatione ot 

- I< 
-., 7"1-+--.:.W_H-;;-1--'r-... -

and,. 

k~-t 1e the mobility cMffioient and »a the d1f:fue1on coefficient in preeence 
. ' 

o"! magnetic f'ia:W are also valid tor a 11m1 ted rongee of pl"eeou:re nnd magnetic 
. '2-

tielil~. 'lhe question ae to whether »a wriea inve~ as wl-\ or wH bas not 
~ ·~ ·. " 

yet been eettled beyom doubt ( H o ~ I <]62). A!; bas been po1ntAid out earlier the 
~~ 

dieertpency between the theoretioel and experimental roeulto 1G to be part]3 

' bie theory. Partioular re:tereooe should be made to the valuee of the constants 

tar helim in which esse two oe·te of values have been given by K1ha3:'a ond no hoe 
be 

been lihowa above, if calculation ie made with om aet of values Zll'I,..!ChWrtter sg:rse• 
. ~0 

ment 1& obtained wi tb exporimental roeul te than tba.t calculated fcfm the othe!' 

aet" In fuot 1 t :ie. om of the main fJ.run::. booke f.rom which the tl"~o:ey eui'fers. 

b .Yalm of the constant o has beon calculated in an indirect Vft!J3 ana tl'le:re is 

no alt~amative method to test its OOCU1"803'•· FU'l'ther it bas been shown by 

Sen ani Gupta ( 1954} that the value oonnot be rega..'l'ded as ooilStant but vartee 

with the a1~tio field and 1t becOJOOB a fUDCtion o:f ( HI P ). tie variation 

of' c vJi th . ( H I P ) may e.lso account to a cer.Jtn extent the dieorX~tmy 
, 

betw!len the theoretical Wld experiroontal reeulte for higher values of magnetic 



'l'hm 1"t can be.cooolwod tho.t Within certain l1oite:tiona, Kihe...'"4's theory 

ot radiofrequ:mcy diooharge c:en explain Q.u1 to sat1afactor1]3 'tho obaorved 

exper.tmental results. \';'hen mS~gnetie field is applied, the. theo:ey put torwm'd by 

Sen & Ghoeh (196') by modifying Kihara'e theory can explain mt o~ the 

:tmreaee of breaktioon voltage quantitatively but predicts quite well the shift 

ot prees~- for minimun breakt:i6wn voltage am thia paper ebowo th.'lt the theo~tieal. 

reoulta are quiw
1

general oo tho esperimen-tal xoeeulte ar-e explained ee:tiefactoril.¥ 

not onl3 in the cane of ~lcul.ar eases but in the case ot inert gases alao. 
\\ . 
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