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l~l'l'RODUC~IOtt; 

1.be &ub3Got of elec~al discharge phenomena~ been studied for a very loDg 

time am ~ be eaici" to have given birth to ~oo atoodo age~ !he cub~oc·t., bCRff;lver, 

·is to:i: frooa being exhausted and sevGral aspeat;a of tJw phehoolena. have :t'e@<S:I.ved 

inten~ive attention 1ft rooent years and si~o€lnt progress bas. been made. 
' ' 

HOV'Ieve~, much more :l.n'\IOsttgation is neceaa.ary ,to understand caapletely tm 

pbe~ena of dieleotrio breeaamm of ·ga.sse,. e~ially by rndiofrequency eleotrlc 

field, 9 phelll'%llena which baa drawn attention O'U1'"1'entl;y, as it aervea aa a. 11* 
' . 

between diecbar,go phenomona initiated by ptn:'G :d•C• electric field. a.Yld very high. 

:trerauancy elect::-ie field (microwave) •. f'ae obJect of the present work is to stli\v 
I 

·some of .the salient features of dioobarge phe~ns initiated by rof• elootr.t.c 
i 

field and tlrti study iDDludea tho following ae}lecte. 
I 

(a) Dieleotr1o breakdOWll by r.te electric field of attaching end nonsttaobing 

gasee at 111gb pressure ( a few m. ag. ) and low preeeura ( micron Ug. ) end 
'1'\. , I . ·, 

the effect ~breakdown p:ropa!1W of external ~ .. a. magnetie field when applied 

I 

(b) Effect of Stlllerimpt>Ged low ani high extl!lrpal d.c. electrle .field on the rQt. 
. i 

b~"'eskli~n !)l'(llpGriW of g.asee when extsrnal d ... c" and r.,t. :fields G.1"el paral.lel. 

(c) BJ.oel'ikdorm of gaeee a.·t \"017 low preseu.re ( 1.5? Hg.) by r.t. fiald ond the 

effects of' external d.c. magnetic field when ;applied tranmvel'Ml ~ r.f'. eleotric 

field~ 1 . 

(a) Effect of doco. magnetic field on the optt,ca.l radiation property of a 

d:leohe.rge oolU!DD e:mited by r.,g~ eleo·w:tc field, when the magnetic field ie 

applied perpendicular to the colwm~. 
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(A) B A D I 0 F R E Q U E N 0 Y B R E A K D 0 W I 0 F G A S E s. 

(a) Vii tbout magnetic field (b) With megmtic field. 

!lhe ·mechard.sm of the breakdown of gaees,or an alternating wltage at SO cycles/sec i<;. 

eube:tant:lally 'the same as that 'for a.ce voltage. However,. tmder the 1ntlueme of 

a high :trequewy alternating field, free eleotrorm in a gas may acquire energies 

sufficient to em:f.. te and to iomse the neutral. gas molecules. When tba field is 

euf£icient]3 large, the,iom.sa~on process ie ctmulat1ve and the ga~ breaks down 

into a 1\lltinOus glow discharge. The exci t1ng field may be applied direct~ by 

electrodes connected to the' source of high :t'requenay potential.. Altel"!lative]J the 

gas m37 be excited by a h.:f. current flowing in a nearby oonduotor~ The first tYpe 

· o:f diecbarge ie called E- di~ge a..'t'Jd second type H• discharge •. The mechanism of' 

E and H dieohtlrgei.'J are flmdam.ental:cy the oeme am d:l vision into two types ie 3ustitied 

only when the wavelength of. the e:xoi tfi:ting voltage is large canpa~d with the Ul'lear 

dimension of the diechnrge tube. Comparatively 11. ttle atur.'ly' has boen mo.de of H-discharge. 

The ·reason :te probabl\v' to be :found in the difficultiee experienced in m9Jd.ng precise 

meas~ntCJ as tbe path of the discharge c't11!'l."ent ie closed and tha:re are no electrodes 

between which o'U.l."rent and p~,d. me.y b=E1:ma.au:red. b b:reakdrmn mecbrulism 1n rJ-d1echargc 

em tn+agrd.tuda of the breakdown voltage ve of a gaeeoue diecharga in em a.c. field 

depe.l¥1 upon the nature arl1 the p:ressu:re of the e;a.s, t;pe .frequency of the applied 

field and the linear dimension of 1he discharge tube• The general charaoter.tsttca of 

the breakdcwn Out'V'ee have been studied by ~ '"Jorkere and 1 t haa been revieWed by 

Darrow ( 1932, 1933 ), One o:f' the ea:rliest workeN, bmoon ( 19;50, 1934 ) enunciated 

~o con.di ticns tor breakdcmn in a high freqmncy :tleldO: Ass11Ding the electron under tile 

· intlmnce ot an a.c. field, the first criterion was that in time "t" the electron must 

acquire sufficient emrgy from t.'lw field oo that the emrgy is either eQtal or greater 

tl'llm tlle\ioniootion encrrgy of the ge8J oonseq'!AMltl\1 the first condition states that 

~21 ~lEw -e. . 61~ wl: 12---.. e.vi. 
'YY\. 1 where V L =,ionisation 

potential of tbe gas. The second condition was that the distance traversed by the 

electron in time "t" moot be either equal to or smaller than the met~n· free l>S.th 



of the electron in the gao. 

Heme 
'E g_ . 
w~ ...yyv 

c . ' 
Combining these wo ¢ond1 tiona he obtained an equation for the brae.b.-dcnm voltage 

which 1'1 a ftmct:ton or preeeure am frequency and 8hOW8 tln t at a certain pressu.re 

the breakdown voltage becomes a llinimta. Thomson (1937) next atutied tho starting 

potential for hydrogen 'ld.tbin the pressure range ( 0.25 m to 9.5 .mm. ) an4 for 

b'equemy 1.!3 lie/a to 99 fie/a. In case of lower :treqmncy ( below 2.83 rtc/e ) 

he ob~d doUble minima and above this frequency singlEr m:i.rd:llU'A • Double 

minima wcs alao obse:rv0d by Guttons ( 1928) Who concl\lled tln t- these were due · 

to reoon.atlee phemmem in tho gee; Gill anl Do!l8ldeon (1931) :totmd tba·t the . 

double mini:mf\ d1eappeared if' b discharse1were away f%'00\ the wallo of the tube. 

To expla1n thte, Thcmoon (1937) atttmptctl to modify hie tlleo17~ In order that a 

typical electron maN acqUire the ma'Xim.Ull enarmr at a time, 1 t is aasuned that 

thG electron begins 'tD move e.t a time ): = 0 when the electric :field 1a E Coo(-~). 
t 

Then the iomaing velocity will be moeJf qulckl,y attained if it is acquired in a 

time t 1 emh bt th~ electric fieM at time t 1 is E (CXJ (+¢) ,:for,under thie 

oondit1on 

Gill and Domldeon ( 193_1 ) showed ths~_, when the exci tat1on was by a field afjrtf!)lt 

a.ng108 'b) the lo!J8 axis Oi' t'ile tUbe f dOuble ird..nima appear B.fl..d when too field ,M 

along the wds one minimun ( 'that at bigher pressure ) disappenre~. 

The explanation 18 eeen by ooneidering a cloud of electro~ oeeillating 1n 

the gas 1mder the influeme of the f1eld. At a fixed r>resaure, oo the field 1e 

iacreased the raw of ionisation 1;.no:reeees an.1 when this is just greater tb.an the 

rate ot·loss, due mainly to diff'ue:ton, 1:00 glow appeerii~t\_ Now if the pressure 1e 

reduced the eleotrom acquire more energy from the :t:ield -()'fl.i.ng to their increased 

fl"ef) pa.th ewd b cri tioel force :requ:t.red for breakdown is 'less. However as the 
. l. 



.:J 
' 

pressure is redwed the amplitude of oooillat:ton of the electron also increll.SSe 

an1 when this becomes of the same oi:-der as the diatame a.J.,mrt of ~walls, rate 

ot losa of elec't:rona :l..mreases repidl,y and the b:roakdow-.a voltage 1e increased. 

The ccl.culati.ona of Gill ~:U¥1 Domldeon relating to their cornii tiona of exper.tmente 

are 1D agreement w1 t11 tleir views&. 

Jhoi.:al\:t1om& in eyarogeu for f:req;t~ieo 5 to 11 Mo/e :tor p!l!.d = o. 2 to 30 nm. em. 

of He• was atudif}d by Githene (1940) who attempted to correlate the appe~~e of 
. i 

the minima of' ( V , pxd ) curvee with the position o:f. the walls o:f tm discbarge e· 

tube l,'Olative to the eleo'trodes •. He cooolwea that the brealtdown of the b .. t'. 

discharge ocom'ed through 'three dif:terent proceae which he denoted by modes, 
\ 

a,'b1.c, each of trhich ga.w r1ae ti> a .minimm in ( V
8 

.,. pzd ) cmve. Similar 

:results were observed by P1m ( 1949, 1949 ) using amall gaps in air at :preseur•ee 

i'!'Cfll 59 ~···to 764 m for ~quonoiea ranging from 100 'MD/e to 'co Vole • 

Hale (1949) tried to explain hia ~oow:-emente 1n art~n ant\ :moon over the 
.. 

range ot Zrequenciee 5 'Me/a to 50 l!!o/s and at gas p:.reemL~ 20-50 microns by 

&Jewd.ng t.Jlat tim breakdown potential torfil.t~ .. field is detenniMd by those 

elootrons in the gam which succeed in acquiring :tontei:ng energy in one n1e.en 

tree pe.th; th.1re ia considerable. divergence of the ~oretically crilculated 

b:realmown voltage with expe:d.montal 1:-ee~ta ·in coeo of lo"A·er frequencies. !he 

valw of tiw mean free l~~th of the electron uaed wae that gtvo11 by Kinetic theory 

which om lua!'dly be coi--'.t'ect. Ae is knownt tl'i~!,Baa.."l free path of' ~he electron 
s . 

varte41 With tbe ent)l"£5Y o£ the elec :t;r6n. am as the energy of the electron varies 
. ., 

. . 
be'b!Jeen sero nnd ioniein,e; emz•gy wha.t,ia needed is an effective mean tree path. 

Alao the oomEpt:Lon that the Pl'Obabili ty of 1on1o.a:tlon incomes a max:laua when the 

electron ~.oqutroe t't.te io!lieJ.ng c~r;:w io not su;pportsd. by 6xporimental results 

because it hes been shown by &ni th . ( 1930) tbnt efficiency of ioniention 1mrensoe 

quite rap~.d~r l'dtl't incre~tBing electron energies ali~htly shove 'the. ionia:tng ~neriJY• 
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'lbe extent of the intlmme o:f the~ the walla and electrodes 

upon brelll;iown mechani.ml depends upon the relative magni ttlles of ll,f and d Where 

p is the preesure f :I.e the 1Tequenoy ana.. d is tbe electrode Mpamt1.on. Llewe~ 

Jones aJX! tbrgan (1951) ebowed that when "~" and "p" are sufficiently high the 

amplitude of motion of the eleo·tron cloud iG ~DBllt a.nd :1 t can be muoh less than 

the linear dimensions of the c:lisc:hm;>ge tube; V0: is independent Of the nature Of 

electrode alit1"ace a!¥'1 aecomary electron prodwtion at the electrode eurfaeea doee 
·,. 

not ap;vea:r to pJJ.v :important part .. Ucmaver at very low pressure, experiments of 

Gill am Von Engel (1949,. 1949 ) and aleo those of Cbemt (1948) show that a 

diooba.rge can be started, provided the :f'requs1107 is greater than a critical value, 

at Quite a low potential which is 1!ldependent of tho p%1eSSl.tt'e of tm gas. In tbie 
~ . ' 

case Gill ana Vor.a A:ingel have asm.med th:1t a eing;J.e electron atrikes the opposite 

glAwe surface an:1 relessee the secondary electrons which move in pl:aooe with the 

applied electric field ani raleaeerp further elact:t•ona from the wlllle. 
. s-

Appl1cab11tty ot similarity prineiple 1n h.f •. dioohergo ha\ ·been studied by 

:r.a.ewallyn Jonas ( 1951, 1953 ) and hie eo-Aorke~•· ~ownsend. am Willisma ( 1956) 
,;(-_ . 

etuditad the bre~own condition in air and eydrogen 'Wiline a pair of geometrica~ 

eimilar eleetl'Odc system arxl mo~u:romente were made for· valoos of p x d..= 15 m. 

em. of Hg. ani f:r."Gq"OOnoy 5tl!c/eec~, to 10 r&l/sec. For f c 10 Mc/o or more, double 

minima sppea..~d~ The firSt minim'ID was mt very eeneitiva to change of i'reqooncy 

but the ·second min:lmtm moved to higher valwe of V e and "P" ee the :trequ:tnoy ic 

decreased. The · a:t.milari ty theorem was found to be obeyod within the trequewy 

range investigated. They have conclwed th"i t b mu~tiple minima in (V a , P•.d ) 
'1, 

CU'L"Ve& at bighftequenoy can be~nterpreted on 'b; ~~s ~:fa oinSle breakdown 

roochrmiem involving electron~nera.tion. by coll1eion wi tb ge.s molec~ and loss 

b~ diffusion and d~ft to:lm elsctrodes and to 'he wallt~ of the ui~ohargo tube. 

The firet published :reeulta for breakaovm in Ultra high frequency region, 

appear tom those of Cooper ( 1947) wbo mads moasursmente of. the breakdown in Gt.i:'ll" ~ 



co-a.xial linGs ODl wave guides fo:r gaps be-tween 0.1 and o.s em. at g~ prefJsure 20•760 m. 

At the two wavelengths (10~7 em. am '~ 1 om ) ~ 'the bresltdawn gr~m:te:nt woo :found to 
:_J . . 

be 7~ of the d.c. breakdown valueo Sin111e:r mcoom.-emente were made by Poein (1940) who 

tomd th~'lt tor 3 am. wave; breakd~n voltag-e for a 0.043 om. gap in a:ir tmder 

atmospheric condition is eubstantiaily :tndepen.1eut of pulee dtn"ation provided t.'lJe.t 

duration e:.meet"te 4 sees~ The natu...-..e of spark meehania in a cavity raaoonat-or at 

these wavelengt.be baa been etudied. by Prowse a.."ld Cooper (1949) and, by fTOWee and 

Jasin~~ki ( 1949) uaing photographic 2M &pectr-oscopie m~thoda• 

Series of investige:tiorie on mic1-owave bra~-lkdow.n, in €l'Uea in cylindrical aavi t:1.eo 

anti between co-aXial cylinders e.t a wavelength of 9.6 om~ have boen mae.e by s.o.nn."'Wl\ 
~ ' ~ . 

and his colleagues ( 1948, 19491 1954, 1956 ). ~he gaps etudie' range .from 0.00 to 7.6 em. 

in air at presau:ree from 0.1· to 100 mn. Hg. The ~eul t& are discussed in texme of a. 

new theory for ultra high frequeooy breakdown, 1'lhieh ia b~Wed on t.h.e criterion that at 
~ . ' 

proceoeee of removal of elec·brons, eooh as attaohnient ru:ld rocom'bim:tion, a~ considered 

· to be negligible tor the type of tte discharges Ertudied; when ·the gap longtb is emell 
~ . 

compared with the wavelength, the eJBctron{.¢;P' mean t'res path ruld the ampli tu:te ~ 

oecillation>the broakdown a..Htdition ia obtnimd trom consideration o:t tbe continuity 

equ!ltions for electrons as 

vr 

when"~ 1a the elec·tron density, ·)) is the net production rate of. el.aetrorw per 
c . 

electron am denotee the di:ff'e:t'en¢es between th.~1on1aation rate and the att.a.cbment 

rate. r roz>resents the electron current derwi ty lost to the walls by diff'usion. 

1l"ne threshold for breakdown 1e con.~~dered. ·to occur whon °0~ goes thro~ me:ro. The 

breekdown is then tl'ltl c~teriotic value o£ the electrie :field obt.~ned from the 

solution of the equation 
vr 0 

••• (1.2) 
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A htab treqmmy ionieo.tion coefficient crm be defined ae 

f = ~/'DEl ••• (1.3) 
wt~re » a diffusion eoeffj.o:len:t. 

\lalUfls of f have been c:alculuted by B:rown antJ/o~rs frcm thoir bronkdovm me~nta 

under parallel plate ccndi t1on in C1lil:1drice.1 O&Vi ty mld l.U'e expressed 00 fUOO'tion 

ot E/P and p'X_ where (\ 1e the wavelength. The data nra then umed to caloulete 

bftlaltdorm wltage in air betwQen eo-a.x1al cylimere end. reeulte are fotm to be 

in close agreeme.nt .wJ.tb the e;xpor.tmentc.lly determined valuos. If the appltOO. 

frequency is e;rev.te:t' than the treqoonoy of iMlostio oolli.I?Jion am loso them tb.e 

b\lqmroy of elrultio oollioion, r:lolstein ( 1946) showed tlmt tr4G euergy d1str1but1on 

hre~t:.wn cordi tion that tho rate ot p:t'Odoot:lon of e19ctron by ionisntion must 

exceed the re..te of loso due to dtt.fusion for non attach1n8 gtlaeli. In oMe of a 

untfom field between ~Uel plates tl~o.lc~ted relation between the bx-oa.lidcwn 

gcedient E1 tb.e SC'iP lengt..~ " d n and tba f:.,!f.l.fJ pl'eem.tro " p u is 

1T2.. KTe. 
- ~ (E/~ )~p ••• (1.4) 

c{ :I.e too Townaand'Sfl.mt 1oniaation coet'fic1ent. 

In a oorl.oo of theoretieal papers. on b.t. dt0charae, MnreanaUfi and Iiar'l:iM.n (1948) 

have diecuesed meth0t19 :fm:- det.,m1n1ng the electron emr§Y distribution or.d have 

shown~ arueh twlctiooo can be used in the oaloulation ,,..l the tn."ellkti{Mll fields 
s 

on the w;m.n.ption tm t tm ol.lly mcchaniem 'for electl"'D removal 1t/! reocmbirw:tion 

witl1 pof.litive 1om. 'lhc~ calculated ~UI.me are apprecW.b~ low·er than tbe tooasured 

valoos am tho dimcrepaney is expWned by the corwidel"Bt1on tiu:rb electrt.in mu.ot 
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,. 

Jd.netic theoey o:t ·electrical diacba:rge atKt moclify!ng the Bolt1'1118n1D ~port 

eqtation o-.,tatne4 e~reeslons for b :tuntlmnent~ p6X'$1neters involved 1n t~ 

diocharge pbtrJmmena of gaaee. DiViding the whole problem into different partf 
,-;C. 

X1b8r8 obtaiDed ab110lute $reea1on -zor'mobtlt:ttY coefficient, m.:ttt*ion coetticient 

and el.Eiotro~ tem~rtiture :i.n -ems. ot some molecular constat:lts ar.¥1 acme m.e.aau:rable 
. {' . . .. 

. . 
npcura are tom oalcule.te4 have ~o been p:tQVided. Sta:t .. t_ing 1'rtU Dol.tr.m.an · 

distribution of clzre.ttd particlea in a gae W1 t}l 1JZlitom ttmipe:ratU't'e am pressure 
' 

arid nonunifos demi v and applied external electric tieldt ~ ( 19'2) also 

_obta.ined the weU -~relation [ dl:ttuaion coefficient.~ _ "; .. · mo~iU·ty J 
where ~ • eleo.m temperatura mil · Jt the BoltaraJt. oonotan~.~ . · 

-~ that tl» coe.ftici~nt ot ellletic scattering between g aa"molecUJ.ee '.and 

electron or ion 8IJ ~~rae~ proportional to tbe mlatiw apeeci between the . 

colUding particles an egpression fo~ the difference .ot gq, wntpem.ture and 

electron temperatu..""8 in ~me or applied tield Md frequnnc7 baa been obtained 

by R1.bara. _ ~tldiug this idea, the mf)bili ty coefficient o~ el~otwn in gases. 

1a given by 

K ••• (1.5) . 

where 

Jf c number o£ moleculea per c.c. o.m 1\. ie a. molecular_ comtant introdwett b7 

· Xihara. in this theory ( M.mension- c~3/~ l~,' ~a t$C~oUD.ted tor the excitation 
" ' ·~ 

by electron with the help of ;m-.el giViDg oroas- ..action of e:Xoi tation ae 

Q (c.,,c) = fC3/c:- . i~e •. wbich'~~1vee a process euch t.llt\t 1ile 

"peede of: ·elec trona~ deorense j&f'Tr5Wl ( 0 to valooe below C beoauee . of inelaetie 
' 

colliei<>na• Here f. -ie a ~leoul:l.r model conatant wi ~· ile dJ.mone:lon of area 
. . t'· ' ' . 

41Yi.de4 by velooity •. Acoording,thie model the total cmsa-~eetion 

i~roportional to 11& speed of colliding electrons. 



;~ 
_, 1() ,_ 

kT-e. 
. 1... )-'h. = ( l + Nc..;_}..~ • 1 . 

( 3?\ f)'/~ 

and the dielectric eonetant 

~ procese ot ionisation by collls:f.on w:t th electron was explained se;.suming o. 

model croes-eeetion 

0 

where o is a moleoular constant vd th the di.meno:i.on of a.roa anl C.t: correapon.do 

to electron wlooi ty nt fimt ionisation pot-;~n.-~ial. Since a few ele~trona wi 1i1l 

exoeptiona.lly ,{ lerge flMr,gics tUf\.t<'illl,y take ·t.ha mn1n part o£ ionisation, Kibara 
. 1.L 1' 

considered that the velocity distribution o~lectro~is not diat#bed by the 

ioniae.tion proaees so that it can be taken as C4rulwel.l1on. ~rom this reasoning 

he obtained the exprese:.ton for the :first '.l?ownaer..d coef'i~cien:t ~ ne 

o( 
p 

where A 1'\ = li_ · 0' 
t\ v p Ct 

1\ 0 € X-p (- BoP/E) 
. l4-)'/2- '1- V: 

B . =!:i.. ~C.i. . (3~f'2-
end c p 2 e ~ 

When the gee is exoi ted by micl'O'Naves and ·the presaw.'!! is high •iJhe loee of eleo t:rons 

the lose is due both to toobili ty aud ·\di!:f'\wion a..VX! tlw _continuity equation in 

-' (L­
lT2- l 1 

t"ft. ' 
whiell ~ezplieit ft&n canm written. on the asamp·tion that electron's velocity 

distribution is t!a:x.w~llian, ao 
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e~ ( ~. P/2-E) A, t'L (1- ~c~~P) ... (1.6) 

whenl A1 and a
2 

are. two derived molecular consta..'lte introduced by Kiha:m. A ·1e 

the Wa'V'Glength of. the applied r.fQ field. 'nlis toooretical expression is in 

agreement wi tb the experimental observation.~ upto a certain lim1 ted range. 

Teillct anl Brunet ( 1965) in their con:re:roroe payx3r investigated the l~:'lYsical 

mechan.:'i.em o:f high frequel'lCy discharges maintained by resonanoe. It waa concluded 1 ho:! · 

when a rooio:f'requenoy aiaclw.rge is excited td th a .treqwney 6J / 21[" hi@ler than · 

the collie1on frequency .. , 

of t.h2 plasma ct.m control the steady state of tht:.l discharge alll determine the 

val:oo of the electron d...--emi ty tor a given geoomtey am frequency. 

:Besides the imo geoo.ral. type ·of loss of electrons in h1~1 t'l"equemry diaohnrge 

becomes very. prominent in case "f certain go.eee. This is ih(; l.oaa by fo:ma.tion 

Of .mgative ion. ~lag:<?..t1Ve iO~ appear in gases unaer tWO Ci!'CllllStaMefJ, (a) they 

may be created in ~0 gaa largely through attooblnont of free electrons to e.toms 

and molecules and rarely by dieaooiatiOn of molecules in a polar phase by 

electron impact• .(b) they may be int:rodooed in the fi.'&S by interaet:l.on of fast 

particles of atomic mass with surfaces or by liberation from hot CNrf'ooce. 

Attachment of elect:ronsoi38'Soa lose of· tm former as ·ionising agents ani leads 

to delayed am tm.deeirable electronic ionising evente in asymmetrical field 

bremkdOl"m. It may further ·act to increase the rote of J.oos of carriere by 

recombination. 

"""' tis lose of electron by attachment is a veey p:radO!Iiinm!lt factor in came 

of c~rt&in types of goo e~go o2, O.~t. ~2 '·~ogene, some organic vapou..vos etc. 

which have a etrong affiri1ty to a.tte-.eh the electrons ·to neutrril. atoms or mOleoulee 

to tom mtg:\tive ion directl\Y or by d1eoo1ation.,. The electron is bound ~ the 

molecule with an energy Ea.. which is called the c~ectron a.:f'f1ni ty'! The phenomenon 

of electron attachment to neutral atom :La a common occura.me :f'or geaoa whoea outer 

electronic sholls are mar]¥ filled. The meaenn--o of tt.10 ease with which an electron 
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whlch varl.ee from about 4 vol te f9r gases ·like F 8Dd o2 to ~arly 81'0 tor tboae 

gaaee Wb1ch exbt~it .-11 atacb:llent and ie - v~ :tor thOse· which do not. Atoma 

cil.a.'t"aoterind b7 cloaed electronic ahelle are iilert to extra at~c · electron~~. 

Ko1eculeu 1n a [ groum. state are o~terieeci by no resulting apin ox- SDgU1ar 

moaentwt. '.their electrons tom oloeed groupe af1d henoe al~o ohow :t.nertneee to 

extra moleoula.r elec.trona. ~ee ouch_ aa H2 , •2 and CO tall tl'lto this grooup 

and shoW no electro~ attaclJDttnt• 

~e ·attaOlwent ot electrons in gaeea woo. not· olearl.f po~td.ved until about 
.. ., . -

1910 when th~ Ya.OWD teolmiquee ll,lM gaeeoua purification of sases led '1rarJ,f am 
· l?ob1. (1910) to etli'J,y ion llObilitie~ 1n i!le~t ~es ~ 112 old they noted ·~• 

• ..l 

. p!'eeence of free ·~octroDB e.t lliBOOZ' p~SSUTes.. The·. ott¥1iee of ToWASend G1914) 

ad hie o.,..,orkera t&tte:;., Tie~ (1912) e. ha4 l.e4 1x> ~he .ncognition ot 1he. 

ex!aterJCe ot tree eleot:ona at lowor p~esurae 1ri SmeM• Tho. exper!mental. wo:r'k s 

leading to the ultimate dieoeming o:t el.Otron at·hacl'lnont were stwiee of the 

variation of carrier 110bilitiea in air .. as a fUnction of pressure by A.F.t\ovarick 

(1910) trlth tbe Rutherfor4 A.C~. method of mobility meae'W.'e1!1Elnt8 using photo 

ehct- mit those o~ EI!J~.W•lliec}?. :(19151 ·191G,. 1917) uuing the saw mthod 

but produc:i.nr; 1ons ·bJ · o<..- ps:r:t1clee troa Po 1n an auliu~ field bGlow a g&lJ8t!t 

:toll~ng the method ot Franck.· 
. " 

Obaeristion ot W6lliach 1fdJ:8 be ·stated brietl3 in the :rollowing warda. b 

separation praviot.UJ~ e:tfeete4. between the electrons ana the nag&tive ions in 
', f-' 

~ at lower pressures h8e been .furt;her extended to _ 002 and H2 aa 1n tl»ae 

two guee the electroM are rel.a:tive~ more ntaeroue. tl:wn 1n air at the correapondine; 

prebsw:1t. A trace of impurity 18 e:aPeOial~.e:t:teotive 1n reduc1Dg tJle. ntmber of 

me electrons when ·the g8a 1e a.t relat1vel¥ high pres~Jl.Zro; at low preasure the 

etfect of .the illpur:J.~ 1e lees marks~.; In moat oaaes ~velocity- Greater th!l!'1 
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that arleirlg :from themal eg1te.t1on at ordinsrt tempe~ture.appeare to be neceaaary 

to emhle tho electron to etteet a ~manent union w1 th e.n unoharpd moiecule ot 

tho gu Ol' :lmpu:ri "tif•· For the Tapo~ Of ~trDlttD ethert ~hose molecules QOntain 

o~ atau of carboad eydro£e.n~. the nesa.tive camera. appear ~· ooma1st 

practical~ enure~ ot me e~otromn a trace of tmpur1ty, however is eut't1o1ent 
. . 

to effect the production of a conatd~rable n\lllber of negative iOmJ• A br1ef . 

investigation has been made ot tbe motion ot the frefJ electNna through <.b2 J 

the reeults do nQt indioa.te that the velocity of tm eleptron .:1e proporttom!l to 

·the applied :f'talt11 but euggee~ tbc;:t .the el.ectron III!W "travenle a considerable 

dietaDce with ecoele~ted. .~tion befot"e 1te te~nal velocity is acquired. In no 

1•tam~i ..a.: Ill#· en;ae~e obta1md. r.>t a .. o~e i!l the natl.tte . of . either the , 

poei tive or nega.t~ve :ton ae. tbe p:re·stntl>e of tm: au wall reduced •. The p,....:aaent . 
. ' ' . . ' . 5 ' 

m.etbod 1fafJ ~ploy~tl 'to de:tem1na too values of tbe ionio llObili tieS tor a few 

vapoursana the :re.eults have .. been compared with .Previoue 4ete~t1one. 

!Deb ~1921,. 1923t 1924}:1t1_a SerieS Of WOl"k investigated the possible theOr.i.i!S Of 

fomatton of negat:tve ion t1'0m electron aD! neutral molecules proposed bi 
' ... ' •' ' 

• • •· <I' • 

J .J • ~n e.n1 b:f We~eol\~ Mob~li tiee of tba carriere tomad by photq elec·trone 

liberated. :trom Qne plate of a ~a11el.pla.te mmellSer ·by a beam o~ .ultm violet 

light, focussed on it at a ~ins· angle f.rOm a quarte ~na1 were dete:md.ned att 

dute:rent pressures. for eir UI1Dg the Ruthe#Ol-4. A110~ method. The resul t\1 1n general 

co~ the rasul.ts ot preVious 'observere,~ y:lelciinB 8 ld.nsJ.e clesa of ilarrietw 

whoee mobilitie~came abnormal b&low 150 m. ·. pre•aurv41• ~ valuef.J of those 
. ' . ~.1/.:(e_.. ; 

mobiU.ties ~alae fouM. to ill a function oi the :treqaamy ot comutatiotl in 

agreement with earlier reeul:te~ The manmr of intrcduoti.on of ultraviolet light 
' '"" ' 

into the. ~r redUced .t4e s~ .light etfect end 1 t wee found that the 

tiQaptotio tec,Jt ot the cUI"V'Ds obsemd below 200 mm pressure"" a real, am 1apor~ 

' ' 
tG fit theae aeasllt'ementa Bn1 on b .. bo.sis ot the eq,\¥itt:ton ao deduced the c'b.Bnoe 

of ion fo:rtlll:t1on. " n " wu detezmine4 from experiment~; W:J:libin the ~:ts C)f 
. ,•"i ' 
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accuracy of the method, "n" woo found to be equal to abou~ 2.5 x 105 for pure <17zy 

ai:ro The Q\.U"l."Snt voltage curVes computed on tl'£1 basis of the ;~n theo17 were 

OOJnptn'\)d wi tll the 0 bserved CUl'VeS 9Bi .marked general S:lmilar1 tieS Were ll'OtiCaU 

below 200 zrm p:!'.'esoureeo '1he as,ymptotic feet of the computed ani observed ourvew 
' ' 

lie close toge·ther, which is oisni:ficant 1n ae rnueh oo it ia these portions of th0 

obse:rved curvos that yield the abnomal valuao of the mob1li-ey. Deviation& of 

the observed curves fran thoee computed at the higher and lower pressures axe 

explain!d." Repetition of the . WelU.sch experiments shows that what he· te:tmed 

":t'rele elsctrons" are the carriere ot aboomally high. mob111 tiee o.bmerved by ·t}l~ 

. earlier workers. It ia shown that aa the elect;rons do not attach to N2 molecu.lae, 

and that M the valuee of ''D." obta1md in pure o2 and in 1t2 With small qtVm.tities 

of o2 1n it ~e with the voluea fourul for air on the basis of its o~gen. conten~, · 

one must conclude that it :ta to the o2 molecules 1n air that tbe eleotroM attach. 

!.fuE) value o:r 0'n~ for o2 molecules 1e then 5 ~- 104• 

Ploet of the methods ·of meaem-emente of "b", b attachment probe.bili ty were 
of 

hanticapped due to diffe:ront reasori.e. Becatme. of the wry low va.luee.-."11" tn ~ 

gaaee, as well aa ·the difficulty of Mbiaving groupe ot electrons of mft.ow. energ 

spread in gases of eu:ffic:tent denei v for a.ppreQ1abla e.ttaobment, signifioont 

studies on the appea:re.noe potentiala of iorw and energy of 1on fo:mt."t.tion m. tb. 

identification of ion species i'orm.ed by mass ®eCtmgra.phe have not been succf!ssful, 

unti.l woon lliclmm am :Fox ( 1954) applied their retal'ding poten·~ia.l difference 

method to the study o:t attachment of eleotro:am to S~ combined with mass 

epeotrograph l."$Wallng a new teohrd.qm of investign·tion. 

An electron that makEJe Vc ~pacts per aoc and under ·the notion ot the field t1E" 

~• )AE centimGtera per sec~ talcee ~E ooooms to fJJ ono cG:~ntimeter. Starting 

With "n" electrons, t~'lJDber ci:n- out ot" "n" that atte.Qh :f.n goirJg clx centttneters 

Will de pent on "n" , -Jcj p..rc am on cb: .• 1£ ''h" ie tlliproport1on:lU ty conatant, 

then ct n = - ~ :n.... . 0e. .· ~ ~ E' ' "J1f1 :lscalled the p:robabili ty 0~ 

attoobnent end is t.':le :reciprocol of the avem.e,re ntmber o:t impacts an electron 

makes to attach. and /ie the mobility coefficient. Another quan·titw "~ " 
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may be defined u the probability of attaohl:nent per em. travel in analogy to 

ionisation coefficient ... d...." and like1'11se wp ia a function o£ E' /p e IJheee 

two attacment coeffic:teats are :related by ~ ::: fb )A ~/,tc. • Rance another . 

coefficient Va. may be dei',.ned in analogy to vi. , :1onieat1on ·frequency, and 

may be called the_ attachment frequency ru"d it is related to n h It by ,{_ -= v.yvc • 
Taking into condideration this new meohrul1sm1 the aontinUity equ(!rtion for nunbe~ 

of electrons/ C•C~ may be modified. by :putti.ng [ (vi. - ..Yo.) 'h- J 1n place of 

( •-\. n.. ) as the frequency of prodmtion of eleCtrons, when the breakdown 

co:r'ldi tion in caae o:f high f'requenoy dioohargo with ~ellian velooi ty distribution 

. o<. f.> 2 7r1- UCMJe. -
of electron can be given by T = T + ~ (Eejp )(.hl)2- where Ee • effective 

f'ield, 'U..Me a average electron energy 1n e~v. The quanti ties + , ~ e.n1 . 

'U.a.v.e. are all functions of Ee(p am depe1'ld on the energs distribution 

tunctiono Different authors meas'l.tmd the varia~on of o<'j p ant P / p with E' ~ . • 
.'\. 

Considering diff~rent possibilities of energy d¢ea1pat1on of electron eftar 

attachme11t to the m.oleaulee and atome and applylng continui ~· equation Ifarrison 

and Gebal.le ( 1953) obtained t.he expil:lss1on for n.a. current for applied Q.c. voltage£ 

.... (1.7) 

electrode eeperation tor val. we of E/p cr 60 to E/ 'p a: 25 volte/cm •. mm~ o:f' f{B. 

were obtail'led~ Variations of fbj p W1 th 1};, were obtained for t.P.r, Freon, 

C Fj 5 F3 ~- t{eoourements of variation of nh" wi tb E/p were made by :&F.radb~ 

and 11'atel ( 1934) ~or gaeea S 0 2 , N 2 0 ) \-\2. S ) N \-\:. , \-\ 2 0 ) H Ci. ~ cl2. 

and dift'ercnt mixtures of attaching gases., Duroh, and C'10'baUe ( 1957) measured the 

variation of f.>j'p with E/p o:t o::qgon •. Meaaurements of croes aection·of attachment 

of. balogena .cl2) ()y.z , 12 .Zor different energy of the electron by Uealn.Y (1939) 

show a maxi.mtm near 2 volts of energy of electrons :for all tb.rea gases.· These· are 
va. Tt'?Jirf'tl. •f c.\'\'\ 1)f Noll 

the some of the observations of"· tJp ~with E/p ~, ~-tv · 
,o_

4
JN'"'!o measurementa of vn:riat1on o:t flip ODi c<fp w:l.th E'jp hel.pjl to co~r 

1 s .... I A~~~tT97s \~·,r,1,)fMOH~'~ 
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the breakdown voltage data observed in high frequency discharge of attaching gasea . . . 

teld.ng the effective llit?:ta frequency field as the applied D.c. tield. Herlin and 

Brown ( 1948) measureJI the breakdown voltage in air at 3000 Me/sec with tm dista.~e 

varying from Oe635 em to 0.158 om and the praosuro varying 1"rom 70 mm Ug. to 2 nm IIg. 

S1m1lar mee.el.l1"el!ent8 were done by P:im ( 1949) at 2000 Me/sec. with the gap length 

Tarying :from o.oa em.. to o.06 em. and the preaeure weying :fJ:Qil 760 nm. Hg. to 
.Q,. (J.-

160 mm. Hg. The diecrl.p.,ncy between these obeervationo arid. t.OO:!)ri tienl plot o:t 

breakdown curve, obtmmd by taking help of measurements of HeBley and Heed (1941) 

tor a.verae-e eleot:ron ener€3 as a ftl'¥lt1on o:f' t/j) was of the order ot 1o-% • 

However with increased purity of air - by ·tald.ng every observation w1 th fresh air 

atter exhausting all air of the previous observation - the experimental curve 

ehows mooh better agreement with the\theor/tical curve~ Tho data ot microwave 

breclt•iown meoouremente in OJ\'{gen at 3000 Me/sec with gap lsngth 0.635 em. over a 
' . 

,f1kl!hA 
range of preeeures fran 7_0 .to 2 nm. Hg.-t a~ 1n good agreement with the theort tical 

value oa.loula ted with the help of !'.l'leoouremente ot ci...jf e.na ~ j 'p for o~gen fr-:Jm 

the work of Harrison o.nd Geballe ( 1953 ) and. taking tm value of ;>"YYJ ·= 3 · 5x 10 '~. P 
' ' 

obtained fxom mobility measuremente of Nielaen of .Bradbury (1937 ) em the relation 
to 

tor the a.c. mobility, we ge.t the value of l::e given by 

E2. v: E'l.- _J_ 
e - 2. -J7Y\'l.. + W '2-

••• (1.8) 

where 

E P ·e:x.F (3 w t) ie the applied field ( high frequency ) and -J'h\ is the collieon 

trequenoy. 

Breakdown ill presence ot• magnetic field • 

.Breakdown o:r a high f:requerey diaohe.rge in a ea.a in p:reaeooe o:f magnet"io 

field has be~n e tudied previously by eome workers~. ToY:meeru and Gill ( 1937) 

calculated the effect of a magnetic field on the breal~down potential of a gas 

under r.f. excitation nnd showed th-:.d; the Dt.'>bility of the electl"ons in ttlt:) 

~i'Jevv 

d1reot1on of the electric field is reduced and is"by the equation 

. ·' 
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K· --
1 w '2. 1'-'2-+ H 

... (1.9) 

where 1me cyclotron freqwmcy, 
~ 

and ~ 1a the time be~Neen eucceeoi~o collisions. The diffusion coefficient D is 

reduced in a direction perpemicular ·to fue ~tic field in the ratio 

1 + w~ '12. 

From these conaiderat1on~ 1 they observed tha.t if the eloctrio and magnetic t'iolde 

are parallel, the diffusion perpendicular to the field is redoooed end ben:e a 

smaller breakdoou field ie neceasaey. It ·the fields are perpcndioula.r, not only 

~he breakdo\m 'VOltage ie reJdwed but for certtlin vnlueip of "'Ghe magnetic field 

am the applied frequency resollfll1(3e \Vill oacur when 

••• (1.11) 

They carried out experiments in air for two :frequencies name~ 46 Mo/eec and 
Q..~~to))Afl 

30 ?l:c/eec. and the range of pre&su....-r-s varyi~ from G::z:'m to 24 zrm ot .flg. A deoreEWO 

ot the starting potential was noted for values of p:reasu:ro less than the m:.I.Iiimua 

without field and imrea.ee of ett1rting potential. for values ()t pressure greater 

ie applied. The values of the magmtic field were eo chosen toot ir.e. ~~solll:m'Jc 

ooDlition was li!niJisfied. The work has fm,tr.~er been extended by :Brown (1940) to 

the case of eydrogen who obtained almoet similar :rosulte. · 

lax, Allie and Brown (1950) car:r.i.ed out experiments on the breakdown voltage 

The gaa ueed was heli'Wl containing a small admixture of llg vapour tm:! they 

obte.imd break<it)W!l curvea f'or different values o:f pressure. The breakdown wlte.ge 

becomee a. minimtm tor a rttagt~t:lo field (1125 sauna) for all val.~e o:r. the pressure, 

the effect of resonance being most ma:rked at low volUBs of pressure~ 
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Fercl;tt1 and Ye~nee:i. ( 1955) performed expuriments in air for freqoo:nciee 

ranging from 10 Mc/eec to :SO ti3/sec. in air, the magnetic field varyintf:trom 

0 to 600 gauss. They used cyUMriaal electrodes om observed a lowering of 

breakdovm potential :.tn presence of magnetic fielde 

Most of the work.p'fa 1n this lim were done in resonnnce nagmtic field aucb 

that· the frequemy of ·the o.ppl1~ field an1 the 1ll£'L,...mlitude of the mgnetic field 

r e. H 
are of such a value that jo..t\'~rzc:t= ~:rr ?'Y1 c wao eatie:fied. So far _praoticall¥ 

littlAJ work hae been doM in which the magmtic field is far removed from the 

resonance vulm. Sen an3. Ghosh ( 1963) stooied the breakdown in ~ir and nttrogen 

1n crossed non:roaonant ma.~t:tc field &!}plying tbe radio:frequ')my voltage of 

frequenoy- 8.1 ~/sec. and 7.15 ~/sec. respectively in the pressure :r8118e of a. 

:rew microns Hg. tQ 500 micron Hg• They obtaimd a family of curves for different 

steady magn::tic fields wboae value lies ,.r.i thin 100 gauae. It was observed that 

eeoh curve for n steady croseed magm.tic field has got a. min:lmtm breakd01'fl1 \'Oltap 

e.t a certain preaoure which ebifte to hi@ler pressure as tl~ magz:Etic field ia 

increased" An :Uxlrease of· breakdown voltage was alao observed on the application 
"(11..~ 

of trcnaverse r# gm tic field w1 thin the rane,re of pressure for which the mese.u:rernente 

were taken. Follaring the theory of Kihara (1952) for breakdovm of gases by 

radiofrequency: ·· .. :field and eqt4valent preaf,,u.·re concept 1ntroduoed by Bierln 

8Bl Haydon ( 19513) w1 th tle variation ot}nobili ty and diffusion coefficient in a 

magne·tio fieldt. ~ expression. for the broekdown voltage of' gases by r.f. f1@ld 

was develop.ed to explain th.~ir experimental. reeul.te. lt was obec.1rved that the 

t.'l]eo:retical msul'ts are in fairly good agreement with experimental results. 
e--tY . 

The dis(u•!pf>ncy was attributed to unoertaini tim!! 1n tho values of molecu.l.er 

constants introdmed by Kihara. in Me theoey,, They alSO col'..eitlolerod the effect 
\,'· . 

of attachment loss to b breakdown condition. am obtained the modification in 

their breclalown voltage G:Jtpresaion as 
LW (1-b) 

2 K. 
{•• ~1}, 

···~'·'"""' 
where 
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b = l.;Jc ~L Va. J '12... . r o((p ~ /p J '/'1.. _:. L o<j P . ~ X •. aob111 ty c_oetf1o1entJ 

L • length ot :tm gap; w • applied freq~DC7· 

E • breakdown wl tage w1 thout cone:l.daretion ot attacmsnt. 0 . .. . . 

Ea.• bzoeakdown YOltase with coneide;ro.t:l.on ot attacbment. 
0 . 

Tbie new modification with the consideration ct attachment lotls showed a better 

agreement betwet!,n theoretical an! experimental breakdown 'VOltage. 
I 

1JegnaU and Hafdon ( 1965) atmied the pre-breakdown 1oniaatton :l.n moleo\ll!.r 

nitrogen 1D establ1eh whether the 1ntluerr:e of a tranovfJrse magnatic field iii 

-equivalent to an imrease in the guo presel.ire from " \? " to pe = F ( 1 + ~~)
1

/z. 
Where n W" :1.8 electron cyclotron frequency, and ..J, e. COJ:U!Itnnt,.which is the 

eUeot1ve ~leotron molecu~ collision frequency •. When. tl1a . value ot. E/re. lie• 

wi thitl thejr.'ang~ I 51> ( E /pe ( 2. SO V C.:: 
1 J;:;n11 

, ..;> has a oo:natant valt1e eq\Dl 

to s., x 10~ p ~1 but when· E(p~ ( 1 5"0 , .Yjp must deo:ree.ee with decre~ing 

E/~e tor satisfactory agreement to -be mainta..i..ned. The poaa1b1l1 ty ot ex·ten!ing 

the concept to account for the ohnnSea 1n aeconiary 1oniaat1on and the breakdown 

potential 1n mtrogen are also diEiOUa~ed. Considering tho· different complex 

situations of pre-b~nkdown ioniea.t:l,on a~ different l"allge .of E' /Pe , they 

obecrved that the complex •1tua.tion ill{not reatricted to nitrogen so that an 

approach to the proble~ of breakdowt:'lin tcma of· .an aquivale.nt increaee 1n _gsa 

pressure 1a by no meane simple and at leaet for nt~gen the equivalent 

pressure concept ie ve.Ud within a limited range of E/~e -..alue •. 

(:S) BADIOINEQUF;NOY :BREAKOOWN IN A SU'PERIIIlioSED D. O. FIELD 

The :tti-at report ot th1ll type ot work was made b1 P.IC1rolmer ( 1925, 1947) 

who meaeured the r.f~, potentials neceasaey for tbe :ln1t:l.at1on and aai.ntaiDmee ot a 

41aoharge in presence of & d~c.: field in different gaeee •. ~ :tountl i that the 

application of a d.,c. potential ot 60 volta tQ a rtf.~ .. d1aoha:rge• maiJltairMtd by 
' ·l. 

an a.c. potential ot 60 YOl'tf:' ,cauaed~: the disobB.rge to 41eappear complete~. 



He el@l.ained tlmt the effect. is dm to ihe fac:t that when a.c. field. ie alone p:reln.t 

displacement of the electrons dl..tt'ing one per:i.od of the .oso11lntion is of tile same 

order of magnitude as, or is smaller than the dietance b~tween the electrodeet and 

that therefore these electrons can oecillaw between the electrodes ani gt"~ rise 

to a cn.mulative gemmt1on of ions • Wb.en a. deo. voltagefot tm san~ magnitude is 

oupe:t'imposed on the a.o. volttlb~t dur:l.ng one half of the complete cycle the voltage 

becomes neer:ey- eqw1 to tr.ero tmd the oontinous oecille.tion of electrone :tor . . . 

prodwtion of ions ~ olectrona oe~es due to tbim effective nullifice:tion. of 
I 

accelemttng voltage and hence the discharge d1eappaere. 

AeA• Va.rola ( 1947) superl.mpoeed a d.ce field • less then that required to 

initiate the discharge of.l a rof• potential (120 'lkJ/s ) in a discharge tube with the 

idea of has·tening tile dieollarge am obtainins. a short de1onieation time~ It woo 

also hoped ~ut the in'tens1 ty of the discht~ge should be increased by the direct 

cu:rrenta but contrary to tlU.s it was observed that the e.pplioation of a d.c. 

potential greatly :1mpeded 'the fo:miation of diecba.rge am higher radio frequency 

potential WOO l'flqu1red for in1 tiation Of the disoharge aM alao the edmi ttance 

ot the discharge wee found to be loWer when tbe bias was applied. Recovery wse 

somewhat more rapid as had been exPected. It was observed .that ionisation occurs . . 
through a. small angle at the voltage peak of the radiof:requenc;r cycle when ·the 

voltage ie above the ionisation .. ebold, the remaining peri01i be:tng ut:tUsed f'or 

the ~temating potential was applied the field emeeded the ionisation 

"!ihredlold feu: only om pe1"iod in eooh oyole ant1 tl~ ·ratio of ionisation time to · 
'111 . 

dei~sation time will· be co!l~J$.dorably red wed. The increase in 1amea.tion rate due 
to higher potential during the ionisation period ia not a~tici~nt to offset 

'\9 
thej!tlDree.Se in de:i.onisation time and so higher ~.:t. 1oltage 1e required to 

initiate ·the disch:~rge; the same effects are present during the discharge and d.c. 

bias prodwea a reduction in intensity. The experiments were comooted. at a 
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trequenc7 o:t 120 JIJc/• w1 tb 5 micro~eo. pulses at a rate of 60 parsec. The cli.oharge 

tubes had At. electrodee in an a1moephere of about 5 em ot }\ydrogen with 2(/fo Argon. 

·No q1»1nt1tat1ve theocy wae tomulatttd to .;expla1n these eff'eote~ Vamer.t.n and Brorm 

(1950) obtained the ·' eqoolity .in expressions :for electron energ distribution 

function OD1 ioniaation coetficiente for both a~c. and d.Q. discharge on tle 
. . 

aestmption that the colli•ion frequency. 1e eonatant a~ oonetant pressure which 18 · 

apecially trw in case of eydr-ogen and he11Uile 'raking the total electric field 

E E . f7j E' )VJI.: .. E . 
·. · ::: J).C .+v 2 A.c.Q where D.(."Pl'Etllnte the d.c. field) E A· c.. the 

r.m.e. value of the a. c. field and • w ' the redien :frequency,· am w1 th tl:le help 

o:t Boltr.man tre.nsport equation the eX.Prcaeionsfor all the parameters 1n both the 
1. E 2- -v 2-- 2-

casee were obtained. An effective field \vae detirled. by E == ,...... , + 2. c. 'l- EA (. e ..... . -v. +w .. 
c.. 

when both a.c. end a.o. fields are presen~. The. different pa.~tere ao obtained 

are found to be 1dent1ce.l in both the· oaac• and the ef.:f'eotive nature ·of the d•Q• 

ard· e•o• fields artt eame in "the prooeoe· o~ 1on1eation.- Tbie a1m1lar1ty ma.tee it 

poasible to mo4ity the a.o. dietrihution fun.etion theory for breakdown to taka 

account of the st.Q:H~:rpoa1tion of! a d •. o. field tll')3 tD predict the behaViour ot 

breakdown with both. fields ac~ simultaneous~~ 

!he gae 1ft a onvity Will breakdown when loasee of electrom to the wallA ot 

the cavity a:re replaced by ionient:lon 1n the body ot the gas. When the a.c. field 

alone ia applied, electrons are lo~t by diffusion. When a small d.c. •eep1rig 

field· is appl1e4, electro~ are lost both by diffusion and .aobility. The . 

breakdown conUtion qan be fom.ulated ma.thematioally by conaiderat1on ot thei!!O 

procehea• ~1¥\tion 
2 + E'J).C ""' rn.- ,-....,.-..-J)/t<_ 

repreeente ·lib;} balancing ~ondition expreeeed above when, d.c. fiel4 10 41i-ecte4 

along the z-. a:d.• ( f'Y\.... Ql. ,nmber of electron$/o.~o~~ lls 41ttuaion ooe:f:ticient, 

K • mobility coefficient, -)) • 1on1•a.t1on frequency ). The eoluti9n ot. tbia 
>. • ' • • • • ' 

equa·bion :for tl'le case ; o~ a cylinder· of axial ~1ght L and. axial co-ordinate Z1 
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radius R and radial coaOrdina:te "r" will' )ield the breakdown conU tion. Regoroue 

boundary conditions require the concentrc1tion to be small at a. boundary and eXtrapo• 

J.atea to £e:ro out side the bounda:ry at a d:f.etance of the order of a mean i'ree path. 

In the range of pressu...'T't3s to he considered> the mean free path is very mall compared 

to the cavity dimensions and too condition of zero concentration on the cylinder 

wal.ls ta(unpoaed. The eolution is _ 

%, - I~.~ (R,"Y')] [ ~ (1r/L-)t J -e~ (- K El>.<-.f./2-lJ) 

where R1., 2.404/il end Jo is the zero order Bessel function •. This solution ie 

subject to the condition 1/ 1-
f\'I:J.c. 

where 1\ D. c. . 

defims a modified diffusion length given by the relation / J '2-

. 1//\ t. c.. ::::. 'I!\').. + [ E 1>. (. 2? . 
where 1/f\'l- = ( tr(L) '2- + ( .2: 4 Olf / R )7-CJ.l~yQ. /\ = c.t-.a.-.~!.~Ni?l-.~ J..i #W:Jio-n ,le..<T'Ih. 

The/;~ difference between 1he breakdown condition. in the a..cc - dGtc. case and pure 

a.c. caoe ia ·the eubsti tuti.on of a modified diffusion lcngth1uv' (\ • It will be 

noted that tm modified d::i.ffusion. length o:f a cavity is smaller than b chal.-oncter1et1c 

diffusion length. A cavity whose electron loeea are imreneed by a ·d.ch sweeping 

field is equivalent to a smaller cavity without a sweeping field. Using the prope:z­

d1etr1bution function theory tO oalcula te breakdown and th~odified diffusion 

length presented here, a ·tneoreticallreakdown curve for an ~/!:'h. c ~f 12 volte/cm 

baa been obta1nedo. 11le relative inoreooe o£ a.c. breakdown field W1 th supe:r.mpoeed 

doc• field for air at a pressure of 38 mm., Ug. has been obtained upto ED.c~200 

volts/em. Y-to snd Okuda ( 1955) medo eome otudy of. high f!'eqwmoy discharge 

with a a.c. voltnge applied Pf:'lrpendicular to high frequency field. ~he discharge 

tUbes were f1lld with air and .fitted m th internal electrodes made of several 

materials. A high frequency voltage of 77 Mc/secc was applied to two parallel 

electrodes from out side the tube; perpendicular to the high :f'requmcy iteld, 

a strong d.c. :field is applied to a eet of parallel electrodes placed inside _the 

tube. The d.c. source has the mrod.mtm voltage of 20 Y3 and me.ximun ctnTent 

of 20 mA. During the experiment, the pressure wee varied from 10 nm Hg. to 
'-4 

tfD mm. Hg. Keeping the high f:.:oequemy f: ield oormtm1t1 the d.c. voltage-current 



characteristic cunes were obtaimd, 1lno 1aain interatiog Qb&erte.t:l.on \fU thl.lt 

in tbie system three types of discharge can e:dstt classified from tbe atallll 
~:r 

pOint of d.c. conduct1!D~~.1'he first ie like dec• glow d:l.eoharge type wh'ifN ~ · 

properties of tOO d.o~ discharge 1e. prominent With additionaltonillation 'by h.t. 

field. The second ie space charge lim1ted type, the same u tbl o:;.m1lct1on in 

the floaUng double probe in a plasma produced by high treqmncy tield. And the 
e . 

third type ie an intexmt41ate •• between the tiret ani eeccnd types which 

may be referred tD aa trSll81 tion type between the above two ~a. According 

to tbe authora' analye1s of the trSMition -eype at ~w pressure, the value of">"; 

the Towneend'a seooDl coefficient lin high electric. field can be de4UBed trom 

the measurement•. 

·Rsaqu1D ( 1965) atudied the breakdown b~ha'Viour ot/. air UDder the 1Dtlue:nce 
''· 

of a direct 1.nbnrr.ogenoue electric field w1 th a eur,;flrimpoet!d auternn.tillg field. 

With an elec"rode configuration which J'l0dl.¥)e8 an 1nbomogenou field, breakdown 
.. 

in air can occur even 1f the applied d•O• electric field ia much Eel.ler than 

the d~o• .breakdown wl,tage, if a high freq~y alternating field is superimposed 

whoae peak value, however, is still small compared with the d.o. referelX!e field. 

For this breakdown to occur, the dtlc~ field mu.et be applied eo that the electrode 

ot ~ater curvature .:f.annore ... poeit1Vfl than the other~ A possible explanation 1• 

that negative apace ch.M'ge near the. inner cy~er prevents bre&JQiown frca 
. . ··~ . 

developing. In th..i..B · connection 1 t should be noted tb&t. the denai ty of the 

mgative apace charge tskes a detiriite ·Value dependent on the applied ~1~ •. 
. . 

IJnder atatiODeJ.7 corr11 tiOJ'JIJt the negative spliCe charge , 1• r&thor sreater than l"ha.-1: 

:I.e necessary for the eetebliehment ot an 81'0~~ It the voltage QD the . elec~de 
.~-· . 

' ;, . 

high rate ot ~hange •. Th~· tor part of the time the apace charge _ia les.s than 

the equ:Ll:l.briUD Talue ant\ dui-:l.ng this time breakdown can ocelli"~: , 
' ' ' ' ' •.'• .. 
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(C.) IfJW PHESSUBE DIELECTRIC •. :SBEAKOOW OF GASflS BY- HIGH FBEQUENOY UNIPOP~ 

FlEW (e.) WI~l0'112 UAGNBTIO FIELD (b) WITii d. c. TRANSVERSE .MAGW~TIO FlEW. 

When t..lle pres.Du.re ie low enough so that loss mechani&~ is not govel"'Md by 

diffusion am mobili v t the phenome%10n of breakdown can be explained by secomaey- -

electron reeooonoe. In the high praesUI."e region the discharge is controllad 'f:.V 
. a.wL . 

diffusion and mobility, but at preesure ot the order ot 10•!$ Eo Hg.~t leas) the 

mechanisn 1s different. Rere the initiation of discharge b3t_ b1gh :f'requenoy ti.eld 
.. 

ie mwh easier. than that by d~c. field«~ ~ worke%'8 t.tave stwU.ed the case with 

~high frequency field and have ehown tmt the secondary emission of electrons 

by di:rect bombardment of the walls can cause a breakdown to occur. -~ _ d!i'fe:rcnt 

oboorvstione ~how th.llt the breakdORn phsnmnenon in this caGe depends mt o~ 

on the magnitude of the electric field flJ)plJ.ed, but also on the phase -of the. 

electron motion w.1 th reepect to the field. Under opUmun eondi t1ons. the 

electron motion must be 1n phase with thtr. applied field. ll'or the expected 

meo~sm to occur, the general a.sstmpt:ions made by 1.)m1elsson· ( 1943 ), Gill · 

and Von ~zel. (1948)1 Hatch. and Willian (1953, 1954, 1958 ) e.nd- other workers, . 

for the Bimple tmory of resonance ~reelf.dor;n, con 1n $tated brl.etly' ae below •. 

The fu..'tdamental hypothesis for t.l!ia theory ia the e:xietarwe oi' tlw ~econdQ17 

electron :reoGnanae mecba.nism.. In orde!> tr.at thie mecha.nis can be Qperattve 

:tt is mcesea:cy- to assune that tho electron mean free path and the wavelength 

of the applied high :frequency :llald are both large CC!flpared to iho eleotl"'de 

aeperation. 'l'heP'!ean free patl-1 of electron in H2 at OeO• and 1 r Hg. p~Ssu.t>e 

is of the order of SO om and for N2 :1 t is 40 om. For mathemattool. ~imz:~ci ·ty 

$. t is convenient to aseune that all eleotrons have half cycle tra.ns1 t timee. 

It ia e.esUiled t..l-tat the ratio of ·the electron arrival to emiasion\tel.ooi -ey is . 

a constant and the e~ectron emmission veloaitiea a1~ normal to the electrode 

eurfacos1 though this as$Wlpt1on. ie not an accurate rep:resentation of meaond~ 

emt~aion ollaracterietica but 1a very useful in e;etting a eimple :f'omulation . 

of the problem. It ie _:further aa:;n.med that tm elsotrie field between the 
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. eleotl'Odea ilil ·tmifom tn apace, ~a~ space oh\rge e:t~ects are negligible; that 
' > ~ ; • ' •• ~·· :· ·"·;:. ;. : • • 

eleotron arr1val energ:Les e2eeed the iomaation pote~tial of the pa, amt tbat a 

few electroDE). are prodwed randwil.1t:etween the electrodes bN' na.tuml prooesuea. 
·. . " 

The extent to which maey ot these aes\IDJ)tionat ccmpeuate in an .tmdetat'~Jl1rled rrru•~ 

tor the other procseeaea in th1e breakdown uchlm1sm if{mt clear •. 
' ~ 

An electron starting acrose the &a; between the walla .mould collide with 

the opposite walle ot tO, vessel .am ~le-e secondary electrons just as the 

elec~r:tc field pae.-e through r.e:ro. The. reversed electric field acceleretaa the 

eeaolldet7 electrons bQCk aoross the gap• The eecome.r:; eleo3J:Ons ~o foxmed by 

the initial electron moome pr~ el.eatrom for the next 1lalt cycle to tom 

. another Bt'Ot.W o:f eeconlary eleqtro~:m, wi t11 :the optimdl co~1 t1ons ·again requiring 

th~t the ~eooi¥ta:riee be foxmod ~~t as ·i.m field :reverees 1 te· di~ctiQD!. llowever, 

as. wee observed. and is nt.o obViouc · tbat a ·breakdown does not :roqui1-e the optimUD 

oondi~ona to occur, and tbera ~s a ~airly broad region at fields and frequenciee 
' . ' 

over which ouch a phemaenon may . be observed. It · ia clear from the mecbanis of 
. ' ' -

.thte type . of bre~·:Jwn that the ~ ·of gM bee got not111t't to do w1 th tllQ 

e~tro~ multiplication eri that· b;ret\kd.own field is 1Wependent o:f ·tho. nature. 

Qf .the ese, but dependS much on·tbe eurt~e .oonat1tution of ·the wall of the 
s 

., ve68el which 1~ the. o~ . source ot :Geeondaey electron;. ' . 

. . . Aimoet ,all the workers relied for their &xpianation of the observation on a 

~le thco:ey-. The theory explntns. i',.m · ·senersl treri\1 of too observations w1 th the 

help of eome ~Jmp1r1oally. determined· conetsnta. Thi! eDCt value/ ot these · 

pal'c!Getel"$ are ve;ey d1t'i'ioult 1:0· ob'liain· theoretical]¥ • the ·aotool mecbani• 

. ie ·not kl'lmm• Aa the .. pa:ramete~. hmve · got very flexible difinition, uo sui table 

valma. coUld be placed !.~or them. and rceul:te :follo'fl1ed. D1:tterent obeervere 

. ~mmed a~fi'erent velu.oe o:t the . pw.-amatere~ 
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For the qwmti tative description, the motion of electron 8lted on by a 

ld.liueoidally varying electric field of peak value Epatd radian trequencr nwtt 

' ••• (1.14) 
where cp ie the phase angle ot t..Jte secondary emisoion clectr~ns. F?eglecting 

collision ot electrons with gM atoms and asEJt.'llling the ratio of emerg:l..ng velOc:l 1'3 

to impinging velocity a oonstant for all secondary emission i.e. '%
0 

• X 

., conetantt the expression of E p for a. tube length L em :le 

EP = -w~ L p -1 ~/e 
••• (1.15) 

K+l -rr Coo q, + 2 6frrv cp 
k -1 

writin..~ the veloci~ m-ems of tba electron arrival energy U. given by 

~ 1--L = ,1. /')")"\.. 19 2-.) . the frequenr:y " f u is given by . 

~ \12. r = lk -I) . ':1:' ( .e ttjsm-J ••• (1.16) 
· r KlTL Ux1 <P 

Denoting ·a critical wlue of q; by ~tL i.e. maximising (f 'the crt tical 

values of n . f " ani F.>p a:r.e obtained which are. t-ei!W{;. as values at out off 

i.e. beyond thia point the b:reekdown voltar;e risee elm:rply to infinit'.f so 

that beyond the crl. tical value of frequeooy, the tube will appear to WJ3 

amount of hiii}:l voltage .as an ir.IS'Ill.ator. ~e governins expreseiomJ at this 

point a.-roe fc..p. A/L ~ Vc.o- = B lL 

where botb 1i1e oonstantfJ A and ::B are qua.nti tiee wbioh may be dete:rm1ned 

empirical]¥. The voltage at cut~f.t is imependent ot electrode separation 

ani. ·applied frequency. The obaervationa eo far reported shows that A~ 79 te 

the valve which fi. te some uf the obsel"'V'ed data~. 
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A good ntaber· of workem reported obaervations which haw a tail" amount 

·of ~~elt oonai•temy. Earl)' inveetigatione o:t breakdown field ·au.ragthe in saM• 

at low preeau.tee rur1 'h1gbtreque!10;f.es trom t to 100 Me/a were carri~d ou·t by .tbe 

Guttone ( 1924, 1928t 1930) ADt Ktraolmer ( 1925, 1930) uaing external ana internal 

electrodee respeottvel,.. Their p:d.ncipal obeerrat1on was tha·t the breakdown field 

etrength deoreaeed with decreasing :rrequency to v&luea aa low aa 10 "' /0'1.1 unt11 
. . ' 

a o'-'t-o:tf' trequeMy waa Naohed below which breakdown could be obta1Md oDly 

with ~sh fi~ld strength or not at all. A latter 1meat1gatton by Ibokmark and 
. ~ . . 

B81JgfJton ( 1941 ) ls:6 to a theoretical ana~e:te b.Y nmte•leaon ( t94' ). Asstainc 
• ' -1).. 

the •~ electron atas1on energy lfe~mt~berg, Orthuber 8DCl Ste~el ( 1936) 

calculated the Wlue of¢ to be l31ng between OJ ard 32.5°. Dazd.elaaon (1943) 

aeeliDid X • coC i.e. l90 =0 ant cP YUyiDg between Of:. an4 go• 8114 obtained the 

eleclt-OD arrival ellU'&V 'to fit hie observation aa U... = 80 e.. V. :fo~ altlliniwa 

elect'l'Odea at various eepe:rationa ·at frequency 65 Me/e. Gill and Von Engel (1948) 
I 

bmrever tried to vB.'rit/:f the d:li'teren't poes1'b111 ties ot source of oecuxmce. of 

the eeconda:r,y electrons ani tmir d.epomeme on Yartoue factor•• With the help 

ot obecrwatione mado by L!ueller (1945), Salow (1940) ani.. Kalkhoff' (193') tor 

ti1e emiesion ot aaconda%7 electroDe trca tho su...'rfaee ot glass, they were able 

t<> e%pla:ln 11\1Coeaaful.l1' tbair obae$t1o~ t'or eleotrona of 40 e. v. and above 

imP.a.ot emrBYI but no result is aYailable 'lor •lOwer priaariea. They obeerve4 

that the etarting field etreragth tor high frequency unifom field (unifomtty 
<1-:.l.en•lk b~weh ·e.l~c~toJ..,s, Y=Y~ios of -e.l-e.c·h·a<!e!;. 

18 obeerved by keeping 2."'f = 3. cl, the dimenaion ot .. tl-e t~~ at flic:ron Ug. 

preseu:re tor gaees like Ue t. lfst Ii2 am eir. is 1M.ependent of the gse and o~ 

elightly depends on 1 te pressure.:. By imreaaing the wavelength ( ) 4 7YV ) the 

etarti.l16 tiald var1ea t1ret 1nvertaely with the Wl\vele!lgth, then beoCEe 

oonatant and at a ori tical value rtaee dtscon·ttnoue~ prooably ·to· 1Dfin:l ty. 

The out-ott wavelength ie proportional to the dif.llleter of the ep~ere em length 

ot Ute. oy~nd.rical veesel reapeot~vely~ The dependemo ot the prodWltton ot 
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eleo·t:rone on the aeoondal'Y en'lisaion wae verified by coating the inner glaaa wall 

with t1. poor Sf3COndary emitter; tl1e etarting f.i~ld- ie increased wllile the out-ott 

wavelength ~ec:reooee, '$e reverse ia observed when clear pyrex glass ie exchanged 

for eoda glass, which a.sz-eee with tlle lllrger vs.loo of the eoeff'lc.ient of the 

seoondarJ emi®sion of the later. 

Ua.tob and Will:lsms ( 1954) tneflB\lt'e~- t11e fi~ld strength in air am hydrogen e.t 

pressures of the order of 1 micron Hg am frequen..,iea from 25 to 90 Uo/sec 

between :tlat ~tal electrodes at seperat:i.one from 1 to 4 em. Dy ewlden]¥ 

app~ing a high volta~ and then lowering 1 t slaw]¥ an upper breakdown curve 
' . \ . 

h.a8 been observed. This new ctt:r'V'e wns combined wi tb, the lower breakdown OU!'V'e 

obtained by- Gutton~, Gill and Von Eneel to £om the boundaries of a breakdown 
liV 

region in the frequeooy~fteld £rt:rength do~n. Messu:remenifs of breakdown field 

strength vs. fre1:1uemy for 7. 5 ®1 diameter mech1ned alolad electrodes at a 
'1'€-

saperotion ot ' em weti made in dey oxygen. Existfmce ot very low breakdown 
~:. ·- : ' 

field !rtren.!iJ;ths and a. cut-off t:roqt~mcy v1as ahown. It woo found impossible 

in ·thie case ·co get a. breakdown below 34 tlc/e. b measuremen·te diatimtly 
~0 ' • 

showed w lramhea ot breakdown o'lll"".re joining at cut-o:f't fraquemy rutt almost 

otherwise parallel w1 thin the pointe of observation which waa nu:rtriotod to 

50 rAc/s :for upper curve due to r.f. voltage limitation of the experi.m~ntal 

ar.rcmgemoent. The lower breakdown curve -upto 100 !-,tJ/e wa.., Sloo obtained. 

Attempts were made to lind exParimontally the snooth!'lees of the CUX"Ve at the 

vicinity of out-off .. J~xper:i.mento vlith oilve:r coppol" eleot:rodot;l il:l h.vdrot_.~n e:towsd 

that in the inJnediJ:).tet vicini~ of out-off, '!n:-eukdcwn was cvidemedon]8 by the 

appeat'e to indioate thG existence of a de:fini·te observable closure of tba two 

breakdown cmrves. Dependence ot breakdown on the secondary emission charecter1et1ca 

of the electrode eu:d?ace woo e.lso observed wi tll an a.ppropr1ateJ.y mod11'1ed 

apparatus using ale lad electrodes at a ooperation of :;. 5 em and a frequency ot 
' ' 
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the 800oDds:ey reacDaDCe IIIICbaniiiD has been obtairlet\ 1n the 8&MUl'l!lltnt of 

electron arrival t!Dir8iea rml tho ob110rvat1on tn~eaw that a •l't of eltotron 

buacJ:dng OOCU1'8e Arlctbe:r obM:rntion baa been that ot electron :ruac!lilllle 

without a.qv T111lble dioobaree or attenuation of applied wltap at preU\Il'ea 

of the order of o,os JLP&• lor a :tUed :frequency 8lld el't otrode eep(!ration, 

electron resonance hBa been obnrved oont:I.Uouel,y wUbin a field etrength 1'IIJige 
• 

appro:ld.llatel,y tbJ e111e u that w1 tb1n wbiOh T1111ble breakd01m ooall1'8 at bi&b 

preeuroao 

Hatch mil Wi111n• (1958) extended their work w1tb internal eleotroc!ee 1'.rca 

oonnnttonal half o'Fle ilode to higOOr order l!!Odee, A lllllitbeoretical pJDt of 

brealalown "10ltage ft:rau. the prcdmt ot frequomy tb!e electrode Mpe:mtion c 

using repreaentative fitting p!l.l'llllleten 1a stven for the bolt through 9/2 

oyole Jl)()ee. In addition to the cuetaaar.r boU ~out-ott, the theol',V 

prod1cte a IIOdified out-ott 1n each of tm modo t1'8llai tion regionao The buf.o 

oqwtion of undaaped electron with r.t. voltoge of frequer101. "~"~vee the tint 

amval 'ftlooity of electron et tho oppoeite electrode t111 

K 
1<. -I 

••• (1.17) 

where cp 1a the t:lme J111Ue engle at wbich eeaonds:ey electrona are emitted GD1 

cor:rellJOllllins breakdown Toltase by 

v ::;; 47f2- u d. )l-

-1-
Fo:r ~ma Talw of 

( e;rn) g?rrv 
I<_ +I 
1{-1 

U)~ 
••• (1.18) 

g?, ~· 11mit1JIS ph!Ul_e· angle 18 giV!\!n bJ ,.,.... ... 
- .{:"""'"_, r K-1 2. ] . • •• (1.,9) 
- LK+I (2:rvi)1T 

F.tml'¥ o011b1Dirlg tile espreseion tor elllotron amval enere:1 at an electrode the 



- ; -~ 30 =-

cut-off portion to ew.lw:ro lL .. T'oooo equations are :t.ltted 'tD observa.t1oni;) 

and different C0flata..¥4ta tmltti:ing 1,.(.. are oalcule.tad Wi tb1n reasont:l'ble ValOOGe 

A~Ampte were made for :f1 tting too observations aesll!linS that di;tterent cut-oft 

pointe are. observed depending u,pon the .modes which are initiating the mechamsn. 

· Eaeh mode represents a close ow:'V'e with e. cut-off point .am a.sa\lliing aU the 

modt!e a..'l'\3 opera:tive, the cut~:f'f points of all 'the modes ere fitted Em ttle 

observ.~tion c~ to explain the m.eohr-mism as depelldent on multiplication by 

different modes~··. An attempt waa mudo ·to justify the theory by fitting the 

obse:rv~xuom of Cuttons Gill and Von l!:nt.,tC111 m'lll Hoover Mi ad thaJI e.te. The 
'. . ) . . 

Hoover_ am_ E'mi the:r•s (1955) data represent mult1pneting in a heavy partiale r.f. 

linear oocel.~:r.ator rath~iJr then in e. S'JStem designed eXpeciaUy for bllsie 

· bre~,;~kda?.n stittiee•· MulttpaoJPJting breakdown was obeeNed in a SO Me/sec~ re• 

entrant cylindricel oo:pper lirn:ld caVi ty•· Draskdov;n ooctlJ."red at 70 volta in a 

2~54 em f!P.'{u,; Different aepacta ot this mechani~ a.lro were studied by different 

authors t:rom time to ~. F.ronea and Von Efi..&rel (1953) did exterwive wo~k on 

the growth ut the c'I.D.'TElnts in this type of discharge. !.evin and Rubin ( 1961 ) 1 

ftine:i- em W:U.lit~~ (1962)~- Fouret and GUiUemard (1960), Hatch (1961 )and· 

PS$0hke (1961) -~ a,..-e .some o1; the aut!t~;s who i!westig>ated in 'V'Sl"1e>U0 
'· 

characteriet1c phenomena a.asooia:ta~ W.i:th thio type of d.ieohurge mrd~ inttist!ld 

· ~J highf'.requonoy :f:Leldo:': 

... Recent:cy ~ &1£1 Von E11gel .< 1.965) studied. the ring discharge at very 

low. am m.oda~tely hi~ p:oosem~e reepeet~vely~ . A theorg based on the secofidaey 

~leotron reaomme breakdOW!l mechnnim ~ exr}ltlin · th<:;< iii:ti'Gf.eilt toa:tm"es of · 

ring discharge: at very 'lDf! presat.:tre bee been put :to~.·.· Tlw t!:ffecta of $:.t.de 

walla· on t.'t'w b:t"aakdown mechard~ of ve1.,; low pressu.~ diseha.rg~ hBve been 



ialler and Will:isme (1962) made recent observations of ml.ll ttpacting 

diaaba:rgae subJect to e;d.al magnetic fielde of a few hundred gause wllich 

imica.ted that very large periodic pulsation in the electron Ot.l!'l."e!lt tf!l:lY occur 

1n on appe.rent]3 eteacly eta.te diaohargee Sl.1Ch pulsations occur with :f'requ.em1eu 

of the ol'der ot. a few humred Kc/sec and have· beon shown to be simultaneous 

with the pulerJtions in the light 1ntensityo The experimental dioolmrge chamber 

was of q em· internal diameter pyrex cylinder sealed to 'brase end plates. The 

electrode separation was adjustable from 0 to 6.5 em. A pair ot Helmholtz co:l.l 

~SUpplies the magnetic field. Ptr.lping ia done with oil diffusion and liquid N2 

or solid ice•trap. R.F. power was supplied at 40 Me/a from 600 w transnitter 
0.\; ' . . 

fmdr-55 Mo/e :from 60 w transmitter. Eleotron currents were sampled through 

0.025 em.- dia. hole 1n the centre ot one of the electrodes aD! observed by 
. '5"i5 

Tektronix-'f.\?pe"oaoilloecope~~> Electron current pulsations were observed with 
. . J 

r.f. omitation at both 40 ant 55 Mc/e but the f'requency"pul.sation was mt 

noticeably aeneitive '00 the excitation frequency. On tho other handt the 

puJ.eati()n frequencyme :found to be approximately inversely proporti()na.l to the 

axla.l magnetic fj.cld at:i·ength in the range ot 200-600 B600S and nearly 

proportional to the inverse equa:rc:: of the peak applied r.f'. voltage. Pressure 

variations between 5 z 10-4 and 1 x 10_, torr. etronr}]lf effected the frequency 

of the current pulsations, but no usetul data were obttnood in this connection. 

Several types of gases were fed 1n'bJ the discharge chamber by a co11t1nuous 

bleeding process, but again theil>uleation rate did not eean to change noticeably 

for aif.terent kims of gases. Argon, hydl\l!)gen,. heliun ( all imus·trial gr~e ) 
.. 

. ~ 

~ air wero uoed. Hxteooi ve al terat1ons were made in 'he external. c1rcu1 tttcy' 
. . . s 

am arre.ngemsnt :t.n orcler to deteot any external influence cav..aing pulation. 
. . so it co:~a.~ 

Pulsation did not stop o.MAeonolwed that it lies in the discharge. f1Pt,aJ 

Pulsation could be stopped by at least two weye~ First 1:t the r.:f'. power was 

1\rimreased above soma critical valtrat a transition into the bigb. frequency 



plas:noid modo occm-ed and the puleatiorw ceased. Seco~, a d.c. bias o~ 20 to 

50 v plaoed between the two electrodes also etovl:>ed the pulea~om wi tlwut sn 

appreciable ohan£,re 1n tho visml appearame of tho diooharge even with ~·f· 

voltage. \l.Pto 1 r.v. (peek) applied between the electrodes. Paschke (1961) 

in a note on the mechanim. of' tM multipaotor etfeot be.sed his ena~sis on the 

:tollowing premises {a) the f:ielde t:'inl currents are one dimensional (b) etfecte 

ot epooe charge are ign~ored emept tor one particular case (c) the applied :fteld 

ie einUIJOida.l (d.) at the onset o:r tnt breakda.vn, 1 t ie onl,y one particular 
' 

• A-"' 
velocity claus which ieAreeoname am thu.~~ responsible for breakdown. 

Integration of force eqw tion 1f = ~ E 'S~ w.l: (tve• veloei ty 

1.9-::: 't9s -("Lf/w)l~ UlJ:- -Coat.Oto) · 
and position 

z = _ (YL-Ej G01-) (~~ wt-~ wto) + tl o/ c.-01-) W~"",tJ ~ wko + w(t-,t)~/w 
where '>t 1s charge to moss ratio of an electron wbich ie emitted £rom X= o at a 

( ) '11. 
time . n Co" with a velocity L9~ = 2. 'YL V s • If the particle impinges on an 

electrode at x =-data time given by W (-k-ko) =1T l the secondary el.-.otrona of 

velooi ty clasB l9s ~leased from the electrode will eee ·the sarne field r1-long 

their path as did th~ prima."'Y eleot:ron. With su'f'f-leir:mt sacoMe.ey yield t-he 

charges Will ara~he until breakdown occurs. :Fran above the resonance condition 

1e derived ao 

••• (1.20) 
which relates tie. starting phaf)O W ko with ~ brealclown field strength and 

the 1mping1~ velocity a;t reeonnooe l9d. (2 7L VrJ.-)'h. = (:- <tL E/w) Co-a wto +~ 
The mirl1mm electric :f'i~ld. for 'brc:~lmm to ooour in 

E~. = (v:>t$,) ( w d.)ju, -If I/"'-( 4 +<r'-) 'lz. 

. • •• (1.21) 
with starting ph.aee CJ to a 32~5°. E) EmWn_.;ie n neceaea:ey but not s~:t1o1ent 

condi ti?n ft;)r the breakdown to occur. 'fne secondary yield has to have a. eGrtain 



·: ... 

,, ·, 

1•, 

-· '' ·•· 
' ' 

llint•Uii value to get the &Yalanche proceae started. The cont1nu1 v equation 

I = Io ( d to( J..l) ·relates the o~nt I
0 

emitt~ at X.= 0' in a 

t1Die 1nternll &. to to the current I arriving at a position :x. cmtr a time 

interval d. t. ~J J J.. to/ J.. -d W (-t- to) =1T > 1 
inte!Wl. at o' aro\lld the proper etarti-118 phaee 

the em1 tted electrons will move to mn resonant atate. The "boret'loal curve 

encloe:lng the breakdown region asreoa :remarkablf .well with the e:xper.Unente of. 

Hatch and W:l.l11ams. h conoluaiori to be drawn af1 ( 1 ) The em:l.aeion veloc1 ty 

distribution ot the secondaries is important tor low trequenc1ee (2) 'l'he upper 

11m1t o.f the breakdown :field ia caused by epaoe charge enhanced recombination 

of particle• with 11e em1 tting •urfacet'l (:;) The cut-ott trequency is detem1no4 

by the secondary yield at the field atrength where recombination. ata:rta. 

Hatch (1961) described tlwJ salient features of th!t multipacting buncbi~ 

and are_iUUIBtrated by plots of electron tre.~ectorlee for transit ~o ot it 
'/2 am 5/2 cycle! The Wl\Y 1n which the second~ em1esiOl'l oharaoter1at1os o:f 

the electrodes iutlue~e ault1pact1ng bunching 1e also diacueued br1e~. 
<1 •• 

by an extension of eimple mU1t1pact1n8 theory. The btmehiltg rarli1e is asst~Hd 

to be tmt range 1n the electrical pbaee 8l2&le <P within trhich seco!kiery 

electl.'OM emitted :tram one electrode OM euaceastul]¥ tra$Yerae the.interelflotrode 
. ' 

sreater than emission ener&r~; At the lower voltage limit,, the ~e :1a ~wed 
' • • < ••• f • ' 

to - 90° -~ 

riea. The e:tfeota of seooftdary erilioaion cllarac)terl.atios on bUMh1ng a:ro .also 
' ' " . ' 

discussed. Franate and Von Engel ( 1~53) treated growth of tl~ dtaoharge ~ de'ta11• 
'· 



-· ~ ·-
tbe oaloulaUona .b&ing baeecl on lmown atolfl.io data only. When eeoonde.t7 electrons 

leave an end wall a poei tive wall charge is left ·behind, which ret&rde the. 

electrons~ This iiJ important only mar the .cut-ott wavelength. DieM wall 

chargee cause the phase· at one wall to beccme· iDI;!rea&~ negative mt11 
s 

tiDally the elect:roua would fail to eitcape, aDd the multiplication would cease, 

which is contra:ry to experience. l~ver the growth can be explained by consideriDg 
'l'\, 

the velocitY. distribution of· the secondary electt'OWh Then a· dia·tribution ie 

phase eDDu.e, which muat &ee. repeated in cwceaaive half cycles tor en avalanche to 

develop. During thie tiret · etage the curnmt is therefore eaaentially controlled 

by secondar.r eJiimsion and grows exponentially with time. At these low pressures 
'l't\().."l\'0 

electrone rtl:l'e~ collide with gea molecules. Thua the electron must make BV' 

transite acroaa the vessel to form a. larse. n'laber of positive ions, b ione 

rematn almost stationary in the g~, they are near]\y UD1forml.7 distr;t.buted 

although alightl.J con=entr.ated at the centre ot·. the ve•sel. A second stage in 
. . 

the growtl(of the diechm;'gS }teg1ns when the ion apeoe charge :firet appreciably 

af:t'ecta the motion of the electro~~· Although electrons are otili prodooed 

118-inl,y at the end walle~ 1he ra·te steadily decree.ees os the ion apace charge 

grcms. The rate of prodmtion ot ions am elec·trons in the su aleo decreasee 

and loeeea o1: both iom and electrons due to aelf :repula1on becane importe.n:t~· 

The current thua rteee mo:re slowly than 1 t woula 1~ space ol:largee did not 

develop until 1 t reaches a coutent value~ It ie showa that at very low preasures, 

this eecond atage may not be reachedf. because eelt repulSion of the eleotlme 

atops the development earlier.. Tn.e t!nal equl.lbrlun eta:te lor large p:reesurea 1a 

DOt iboltrled 1n this treatment. 1'bie theory predicts tbe. depe!'Jdome o:t ·tbe growth 

on the material of tbe we.llll, on the. nature ot the GJa8 and ita pressure, and 

the effe~t. of the tield gtteater than the Bturting field. A now f!;Eper-J.mental 
. . 

technique haS been employed to meseure the ~w."l'ent actually flowing acrose the 

external electrod&e by a bridge method, the b:ridge becomtn& lm))l.ll.omed when a 

cur:rent tlowe ~ugh 'the gas~. 
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larras ( 1966) stu£11ed radio:t.req~noy breakdown in Penning gecmetriea with 
, ~ ~ 

oonl.1nea:r fields. R.ll'. breakdown in 81r w1 th~in the preeeure range ot 10 to 10 

torr. 1s etudi~4 analytically rukl experiraentally tor two electrode contigmoatiou 

which lead to nonl111eer Mathieu like differential equattone tor the confined 

electron motion. Expe:r1mentsl data are identified w1 th 1Jro euerQ gain mechsnilima 

which are deocribed aa the ooll1e1onal am resonance modee •. Breakdown voltage• are 

predicted from etabil1ty plots which ehow eeveral reaoname min1ma where the 

obeerved radio:troquency breakdown voltages are very low. Resonance minima predicted 

by e. lil2cnr anal;y'e1e are shifted by nonlinear effects, tran which it :la abown 

that the col:U.aional mode 1s appa.."r"ently triggered by excitation ot the ?.7 e.v. lnel 

of the nitrogen molecule wl th aubsequent electron emission from • aathode 

aurtace. The resonance mode ie :f'ouni to be largely eurtece 1r¥1ependent. 

Though a eubatantiul amount of work on the seocmury reeoname has been do:ae 1 

yet very l1 ttle ie re1X>r·ted a.bou·t the influence of external fields on 1bis type ot 

breakdown. The works ot Koasel and Kt-ebe ( 1954) end Huber, Omld. and Kleider 

(N1Mrk ~eertMl ~ ~J'Pitt;,\:,u~ ere worth mentioning in this 

respect. It has been fotmd thn,t euperimpoeing e. d.o. elec,liric field parallel to the 

high frequency field, starting can be made. more d1tficult. ·A small static magnetic 

field porpondioular to the high b'equenoy· e~ctl,'ic field, 08\11!~8 a e,eneral im:reaee 

in bre~lkdown :t'ield am a lowering o:r· the cut.O.Off trequencf.t but leen• the general 

ehape of' the electric 'field Ya., wavelength CU"t"Ve unaltered,,. In large ma.gnatio 

:t1elda, the :"atarting potential is almoa't; 'ilJ:lepe~dent ot :trequeney. ·A discharge at 

ver,y low pr~~aure., eav at 10_, m IJgt o~e -tar.tedt: can be put out. by either 

:l.ml"'ai!Sing the electria :tie14 Qr decreasing the magnetic field~ Itttle light 

was thrown ~n the meohsniaa of ths proceseee under the obt,Ulged experimental eetup~ 

Deb and GoiWami· (1964} investigated theoretic~ tbe!Problem o'f secondary 
. . 'f . . . . : . ' . . . . ·. . . . . . .. . . 

eleotro~&.O~e breakdown in the: presence. ot._a eteady. traneverae ·magnetic field 

following. :the method of Von Engel :tor e:imilar di~harge. w1 t}lout ~b/f.1eld~.:· Curvea 
' • ' ~ r , • , c ,"-' • , 7,,~1 • • ,-
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p'Ying thtt bre~awn t1eld u a ~tion of wavelength with " o(. " tbe ra,1i'J.o of the 

oyolo·tron frequency to the tl"equency at 1Dt applied field, have been drawn. It wae 

ehown that with 1mreaae ot n o( " the breakdown tield tendo to increase and 

the main region ot the curYe is dieplnced towarde longer wavelengths. 'l'he 

1ncrease 1n bl"tlakdown field wi tb a given cheu'lge in " t?( " is found to be more 

promunced with the higher order modee ot discharge. The etfect of fl't2g].e of arrival 

at the end walla ot the charaed om.'l'1eb on 1he breakdcwn mechaniem baa e.lao been 

considered. na.sulta ind1ce:te that the et'fect ohould counteract apprec1ab~ the 

atoraaid tendency of the· breakdown field to il'Ji:treaae 1n the preseme of a magnetic 

:tield~ The eo oolled cut-ot'f. vslll$ in::re~es with. inorease 1n " o<.. " and 1n 

contrest to the aitue.t1oii in 'the absence of a J!lagnatic :f1eld1 might de.tt.n. either 

a long or short wavelength iim1:t of diecharga depending upon the value of flo( " • 

(D) . :. :· · RADIATIOlf FROJI GIDW DISCHARGES. 

Th8 radiation emitted b7 gas .mol~culea after e:mi tation by ooll1eioh. hM been 

tbe paramount l!lO'tlrCG of existing knowledge about the internal etrueture o£ the CJU 

aoleculee, about the enviroment 1n which the ga. moleculee exist, and about the 

atimula·ting collia~ons themselves. Rad:lation from· gu d1schargell hu aupplted 

lWans of JRasurin.g atomic ab\m!anceu, 14ent1 t1ee and oheaica.l retaetion rate e. 

· An understanding ot the radiation from PJ!1B diachQrgea rests ·on tbe elucidation of 

two aJeperate steg&e in the proceee ( 1') the release of energy aa radiation by 1he 

gaa molecules am (2) ~ deliveey ot ener~ to the gas molecules~ ~h a~ o~. 

~leculer apeciea radiates a cha:racterietic aet ot trequenctee which are governed 

1? .y .. 
""'- ) \.. 

E· -E· .) l 

'.the pro~:lli ty per un1 t time that euch a trona:t. ti~%1 Will occur apontaneo~~ 1l'l 
. - ~ . - . 

where 
X·· J L 

·. \ .' \2 'X··l, . J . 
• .. (1.~) 



'ia tbe matrix eleaent ot the dipole l'llCIIlent for the tranaition fraa· E j to t l. • 

Moat cozrmonly ocota"1ng radiations . ere dipole :ra41etior., but tr~i tiona which aN 

forbidden in; dipole radiation by tbe 1~ent1oe.l v8i:d.ahing o~ :X. j t. can 

aometmes be observed weekl.¥ in q\iadrupole or magnetic dipOle radiation with a 

pi'ob~bili ty which 1e roughly in the ratio ot ( ~j /7\. )2 · to. that ot an 

allowed tt-ans1t1on~' llere a...; :I.e the orbital radius of the upper etato• Bztraneoue 
. ·. 

t1elde can permit forbidden trsnaitions alaoe 

If the probab111 ty per un1 t time Qt apontaneoua emission of :trequenoy .) b7 

a aingle radiator :I.e known~· ~ t ie 1n principle pc)asible to compute the 1ntene1 ty 

ot radiation~ IDw pressure gq· d:Ltchargesf' deepi ta. the real ca:apl&xi ty o-r their 

· '· energy transfer proceesee~ .. are siinple to analyeE:l when compared with the vastly more 
• ' • • • ' • •, ' < ' ' ~. • • ' : • ' ' • • 

complex situation 1njoorreetr1al high pressure disohargee. or in ete~lar atmoepherea 

whether at high or io.r preue~· these'.1ast beins complicated by their vast exteneion 
. .. '· ·. . ' 

over apec~ .. A workitig ari~r~on' to.r a ].(,~ .Preastil'e gsa diecbargef' :f'.rolD the optical 

point of View, can re. that it ehoul;d. m'fi apprea:iab]¥·.reab~rb :Lts. ra,.u.ationa. or :Ln 
' ' ' ' . ," ' ' ' ' 

other worde that spontaneous emission 1• 1 te. aole . radiation· proceea.!· , 
' • • ' • • 1 

For those ~i tio1.1s . w_h!oh pass ~D!ered . ,through the. WW•; the analyaie of 

radiated intensi t:; is etrai~t :fo~,~~ I~ N j refer• · to the population of the 3th 
. . . ' ·. 

em:l. ted state ot the radiatdr,·: then 'the eaae~tial changes in thiq'population will be 

brought about by radiative . tranai tion to lo~~r etatea;; radiativ~ ~1 tiona trcm 

upper states,~ abaorpdi.on of b].o()kaded around •tat~ rad:lationa,· aDC1 collleion 
. . ., ',_ ' . . . 

tboH atateu ·which radiate to ~he ground etate , .. then aasun1ng that tbe ditfuaion 

'tree:taent' ol blockaded radiation ie adequate't,' a ~oni set ~f equation 18 Deeded.-
' '.. . . ' . ' 

j)")) y'2. f · + ~ ~io l A j
0 

N j ~··; BoJ' f NJ ., .. (1~25) 



where ]) :)) is e. photon diffW!l1on coefficient defined ae c; '3 p_ wbare "O" ie the 

velocity ot light am R te photon absorption coa:t'fioient. Eliminating the 

abeorption tiara between the last two equations ·and saslllling that the g9e denei ty 1e 

la.rt;,"e enoUfib that tJ.1e photons spend mooh leas time in the :f'ree eta.to than in the 

radiators 
N· 

) 

c:ne set ot equations can be obtainad att 
j-1 

1J3 "2. N; -l Aji 

i=l 

N· 
) 

w~~Yt J( -Y;i..J """"'"'oLI--"YO'"rr'"-kc. -yo.J.ia..,.,-l-
. ..Q...,.._.eyla J.t. ... ,.'~ . 

p :: rolv.~-1-: In' -fu.,,J,'~n-- . 

~ 

+ IAKj Nl<. 

!<..=)+I 

Elatation is the primordial souroe of all radiation from gas diechargee. Radiators 

in sn-:::y state ~ abaorb the ld.mtio energy of impinging particles an1 go over into 

h1dler energy 11tates with a m:in1mm of reetriotion by selectton between states 

~or Which the reverse radiative transition ie allaw~d. 

Experimentt:ll tmflSuremente of the cross sections which gee mol4!lculee offer to 

electrons for var:looo exoi ting transitions have been carried out along two general 

Unee. First, electrical measurements have been made of the frac·tion of elec·trone 

which have lost discrete amounte of emrg;~ Second, optical measl.U."'Gmenta have been 

I!l!lde o:r the nunber of photono of a given epeciea emerging from a gas throygh 

which a known charge has passed. Both methode ere d1ff1cult and the :reaulte have 
e, 

proved quantitative~ diaoomant With each other and with theory when(lver quanti ta• 

tive ueaeuromente hnve been possible~ 

There are di:f'te:ront processes of e:xci ta tion where the higher emrg levels are 
--- 'Y-> 

pojUlated~~ The electron impacts of the first kim ... where electrons collide with. 

other partiolee to give its @XCita:tion energy and "!he p:roceaa is ~emed by the 

relation 

••• (1.27) 

where N1 and N2 . are conco~trationa of colliding particles or both epec:les1 
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U.. tbeiljnean. relative velooi ty and.' ~ 1e the raU, o:f production of the 

alteNd moleouler eta.te. Excitation by massive particle impacts have got 

radiat1on e:rtecienoietJ extrerrely low OQmparad to tt-..o.t of electron ard :tt is 

eaay to eet up eubaid1a:cy prooesllcs involvi~ impacts of tree electrons which 

will mask the desired effects. 

Ip. ·the prooaea ot excitation by absorption of photons 1t ie found as in 

the emission ot rad1a:tion, tho selection rules appeor to ·govern 1 t8 absorption 

r1go:rouel,y. Apparant deviations bave always resulted 1n the diecoveey of 

$Ubsidiar-.;T proceee it1Volv1ng other eyetene. ~1e role ot volune recombination 

into exc1 ted eta. tea proved as having vcrr; minor effect both eleotr:loal.ly mxt 

and 1n the prodwtion ot rad2.at1on at low praaem:-ea. VolU40 :recombination of an 

electron., + v~ ion and photon system and pos1 tive ion negative ion system w.w be 

looked uyon as potentially loading to radiation~ Voltae recanbination in aw 

of i te for.ue,, while inconspicoous 1n aotive d1schargee, ie the p:romimnt _end 

unique SOllrCe of radiation from low pressure after glows. In complete genemli'Q', 

the problem of the fl~ of population of s;rq one etate muat be dealt With by 

finding tl:lo flwrse for all sta.tea. In restricted cueee however, it is possible 

to deti~ a oatJOading cootfic1ent which mllkee the general eolution Ulmecesna:ey •. 

'lhe reetriction 1e fulfilJad. by ( 1) electron em:L to.t:ton frail the ground atate 

(2) :recomb:imtion p:rocea!J (3) oollieiona of the second kind between fo:t'eign 

radiators end ground state par.tiolos, whero the neceaeity that the original 

populo:t:i.on o:t each atate be derived from n oouroe whieh ie independent of the 

1nd1T1dua1 exc~ ted eto.tc popule.tions iQ fulfilled. Thti prooess of caeoa.ding ie 

:lnportant to epon·ten~tous transition trail the upper etatee ot a rad1a:tor to the 

lower eta tea which furlti.sbee a significant portion, al thoUBJl not a major portion 

of population. of each state~, 

~e chief process ot depopulating level..s is almost im"ar:lably spontaneous 

emission. Coll1sions ·of the second kind a:re ale~ a depopulating process as well 

as a populating process. Sometimee the result of the oollision :l.s an em~ ot 
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•tatea in which both populating and depopulAting prooesaea f'igln'e. ROaaler and 

SobOnberr (1939) etudied th8 radiation o'L Hg ( b.3 ~ ....... 6
1 

So ) ae a 
. . . 

tunotion ot pressure and current lmd identified both preszure and current 

dependent losses which they attributed to coU1sioM ot the eecond kind With 

neutrale and electrons reape<:tive]\y. At large densities malV workere have 
1Jio\, 

.observed thnt a marked deoraae sots :ln,.the intensity of radiations trcn 

disohargee. 'lbis ie special]¥ :1ti-ut of the inert gaaee. In hel1m th1a decrease 

eeta :J.n at approximately 2.5 Dl• Hg• Lteyerott { 1944) opened the Wfr9 to an 

tmderstamf of this process by the suggestion tbe.t the population of &
2 

ana 
+ . 

Hj2 and preataa.b~ otber aoleouler ions might. be larger than preViously estimated. 

Bate• ( 1950) euggested 'that the large mio:rOwnve recombination ooet'tic1enta could be 
. . + 

understood aa d1aaoc1at1'Ye recombination w1 th He • Phelps and BrowD, ( 1952) 1mla- . 
+ . 

ted large qUlUlti ties of Hi t'rcm heliVD dieoharges at 5 ••. Hg. pressure but 

totml little at 1 mm. Hg. Hornbeck and llolnar (1951) •uggeswd tOOt the appearenc• 

potentials ot molecmlar io!lfl in noble ecaea could only be explai.~d by the· 

eXietance ·of a coll1a1on process of the second kind in which em:l ted bel1t11. 

atoma tomed molecular ions upon collioi,on w1 tb neutral a1mla •. Fowler and 

Duttenaack ( 1949) had .p:mpoeed an unideti.:fied process of the seco%¥1 ld.Dd u .oM 

pQaa1ble caue.e of the intensi v decrease but d:lacounted the poso1bil1 ty becaUH 

ot tm auppoai tion thet it would require desradation of the entire •201 tation 

energy in the kinetic tom, in defiance ot the Franck..Condon ·pr1noiple. The 

clependence of the 1ntenei ty ot the spectral linee upon_ the tube current wae 

1nveet1ga:ted at both high and low gae deneities holding tube potential oonetent. 

The relat1onehip waa tound to be lincl?.r within the experimental error between 

the extremes ot 1~4 x 1014 aDd 2~!) x 1016 atoms/o~c. rrbte relationebip wae 

observed :tor all type• of tre.ns1 t1ons and over a current range from one to OM 

h~4 JIA. Th18 has been further extended by the work· of Ieee who :reporte a. 
l;r 

liDaar dependence exietiilg os loW as0!2 aA for all transition&. Spec*al 
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intensities ae a ~tion o:f gas density of particles per unit voluac ware 

investigated over a. wide range of demoi 'ty extendil'2g frcm 2 x 10 
1~ to 1 x 1018 

molecules /c •. c. holding tube cur:ro11t e.nd potential constant. All the demi ty 

va. intenai ty curves have eaoentially ·the same fo:rm, rate o:f decey and location 

of the maxim1.1lle One outawnaing exception is found in the 2 3 P - 3 
3 

D 

transition which bad a broader aax:imtm snd slower l'n.te of decey than 'the others• 

Tr10 ma:dm\IU was located at about 15 •• Ug. presau:re about five times the value 
0 

fm.u~ for other transi tiona. Since thia transition corresponds to 51375 A, the 

anomaly loads to a p:ronoun.ced ·color J-ange in the dir::chert,te between high em low 

preesurea, the high preosm"e disch0.rge being yellow, while the low pressure 

discharge iS blw1~~-. green. Me~ments have be~n made of the intenei ty of 

rrutiation from the low volt~ge arc in heliun as a :~."unction ot: gas denai ty1 

tube current and tube potential. The e~:dment~ resul te imicete t.~nt the 

radiation 1a the result of' a primary electron process. This. procese baa been 

gengrQl~ seamed ·to be direot e:xoi·tation.. Sooh ~ explanation is not tully ~n 

accord wi ih the phenomena observed a"'l so poasib:!.li ty of an unrecognised 

prooeea hoe been auggee~d. 

L1 tt~ or nothing has been reported about the :t>ad1ati(ln :from Townaend 

discharge. Cragge and Jotte ( 1947) indirectly showed the zresame of high eMrQ 

photons 1n thisjtwpe of discharge. It IJ is ·the nunber of emitation to etate j 

per unit )J,ngth of electron path defined ae 

No )~ oj !,<_ :0 ,P ( lL) d IJ.-

U r U-'l. <jJ ( t,L) J lL 

Q 

where U ia the drift velooi t;y :f.or eleotrona in the electric field. present, and 

¢ L\1) ie~ electron distribution compatible \'11th the field, then the energy 

of radiation in a transition -.)J· t, ie given by 

4 v-. A · · _L_ (-e ot.. x. - 1 ) 
Jl. .)1.. . oL 

per avalanche of' length :X • .F.rom thie basic ezpreesion the power radiated can 

be oaloula ted in the ve.riooo eventuali t1eo which '!!J23 Arise. 
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The radiation propertY of the monoenergetic electron dieoherge wwa studied 

and utilised tor different purpose of tooaa'U:l:'(!roon·ts. :tf.axwell ( 1928, 1930, 1931, 

1932) fo~ that it woo possible to ~eteot the life times of ionic excited states 
s 

by eide~wi>:Ie shift of their radiations in the applied electric cross field. 

Intensity ·variation of the epark lineo doo to the motion of the poai t1ve iona. wae 

the main problem· of obaorvation • Spark ~a dl» to a1tmlY and doub]3 chnrsed 

ior..s allow a variation of 1ntena1 ty along their length in eooh a ma.nner that 1 t ia 

"" possible 'fn diat:l.ngu18h tem from the arc lims. It ie also possible to differentiate 

between the!J.inee of the firat and oecond spark opectrumo Electrons in mercury 

vapour VIi tb veloc:i ties greater than the ionisation poton·tial were confimd into 

a beam by a. magna tic :field. The light produced wac projected on the alit of a 

epectroecope with the direction of the belW at riBht angle to the slit. 

Perpendicular to the beam an electric field w:l th:::drew poe1 tive ions before they 

recombined. 'l:he intena1 v of the arc Umo was found to be independent of the 

electric :t"ield which 1n.1icatea that recombination contributes very little to the 

formation of these lines~ 'l.Wo sets of expoBl.LY'Et$ of different spectral li.'Y:lS with 

ani nthmJ.t croeat field ware taken and compared. It ia noticed that. the arc 

lines an1 the lines of the first spark spect"rool are une:ffected by the field 

while the lines due to ·the doubly charged ions allow a change in thn1r intensity 

distribution. 
' 

Du.ffendook and Koppiue ( 1939) examining the radiation from negative glow 

found thut intenei tie a of the :family of transi tiooo ending with b 3 P jtatee 

1noreooed according to an ex_ponent1al saturation curve v1ith mercury concentration 

and incre<-1Sed linearly with tube current. Aseuning in steady state o:t' diooh?.rge, 

the :i.ntonei ty of a spectral lim due to tho transition trcm state .3 to etat.e 1t 

of the a.tan Will be propor·tional to the concentration N' J , o:f atoms in the 

a tate ~ t the probability of trans! tion t\ jk and the magnitude of the light 

quanttn ~.)) t.€ · 

and in terms of tho current i , passing throue;h the uiscill!rge t it woe 
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where: .. A~ ie a. mult1pl1cat1ve constant, " F." ts the pressure in=~. liSt "4" 1• 

d:letance between electrode a ftnd 'A 1 E . = &Yer~ mean free path tor the 

excitation of the mercury atcxa at unit presstlt'e .:..e · 

(ofC And 1 m. ~· ) aDi when mercury and other fereign atom it;Preaent the 

formula wae lliodifted to 

I»· 
J 

= A. 'L. 
••• (1.31) 

\JI 
where 7\f\ 1e the a$9rago mean-:r.ree path of en electron :tor excitation of a 

foreign atom~ ~'M is the ave~ aaan free path of M electron for emltation 

ot either a mrcury or a foreign atom. At the deneities studied DO reversal 

wh.ataoever. waa observed~ In aimixturas of at'gcn, 1n addi tlon to tbe sse eaturats.on 

b4tlmTidl-, e:m1 tat+on was found to oo apportioned. between mercury and argon in 

. the proportions ot their l'elative abunda11oes. Everything observed wao 1n complete 

oocord with thfl }Wpo·theei• that monoenergetic pr.J.mar,y electrons in £l tixed tln1• 
numbers were expand.ed in s.ingle coll:la:Lons to tho extent ·to which the abundance 

of obstructing molecule• permitted. Aaau:ning monoenergetic etrelJIL o:t eleo·trone 
i/e. . 

he.ving ·a partie le current deui ty ~the nunber ot loesea fran a un1 t a...."'€! a ot the 

beea in a distwxle J.. -x. IV() 

J..i 
e 

&M ie equal to tlw ohant.P of particle o~nt density. Integrating 

..... (1.32) 

. .; -oNo x 
-t, - ~,..o e •.• (1~a3' > 

ta the eq\ntion ot decrement of the pl1.mary electron a treaa. 1he cross Bection 6 

te the oro!ie eeotion tor all n1gni:ticant eoorgJ· losses, :l.on:l.sntion plus em1tation 

of all kiDde, 'lbe power radiated per ~ t volune :i.n any transition e::m1 ted by tba 

electron etreBM is now given by 
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Integrated over the whole etream tree catl1ode to anode the ~er r()..diated 1m 

a 0: T ( ·- oN oX ) 
V· · · ~ -)ji.. · ~ · ~ 1 - -e 

JL . 0 £ 
wR.2. ... e ., ~" .,..,..._eo:r..v.Y~ -),-"'-.....,.,;+.;~ t--.obo.\,il,·~,·.e.-,. 

\!hile the theoritical dependence oontome well with ·the experimental result, 

the total elatation oroes · section 6 :requil'\!6 by Duttendaclt and Kopp~ to 

t1 t their curves is eurprieingly large. In the rooiatione stimulated by 

monoeuer~~Stic eleotrone, general opinion :fawn» direot electron e.mi tation aa 

the chief meohen1001 of populat1.on rathe~ "t:'len recombination. 

"lll0 thermal electron disohargea m'e poe1 t1ve colmma of glow&p 61'C8 and 

oparta, high frequency di~gea and anode glows. Analyaie ot the radiation 

from thermal discharge• must be made on a boo:W of electron concentration and 

:1. te veloci t;y distribution •. Diecllargeo 4."6 never tm1 coo never be in true themal 

equilibri\11. Experiment sbowo aiXl theory euggerrrt9 that 1 t ie :reseonably aoourate 
1:c. 

'00 aonaider the electron ~perature, which governs the velocity distribution, 

constant over large regions of the diachare$. This io beoauee tho electron 

temperature ie almost directly proportional to 'the electrostatic field 1n the 

gas am the electroetatic ~ield ia tangential]l' oonatant nt :to aut from 1 ta 

conservative properties~ Further more,· in the absence o:f space charges which are 

UB~ smg.ll in~gions where the mal elatation predomim tee,, thore can a. no 

change in the normal component either thus ootabliahing the contli tiona fer 

constancy ot electron~:pera.ttE"e. A fair]¥ general theory of thie type can be 

based on an asetlllption of separability o~ apooe and velocity dependences ot the 

eleotl'on 41etribution to give the number of p¢rnar7 electrons 

having velocity U..-x 1 1). d I u. l.. 

u 

cl N - = N'- ( X.. I ch i ) J ?(_. d d. d l . c:? ( u?l.. u ~ . .u ~) . c.lu.7L· J u. (t. cl u.l . 

The prodtlltion function can now be written for elatations of a type governed by 
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th6 oroasaaection 6j ( u.) per un1 t voltm! p0r un1 t time 

fJ 4-rr N_ f=LL3 0; cp. J. u. . 
U...rm;'~"' 

LL (u_~ -+- u; + u~ ) 112-

am electron\wlooi ty 1& ssetDad much larger than molecular veloc1 ty. Since tile 

major portion of diechat·ge c'Ul'l'ent density 1e given by the expl'fle&ion ri ::: € N- U 

~or the electron current density at least in gasee W'hich do not attach eleotron~~, 

~produet1on 1a directly proportional .. to cUtTent density, aD:! 1:f' radiation 1& 

th'f:hief enorrg losa mechooism, 'the radiation muot be proportional to tho cu:r:rent. 

1;!ooh quali tat1ve ani ecmo trul.v quanti ta.tive kno\'llledge. enet ooncem:lng the 

radiation 1'rcn the glow diacharge~ A large port ot thie applies to, the poai t1ve 

colunn'which is by for the mo~t npecti-acular reston of tho d1echnrge~ !ngetl'OCD 

found that- ·the radia·tion reaching a bolometer tram 1ho pos1 tive coltmm was a~ a 

few pe:roent ot the enerQ,. eupplied to "the colum. eleotrioally proboo~ because the 

tube walls faillad to transmit the bulk ot the rodiation of 'tile diacbarge. _Penning 

(19:56) has made an analyeie ot the energy losses by tha tlliilnnal electro~ ewam. 

P..e fimB that when an electron current movee throueh a gas, the energy reeeived 

:f'roll1 the electriC field ia part~ lost in ooll1sioQS with. the gas molecules. An 
. . 

1ntinite~ ana.U eleotron em-rent rt 't " flows in a. ~t,l9nous electric field 

E which c~e occu:re in· tbe starting of a glow diecharge between lerga parallel 

plates et not too h1g11 pressures~ fi"'m thepbservat1ona 1 t :1.8 char that 0~ 
s 

tor very laR values o:f E/ P the el!'JIJ:rgy transfer in elaet1o collie1olll! iil 

tmportetnt which may be treated to a certain extent with the olaaeical. lats tor 

mechanic&. col.l1.Qiona~ At lligber values of E/p h.owever the conduction ot 
-il 

eleotr:Lcaliy through the ~as is e,tlVerned Wholly by the l.e~Ne of qwm:tieed Gnergy 

tranafer between electrons, molecules and excited mohcuJ.e~~. 

Jfodgtte an:! ~cbele (1928) e:mm1ned the p~osure deperdeme of rad:!a.t1ono 

:from poei tive aolmn ot heliun discharge." b absolute aod relative 1ntellll1i t1ea 
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. ~~f tbs.rteen l.tl.'.a• · ot th~ 1Wli~ apec~ exwnding tbro~ t:he via1blft resione 
~> 

·haft been meuunul by a modi~~ ·_ati~n of thO m(thod developed by.Oml!te:ln (192$) 
/'' : . . . - . . 

.and. Dorsa to ( 1925 )~ T'~~ ·~ comd.ste4 1n oCJD~ each line _dtrectl1' ~i th b 

km~. em.esion :~···~ ,augettm :tilEJHn~1 operated UDder cOnstant. condi tiozw. 
. ..- . . . . 

. ~ TO&\ll,tl for & , liiCbarae tn a capt~ ~e t ~ tb prf!l!Jfll.ll'e8 fr<lll_ 1e 92 to 34eS . -~~-
. . /;'' ' . '. . ·, . . - ! 

show_ tb9.t .tbe abeolu.te tntene:Ltiee lmresae rapldl1. to a ma1d.m1.11 tor pre•sure• t.n 

· · · the . De1Shbo~ ot 2 .. tO 4 im, below which th~y tend tower4. •ro• ·.The . nlat1w .. 

iiiWIIIittea ~ \ef.Dslet •-..;,. ~ bJr lOwered p.....,....,., mill t11a ,lliabft 
••oor• ot b tri))let eJStem ·are like~!* taYoUl'ed over the lower membera, wbilt 

. '· " ' 

tbe relative bteDsitlea wltllin tba a1nglet.eer1e~ ah(JW little et:teat ot pre&BUl'e• 
. ' . . -

:Followifis obee~ation ot. ~ld ( 1925) that the e'fttciency of •m1 taUon of a_ 

·slven inititl1etata :ls._erenteot nen the energy ot the ndi'MI:Ig electron 1• oDlJ 
. . ' '- '. ' . . 

•118ht~ gres:.r. k that. Meded to excite that 'etulte 
1 
theY' obWned the probab111 ty· 

c • ' ' • • • - ' ' • -

ftlation frta id.m_ts.(j · thl!lor;t oon8idere.t1on u 

. :- v, /~a- .·. ~v2 14?f 
' ..e . ,• . ' - -e. 

Wbire for a etven ·state w1 -tb. ~mr~. V. · •11 be -exet ted in moot -oaees by e1eotrou 
' . . ' '.- . '' ' -' ·- ' ,, 

Wbich Mvej-. ~t the. time Of .. iflpact:j:,aQ ~J\el"eT between that ··neceSS017 tor 
"' •'. . ..... ' . '. 

. ' . ', . ·: ' .. - ·. ·. '" ., . _.· . 
em1 tation of thie ate.te. ana: that or the •'t htsber etate V2.. "a" is tbe 

pc)ten~ial IP!'adie~t. til .. the ~e Bl'ld ~"· ~e the. el~tron mean. tree pathi ~ 
rela:tton though d06not a&t'H qwmtttahft~ ye~· ~ve~ the general Vfle/ ot o~·: 

• , • • r - ' , 

Obtaill94~ '!be illdio.itioll8 .,;, 11mt tbe too F?Q.$08.· fJ8 (1) -d:f.ooooiati.rte l'eComb1na;_· :UOil 

-Q1';.molecular'belt.a iona aftt. (2) colltttiOM ot·em1te4 etatee with}neutrw l\ft 

.... u-.e ~ .. alllo"' h __. .. t ot tba llJ>por ~plet lltatoe te rretMdab~ . . 
. :l:t ~··•, (2) _1e active,:· eince the ~nerg deficiervs7 ~tween oo:rlj'eapond:Lns 

eiDglet and trl.plet leve~ :!.a leas for, the hi~~ _J.ewl$~;;_ . . _ t .. ~~ '·-
Parldneon "( 1951} obaerved 1nflerttsting. hf1.~tW1our. ~n a· 15 _,., ~Jternating 

our.rent slaw diecha.l:ee 1n l}1r ant noble gaeest:-·and ·esl'ec1at~ :tn ~11'111,, whex. .· . . . , . 

. the molt~Joulilr ion aeems to p~ an i.mPQrtent ro~!;'. Obeefting the ligb:t in frc:at 
!: . ._, -·- . . ' ' 

' , ...... 

o:t. one eleotrodecWbtoh 1e altemate~ a ostbode .md ·an·'~e;~ Parkinson fold 

that the neutral. molecular band •pectrt:a w~ a~~ .a\Jl!'i.ng·.~t~~;;~~ ~rio4 ,_ . 
• c • • , ' - ·,: ., • ,, •• , •. • ' 
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a114 absent during. the cathode period• At the e:ne. u. atoad.o racl1ationa were 

ob•ernd which d:S.apl.f9ed tbl eEM after &].ow 4eo~ behaviour u the moleculer 

band• duriug tbe emode cycle, but tonOwed tbi, discharge current wave :form 
. . . . . . e 

during the cathode ··cycle. low leftl eirJg].et trana1t1omt abowed a porponderence ot 
· · -' 'Yes ·. • · • 

cathode cycle c\ir~nt gonmed f;lp()nae over anode cycle after glow, but hlP. 

level tr1plete have complete:ey ibe reverH . be~our. Parld.naon :tourd that all 

dec 83'S ocoure4 With the Ot.We time cozwtant ( 35flltl0•) • IJ0 toUDS also- that ~-

1ntene1 ty of the molecular and awmio ~ter glows decreased very rapid~ w1 th 

preaa~, ~-would be expeoted tf the the three boar prooe~~ of moleoUler ion 

formation were tm contributory oaae •.. 1'118 U.gbt .. trom the eleotrodee ot an &P.SlDW 

418cbarse in h8lit111 1• totmd to be particular~ rich 1n 1he a.2 epectrta. 9.'hia. 

lisbt ooou:ra at o.n 'Uil'U8ual phaM of the vo1tage cycle. '1he pl'OCesa which toms 

emited molecules abo gives rise to emite4 _atome. Purther mre the prooese le 

·Uahabited by thil preRDCe of an electrto tield~ hre are 1nd1catione that tbe 

proceae ie one ot :reoa~~binatio~ beureen electron~~ and atomic positive 1oM. It 1a 

a woU. known pheDC'.I!ll)DOn that 1he light frCirl near the aDOde of a d•Q• glow · 

di""hurge extend• onl.7 a far aa the. tront tece ot the anode being free o:t MJ 

lua1noa1ty. :rn. an a •. o. dieoharge the nSS.one irreuld the two ele61i1.'0desappeer 'b 

••e to tbe .-.,..:: tt tnftatigated_.witb. a photCilultiplier tube 8l'.ld oao:U.lo~~eope 

S.t te four.d that the a1tuation 1a nally the same aa in the d.o. case •. The output 

ot l1Bbt 1• oontiDB4 to 12\o time d~ which 'tile eleotro4• 18 a cathode •. ~re 

te· no 11gbt output_ durin[; 'the snode halt cycle except from. the pos1t1'Ye colwmt 
. . . . . . . . e . 

which _extor.do from a point a few li•,ll•:: in .tront·of the trent :r.- o:r the elect:rola 

along the tube to the othe:ro electrode.~ . Further more · the light fl'Oil the eleotroe.e 

during the catbo~ balf OJCle 1e direct~ proportional to 'the em-rent. which ttMlt 
d.. . 

18 tlreot'll' proportional to 812AJ1n phase. w1 th th& ·vo1taBe~. ·'!bus 11' the cunent 1a 

· a a1ne w-., the wave ~ ot the USl'lt output ie lib the output ot a halt ,,_ · 

noUtter •. !'hia appl1e• upto about 100 14~ ~ above oomt1derat1ona have been 

-~ 10 be applied to dioobarges in air. neon~ er~n aDd JEr:f.pton at all preem.n• 
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and to helita below abou-t 5 •• The pre&DUt'e dependence ot mol.eculer liGht aD! 

.,leculltr component ot atomic light ehow an increase with preeaUt"e 1n ~e lDwer 
. ' . 

pxeaeure Maton upto '5 mm 8!¥1 15 nm after wMob ~r highor pressure the 1nteM1V 

decreaee&~' But the mr.nol component of atoid.o lieJ'lt intensity abcWsgredual. 1DC:teue 
. ' w 

· ae the preasure 'is lowered~ !!!.be :l.n'tell8i v of mole euler ligi/1 1e 60V'Il'Df.ld by two 

independent fac:rtDra. Ono is the pnJsenoe of an ttlect-ric field. 1be other t'actot.- . 
. . 

caUiea an approxJmate)¥ exponantiel decrease ~ molec~r light with a tillf!l.coraat~M­

~v 
ot 35 ,?- MCh. 1bie tiu conet• is 1ndep~!ldent ot preoeure. It 18 eVident~ dut 

to a 4eoreaae in the concen-tration of mODe participant in the procese wb:loh tol'JIIt 
t . ' . 

aoleoutei'a~ IIi aeeu unl1ke]3 tha:t lthio em ~preeent the fall 1n the collQentl."atioQ 
. Gf 

o'l •tutable atorae~ 1he rate ... deorriaae to'U%)1 bare ie reaonable for 1he ~onaenU... 

tion of posi t1w at.ar11o ione.-,. lbe atomic epeotrua o'f tbtt uepU,.-e glow d~ 
. , ' . ' 

the anode half cycle ie auggeotive of a ntoaald.natton epec't.na. 'lhe different 

: ooneiderationa point to a reccabinatton P%'9CeSD in which an· e:mi ted molecule 

ad an exct ted ntcm are tome4•·· 

IU.oi'Owave and 114h. treque~y d:lecbargee have almost iclentioal.tm1es1on 8114 

temperatu.l'e cbarscter1at1ca with eteody glow diooba.rges of tm esne p(nrer. d~rwit,r. 

In a po•t to point,compariaon Bltok (1935) fomxl a·etAa4y' glow d1ecbarge 111 

Mrout1" 1Dl111UrJeu1ahable · ~ 100 'Ito/a d1ocharge· •. Margenau ond Ilar11lann ( 1948) · 

lulw ehown that the 1heory·_ot •rowave d1ecbergea leada. to. tis SrGtt comlustoa 

of a~lsrity,_ barring the ·~pac• .cbBrge e:tfeota which are poesib;te 1Jl e:tefld7 
... , . ', ' ,• . ' - ,. . . 

41schargee.~:· Oorl18a; noami. an,d' Weet~all ( 1953) find that an electrode lese ., 
. ' . 

clischarge at 300 Me/a 11111 ·•••;1.'f:e, thG· p~ zretal epeotna of involattle -~ 

Which. have been int:roduoecl as pure bal1dee •. ". b fltomiO SJ,:eO'tm o:t hisb MltiDg 
'• . ·,.: ' . - \ 

potnt metale can be em:l.ted 1n eleotro~ela_se lamP• if a volatile •alt ot the. . . . . . ' . 

metal 111 mtrodtXled into the lanp ·-oogetber w! th a mble. gaa at a pre•aU!'e ot a 

few ·~ Bs. !l'he lamps fll'e eimp~ prepa-red from• ~ngtba_ ot pm~ or "'YC()r tubinl, 
. . . . . 

. -
reve~el.• .. ~have been preparod which emtt.~tcai~ epe(Jtra of :ett•i, TS. 1 .J'e,~1t 

' ,:. 
••• ~ !• 



-· 49 ,.;;. 

0~ Jb eD1 tJ ~ Relative lnteneit1e8 Of OOJ)per line Wtmtlengtb 1 5153e24t 521Se20t 

5105.54,, 5782.13 aDS 5700.24 :tJ:oa. d.o. · uca m1 a LlA. c.t 2. ~ are uaatm~4. 
·. . -(' . . . . 

Mleh and SC!nlde~ ( 1949) propoH4. a ldmilar dtacbarge machanl• for quanti taU'ft 

•pectrograJ)hio ~·1• o:t as.. ~·· 
RoJb.t.n ( 1939 ) obeerYed tbe eft'eot ot a aept1c field on the radiation fz'oa 

• mel'CU17 "t'&pOUI' 41.,barp 
-3 . ... r ~ ' o 'ln. 1M • \-\a 

. 
' ) 

. . 
co~:ldent1 giving en almost w:d.tom tield between ·lheJI or Qppoelte' g1Y1rzs a 

difttored :field hav1ns etr<:tng raual component•• b .taage of a. ~ter,HCticm 

wu ot>eerv•a 1x.1. a •pectroacope end the intens~tt.ea ot th& ·,a50 1 an1 2537 .. K 
. ~eY~ ' l.t. 

resollm'lCe linea"meaaured by the br1gb.t,aesa ot.d!'lDureacant probe .~laced .. 1n b 

tube. Wi tb coincldent fielde the discharge is v:l.e1b~ coatricted into a eotd1 

at first rapidl\f and then ~ slow~ wi tb tmreWJing U" At higher preaaurelt or 

C'tl.t'rante the efi'•ct is leuo marked end finally oeues to be notioeabte.· b 

.cord follows the 11neo of magnetic :toroe a.~ can lit moved about by d1spla.c1ng tbl 

eolamid ooil&J or by the presence of a mB8mtiC field. ·At the centre of t1W 

tw;e 'tbe Yariation o;C relative tntene1 ty ot: aaveral. Unee 111ce 5191 1\ , S906<1t Ilion 

first a mextma nesr R • 100 oented ar.d almoSt no change at b18Jmr aagnet1CS; t1e14e 

'1'be line 3'7.04! sradualll ctecreaaea 111 Tttlative 1ntene1ty with masnets.o tlelii w1th 

almoS-t no charlge .tor llai'D"J-.10 field ot the order of 200 oersted. 'lhe tall. in 

1ntom11;y :t.e proXlOl.llCsd in 11nea fraa. high excitation levela,·indioating a 

decrease 1n nuaber ot fallt electromt~: 1he mu1!mD :I.e due to two oppoaing 

eti'ecta, the inoreeaed conoentration o:f eleotrona ·at-·centre am tbe -~reaM in 

their energ~ l.l0\bl1n ooces to the general conolusion that ··the ootwtriot1on of 

tho d1echargo ie due to the radial components of the ~tic n.old ,on the odbaa-
- ' • ' " • r '< 

•ide of the plarJma: t..lte lol181 tuiinal part ot the field however, ·did not extend 

~ar enough for a proper asaeesment of its eft"ect~; · 
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~rimante ~ been made on tl'le efteo·t of mtlgD9tio fields on the radiation 

:trom the colmm of a CODBtr~otcd diaoherge in a Cflp1l.la:ry tube in transverse 

maamtio field. Kulka'mi (1944) studying d:tsohargee in ne, Ne and B2 found that 

the :tntemity of a apeotrtm ·uno reaches a me:d.m\11 and then decreases qu1cklq 

with tmreaeing ma@letio field B. '1he value of Hat the intensity mazim?.S depl)nde 

on th<!l wavelength of the line rm 1he presence of 81'.\1 foreign ge.a. For a. given 

diecllarge vol taga V there is a ori tical H abow which til€! tt1aohar~- j)ee out e!Jd 

3uat below which 1 t t.lu"Obe. In these eond.i tiona. the rare . gases ehow the 

zwlecul.ar epee trlD 1n regtone nenr the elec.trodeac 1h@ appliea potent1al tor 
s . 

lli81nta1name of d1ecmrge ill of the ord~r of 10 KV to 15 F:!l and li of the order 

of 10 Kilo oersted without Sl\1 speoiftcstion o~rese'u.t'e~ In the ~oman effect 

expe1"'.1.ment Mual)¥ perfomed in· ti~ laboratory with a neo~ tube t 1 t is observed 

tm. t the map tie field o, bee idee prodl.llting the well krlowrl epli tting of the linea, 

e:ttecte to o markad extent tha inteasi't\f ot the glow 1n the disoba'rge tube. It was 

tbow.)lt that a d4ttailed apeotroecopic investi~ation of tlle effect of the magnetic 

field on the variation 1n the intenai ty dietr1bution EI!Kinpt tbe epeotml Unee, 

would ~ve useful :J.ntormation about the collision pl"CCesees im'olwd in tM 

mecbard.em ot discharge of eleotr1ciiW 1n :raNfied gaeee. P:ntllm1.DG!7 expertmentll 

w1 th be lim, t~eon mJd hydrogen have re'\'ealed some interesting foots. '.lb!! 

cspel'Wnts were perfomed with the oroinary oap11J.r.y diooharge tubes placed 

between the poles of an el0o~t oapcble ct gbing a .field upto 10,000 

Gausao The tubes we!\1 worked between 10 and 15 !C wlte~ The remult£. or obeervaUoDS. 

me.v bG sw:msr:lsed ae follows ·~ ( 1 ) b intensity of lines inoreas!?ls with the 

magnetic. field, reaches a mrud.r:n.m and then decreases, the decrease being more 

rapid than the iml'8aee_11 1\d,s :ltjshown in epectTtn of bellm with lll8l5Mt10 fields 

41 6.2 and ?~~e lt Gauseo' (2) !the field at whiob a 11m reoohee 1ta ma:zimun , . . ' . . 

1ntene1t:lt the conditions of pressure and eX9itation relllai.n1ng tho B!D8t de~llda 

on two footora (a) wavelength and (b) the presence of foreign gas~., _The dep~ndenee 



on wavelength woo beat exbib~:ted with the Balmer aeries of ~drogeD~ " H.cS " 

appeat.'l!1d as a weliilk 11m in zsro f'leld0 :reachlld a mexlmtm intcnsi ty, at 4000 Gau.e, 

atter WhiCh the 1ntsns1 ty feU rapidl;r and the line woo mt exo1 tt!td at all at 

higb!r field. " H;' reached its ms:d.mtm intensity at 600 gause, whereas Hr snd· 
s . 

Ho<. ~bowed a cont:i.nouo iuorease. in 1ntenei ty evan u,pto 10000 Gsuaa, tM mazimu 

·field obtainable in the experiment. ~flte •tfeot of tore:Lgn goo on the 1nteM1ty 

of tbe li.Dee il!l shCMn which gives the spectra of a mixture of helit$ and neon. 

1'lie epectrua were obtaimd. for DltlgQetic il.eldo of etrength 4.9, 1 and 8o2 Kilo 

Gause respeotivelf• It 1e to be note4. here that in contrast with the cnse of 

( 1 ) tlte\J.im• contirlbualy inCrease 1n 1ntena1 ty td:thout shoWing e maxi'mtmo. 

The effect of the .foreign neon g;as seems to be to im:rease b field strength 

at which the heliun l.:i.nes will have their ma:dmtm intensi 'fW. ( 3 ); For a given 
~ . 

~pplied potential at the tem1nals there ie what mey be called a "critical.'' field 
. ' ·' 

at w"nich the discharge stope altogether and tbe ttibo becomos mnoondu:ting. As 

tbio critical field 18 approached am juet before what may be called the 

tbrobbing ettlte of the tulle t the intensity in the capillary portione~ whiah 1e 

kept in the DBgnetic field ie eo:na1derab~ redt»ed and tile intensit.v of tblt 

glalt ill the wider portions ot the tube mar the oleotrodea, ie correawndin!lY 
. ' . ,, 

imreased~ ~ speotr!D of heliw fiOOl this wider portions is sht:r.m tftler thie 

oond1 tion wi tnout mgmtic field Bl'¥i with 611 2K Gala3a masoatio field~. It 1o 

obee~ed tbc.t Without the field on:ey weak atomic epectrta i~rodmed, while 

Wi.ih the field on, not on~ ie the mteneity of the atomtc linea 1Dcrease4 

bu.t the molecular spectrum of hel1ia 1e fully brought out •. h spectre floom 

tbe Wide~ portiOns of tho tube for lower val.ms ot th0 field at the cap1llery, 

ahtmed on13' tl~ emmic lineei lt :le to be infernld that the emita.tion of the '.·: · 
, "I • 1 • 

heliw !ll()loo~"i banie 19 a e\llden proQeso ooouring within a ~ l'tlUlge of 

the field strength mar nbout the throbbing· f1eld!1: Most ot the He molecUlar 
.'-\' 
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Davies. ( 195') made eneuremente of the 1nteMi v d1etr1but1on in the reoombinat1on 

epectrua1 the relative densities of the eleotroM end their velocity d:l.atr1but1on 

e. . 
:1n the poattive ooltrnn o:t a oaqeitm dieahar&}l as detemtned in the preoenae of e 

d..i... 
long! tw):!al. masnstic field. The t>ffect ot a longi tll11nal magnetic f1~ld wea 

investigated tor both dee• and rofo diachnrgeso In both oasee, au the 1ntenei ty 

of the maenetic field wee 1mreased, the glow oorrounding oach of the eleotrodee 

woo comp~eeed tmarde the $l.fJO'tr'Ode1 but m vieible etfoct was produoed 1n the 

positive oolu:nn. The apectroG!'QIJbic detemina·tion of the diat-ribution of int.elllliV 

1n the recombination eont1nw.m elwwed that the:re was a MDD'ellian dietribut!,on 

of electron epeede in all dioobmrges mveatigatedi w1 thin the experimental error • 

.An 1n1 tiel survey w~ carried out over th.e a:vn1100le rsrl€)f. of (.lisoharge pre~ourt 

With -the rof• diecll.'.lr@!· current maintained at 0.98 A~otilo~9. In t.lds C&ae the 

electron temperatur.tt ll1- was evaluated using equation 

A-~ ~- 0 . J ( v) ( ~,) + ~ 
0 [ s l<T; 

Where :r (-))) ia the intenei ty of the 6P reoO!!lb:tna tion radiation ot frequency -0 • 
An additional experiment with :rof• emitation nrus oarriad out wi'th a. mean 

•2 ctn".Nnt demi tu of 5A em at a frequency of 6.65 fib/a. At a pressure of 
bt 

0.018 Jlmg llBt 'b val.ue of T1 was imreased ... 175!, 100.X by a m~tio field 
. . 11-<11!.\ . 

ot intansi ty H ., 1450 Gauss, ~ i 'titS 1n1 tial vat te of 4000. X .for H 111 0 • ~e 

Ulo~ WaG detelmined · tminG equat1one . 
~ . 

N 'ofN,b = p~(-.J) f-r. l») r1- ( T,i-r,.)314 ~:tfl "'-il tr;:' - T,~' );iK] 
. 
L. e. 

-1) ~b .. 

wm:m N ,·((, and N'q,' ere the nuriber of electrons /o.o& 1n etats "a" and "b" 

re'spec t1 ve:cy. 



In aU the experimente 1n w1ch 'the discharge wag e.m1 ted by' r.'l. energy, . tbe 

application of e longituiinal magmt1o field produood m measm-able change in tbfi 

a::d.al val~ of the electron danei ty N1 11 It 1e e6lt:l.mated that a olu:"mge 1n the 

val.m of lf
1 

of ~ or moro would have been detectede Meseu:remente were sleo 11184e 

of the ohan.ge produced in the 'Yalue o:r the to tel potential drop aoroaa the 

d1oobarge tube when it was subject to a lo!1gitud:l.nal megraetic tieldc In aU cases 

the chen..~ in powntial dimrence ~roas the tube wee lbso thon '~ for a 'rSlue 

of tho field B 11: 1500 GaUSS$. In gfJnerW. 'file potential diffsrence WM imreasad ~ 

a magoetic :fi~ld of this value, but t.he/inOrea.ee was not ~~~ a momtonio 

funetion of H. 

Jlobba1 ilcwhil'ter1 Qri.f'f1n d Jon~B ( 1961 ) •ttnied both eXperiment~ and 
~ 

theor,f:tioal:Qr t1w ~m.poral. variation of tJw 1ntcria1 tq ot lim radiation :1lt the 

ul:trmolet from 1mpurittea in the meta d:l.eohareth 'lhe ~ieon between 
' <;;. 

' computed sD:1 obae:rvf1d intene1 t1eo '-* dieeuseed 1n ter.ns of simple ion1sat1on 
. s 

:reoanbinntion and e:mi tat1on processea end uaed to extnblieb the adeq"OOOy ot tho 

ionisation coefficients employed~: If ths spcctrltll em1 tted by oota discharge 1&9 

e~d it 1o :f'o'Ulll to contain linee~ of various 1mpuri-ey elements. Further 

e%W.ne;tton abowe that the ~ in tmw1 ties vary .. tn time ·during the periOd of the 

dieolmr~ .. ,1zl e, gt>Osaly ~prodmibla manner.•.·, b tntens1 i;j variation of too 
. . 

impuriw spectral lims :f'rc;m the :lmpuritiezs ni trogeng omo'bon, o:qgen ha8' been 

obse:r:vec1· ·f'.rom th.e m!ta. d:tcchnrgec The data was obtained Using a graming 

1nc1den-Je VS.OU\0 momohroow:tor with an efft3ct1.ve wavelength range of 100 A to 

1500 A. ~ftle line .:tnteno1 ties were meooured by a photcmul:tipUer with a eod1tm 

eal1oylata phosphor and ware raoorded by· photographing an osc111o8Cope trace. 

Different authors. ut1liaed too absolute 1nteneity o:f a line and relative 

inteMi ~ of a fanil¥ of limo -to morurtu:I'e the· eleo·tron denai ty, elactron 

t®ipe:rattn e-w.. Too aboolute inte:ne1ty I oz a apectral lim. by e 'wansiticm 
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wbere suft!De "S" 8!'ld "t" 1ndicate ·the ~per Elrd. lower etatee re•pect1ve~ 8nd 

as e ete.t1st:Loel. -~d.gbt of the upper state 

rn- u totalntaber of e.trDa/coO• of the elsment conce:metl 

E.s • WJergy of tl'e upper staw in e:ram 

K • lbltemsn • e cotWtant. .. 
().-

! • _,ooluta temperature o K IJ· A!.t a E1Mte1n's transition probability trcm 

upper to lower level 

Vtr)• part:l. t:l.on ftmot:Lon of the atan. 
~ . 

Jf>bn (1961) utllleecl several metbode tor dete:rm:tmns the tempera~ ot a pl.a!!ma 

3et der.l.ved from ar€f)n contain1JJB ~ hydrogen baee4 on the abeoluw 1ntens11W of ~ 

or ~fl lint, tbe relative in'OODSity of \-\o( BDt1 1-t~ UD3e am the profile of H(l> 

11ne •. Intenoity maeuremente wen made photoelMctrJ.oally. 

nsivel!l and 'Parld.nson (1961) a.l.fJD rteaSU'!t!ld the pe• brigbtl1ees temperature 

· BD1 spectral ener&V d1otr1bution of flash d111!1\1lbargee of lffmtm,-. co-anal aJl4 

caplll~ types for the wavelength range boll 2590 A to 4520 1 by aeasuriDg tbe 

irltenei ty ot ltnee and utilising thm derived emioeion coefficient ~or loW 

radiation denai ty for the frequency indspendent l"Qgton ae 

- 2-(z + s) . 

8rd tor treq;oonoy dependent regton 

~ ' ~ t = 327[ . e . (z +S) 
-v 3 6 c.3 (:nr~3t2.. . 

Ne.Ni. . 
l KT)'I2-

Whe:ro Be • eleotron ooooontration1 .. e.,CI electron chargtl.;, lt1 • .t.rm.oofl}entratioza, 

z • atomic Dll.Dber t'nd 'l. +S • efteottw at~ mnbar in whic~ 

rn}. (Et. -E-n) ( l+"S (. z2 

E t.'"' 



when E1 • 1oD1se.t1on. eMrgv n • prinOiple quantta nmbar, En c eJD:l tat1on olr!rt13 

E c:. H c 1on1.8ati0n energy of lvdrogen. Using Wlen' s law :for the standl.\'l'd 

lamp and Ple:rllk'fll for the fla8h tubet the brigbtMiila temperature of the 

otaDlard cepillat!f dioobargo WMJ obtained ~the relationship 

- c2.j "1\.S 

= E IsL/I 
FL 

when S • brighase temperature of tlw standard Jslp, SFL. c brii#!tnese temperature 
. ' 

ot tlash eout'C~t C2.. = t •. 4,S em deg., IFL • recorded eie;nal for 11.esh source, 

Is L ~ ~~rded signal for standard lamp. 

Golantt. Kriwehe~v and Taohnev (1966) 1nveet1gsted the plaema psrt:llleters tor 

a etationa.t".V ul·trobtgh trequemy d:techarge in argon an 1ho1r dependence on 

magmt:lc field intensity• The u.H •. :P~, ia 3150 Me/e. It :to obeervetl that the chnrl)ld 

particle densities and total light tntenid.ties 8.t'e msximta me.1' 'fba Mocmd and 

third hamonica of thfil electron cyclotron trequency t..e. 

} 

!i'J, maxima are observad netn" the electron cyclotron reooneme mquenoy • When 

tho u.u.J. power input 1e approximate]\v 10 watt I a~ •.. tho m8nouc :field 500 

~eratede mx'l pressure ot ar~ apprt;)x.t.matel;r 1 x 1o•2lll!l~ Mg. denei tiee in 

emees of 10
12 em •. _, are Qbtilined~ 

Burlamaoeh1 aDi Pratesl ( 1966) 'reported the enhanced emission ot thf) 

'889 1 ( 3 
3 

P - .2 3 s ) and 5016 i (' 3' f - 2' s ) lima of He dm'iflB the 

:l.n1 tial transient o'Z e pulsed r~'f •:. discharge with oscillator mquemy at 

24 Jb:/o. Vers strong oversl10ots haw ooen oba~~d in too :5009 1 anc1 5016 1 

l:ino~ wb!n vimved along the axle of the tube, both in p~ He am J.?e - Ntt . 

ld.xture" 9le OYerohoota o~ the 3889 !. G114 5016 1 :t.itl3e have been i!lterpreted . 

· aa dUe tO tbe low 2S metsstelble dene1tiea and henoe lOw abeorption of tbeee 

lime during the il'litial transient. A. ae~nt of the. ·d)$orpt1on pNsent 



..• ~ 

_,·56 ·-

l.D.'I~r pttl.Md col¥11t1on¥h!te been attempted :tor tbe 3009 A e.n!i 5016 l·limB• 

The press~ dependenoe of .too 5o16 1 output te eha.m tor· both Hs and He - Be. 
' ' ' 

'l'he full signal intens1 v 1s pl.Ot~d, '.lhe opt:l.m\11 m uef,i! of pressure f'or eteaa, 
,' •)' I 

':-. l' 

d~nsity on one ei~e ~ the increooi~ loso meohanims and the faliin8 electron · 

tA!mperatum on the other . stdfh l!fo.e.Ube~~l Uftenmce ~ been foUDtl btrtwe·tm 

the Cesfls of pure gae arr1 Hta ":" D9 m.t:m.n:e, though in 1he latter oaee the ratio 
' . 

b\JtftGJl peak and eb!~ f8'tatt? ValtWS· ia b1~r. and the ~Baion vim:lSMS at · 

higher pressure• 

. . . 
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SCOPE liND OBcl'ECT , OF !l'!iB PimSEJJ'l! WOiX 

!bouab tbt Ya:"ioUII •peota of tbe phe1'.10Mna ot elaotrtoal dieabrJrge baft 

lllen expl.t!d.ned by tbl eSbiettng theoriee tlwre are certB1n probl.eJq which require 

11101"8 emU.ttve theoretical ml4 ezper~ntal truwnt and the present work 

unter:takea to im'eetie;ate some of then probte.• 

(a) ImEAKOOW!l OP OASES B'f A . RADIOFREQUENOY IWJJTRIC FIELD. 

'l'be cond1 tion tor the breakdown of a gee em1te4 b~ high tnq•ncy 

electromagnetic wavee · c1epeme ~ upon :tao tore such. ae the pressure of the su, 
the dimenaion of tbe di00harat t\W. .IU)d tbe frequency of emitation. ~ -c.o 

. -
ct~ent foe tore by which electrona are loet ant dU:fuaion end zmb:1.11 v ana 1t 

the gae 1e an elaotron attaclW:Jg om, then by electron attaobzMn.t aleo. b 

·eleotro.ruJ &1'8 ~ to be prodt&!ed ma:tn:q b,y 1omsat1on co1Ur;1on. Bua4 on 
. . g 

tbeoe · ue'&llpUone Uerlin & ~ ( 1941) 4ewlope4 the theo17 ot high tftq,.DC7 

breekdowza where the dc:llinent oauae tor electron :&'eJIOVal prooees 1e 41ttua1on. 

Stu-tins frca a IIOloCular model end aBetiDinS Std. table Cl:'08888Ct10U tor 

1oD1at1on Erl4 eMC11at1on p:roceaeee X1bara (1952) baa developed a phenomeDOloatoal: 
'• 

theory of eliotriaai 4ucharge phoDDe-. tn hi~ tbeo:ey he baa MB\1184 both ditfu-

eS.on aDd a:;obiU:tq ae electron\liiiDOVal prOoe•eee. In ~rder· w ucertain "bieh 

proeeus ie 401111Dent umer certain condi tiOM aa tbe oauee of electron removing 

procesa it 18 naoeaf'ia17 to Oe.l".ey out exper1menta w1 tb disCharge . tubes of 

cU.tterttnt cUmena1one and the preaeure vaeying w1 tb1n wide 11111 te. Conaequent~ 
' ,, 

breakdown esperJMnte have been perfozmed w1 tb diecharge tubea of different 

dilleneiona whih the preeeure ia ~ed ~ a ttw microna of Hg. w a tn 

lld.l.ltmetera ot Hg. and W1 tb different trequenc1ee of emi tation. It Will alSO be 

ot 11\tereet to eee whether the experimentalr eaul:t. can be ex;plaimcl _by l':l.hara •a 

tbeo17 because· no eyeteme.tic experimental ver.t.fioat:lon of the theory hne eo tar 
'·' 

•en'c&l'fted out~. Electron attac!Jm,ent ie al.eo anotbtn.:. pl'Ocees by Which electrone 

are loat 1ft electron &ttoobiDg gesea and thia t:8Ctcr hae to be_1ncorJ)orate4 1n the 

svmral. equation ot breakdown~. Attulpt W1U • made to take into Qoneideration the 



mdif:led i:Jleo:ey • 

T1w breakdown of a gas e~1 ted.· by a radio:f'roquenoy vol taga in :preoeme o:f & 

trmwv~n:'SEI mgnetic :field baa beol) studied by p!'!W'loue wor~rs and theoretical 

intorpreta.tion of the e:~;.'j)er:im.'lntal l'OE>\.\l:ta ·hrus been advanced. roth long! tu!liml 
,-( 

mad ~e1•ae m~ tic fielda tmve been used sm ti)3 f:reque~y of e:-mi -tation SD:t 

the vaJ:w{of the magnetic field. haVe been adjusted in sueh e. way t.1-tat the relation 

W = £ H/m C 1e satisfied where w :t.e the :t.raquemy of the applied field 

and e 'Hfmc. is the oyolo~n fn)qooncye It will be of interest to eee how fue 

breakdown wltaee as well as the p:roseure at which the breakdown voltage­

bi!oomee a minim'liD change wlwn the magnetic field ia tar removed fl"'O!Il t..'le 

reeorwnce valUGti 1be procedu.-re to edopt in auoh a. case is ·to mo~i:ty t}l..o 

breakdown equation taking in·to ooeount ·too effect o:f mgaetic fielde It is 

proposed to~ out smh caloul.a"tion in· case of oot.'lt Brown's mld K:lhara. 's thaoey 

and verify tlw ~o:rotioal deductions with the experimental observations. This 

s·tudy ie expected to &"ive ~ infoma:Uon regaJ.'U~ the interaction of the 

mr::sgnet:!.c field m:tb ionised gooeo. 

(b) GAS :am;AKDOVm IN A RADIOFR't~QUEHCY l?IEW IN YrlmmrroE Ol? 

A SUP.ElWII''OSED D.C.. FI:t:w. 

It wee obee~d by Vt9:role. ( 1947) and Kirchner ( 1947) that .the breakdown 

z)otential ot a I!PB end. tod. by a radiof:requenoy fleld 1ncreooed when a d.c. field 

1e euperimpoeed across the discharge tube•· It we.e expected however that the 

preoonee of the d.c. field would hasten icrd.mticn and a analler brGru:tdown 

voltage would be neceesar,v, but the :reaul'OO we~ contrary to \fb.at was ozpeotAtd •.. 

Val'!'Aarin and Drown ( 1950) oa]pulated theoretiaal.l¥ the distribution 1'unotton ot 

eleotroM :1.!1 en ionised gas in presence of both l'adiotrequenoy and d.Q. :fields 

and they suggested that t>Jhen the radiofrequenay field is ol'lly present, the 
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'It . 
; electl'oM aitl loat mainl;r btt Mftueion but wh0n in addition a d.c. field 111!1 

applied the electrons ar& lbmt by roob111ti alsO.. tie imreaoo in lose can lxn 

compeneated by the 1!¥:rease in generation of electrons and coneequentl¥ · t.l1e 

va.lue of the radiofrequancy breakdown voltage increoscl!lca h theory was verified 
\Jo..-y.,e·n'rrt ~~ -:: 
bJ"~n (1950) 1n esse of m.Xi' at a p:mssure 38 mn. of Hgo where a d.co field 

up to 200 vol te/cm wee e.pp11t";~~ No syetsmo.tic at~ ot t..~ breakdown of gaaee 

UDde:t the &imulteneous action of the a.o. and d.c. fiolds have eo far been 
,' : 

made em it ie expected tlmt this etudy will 'tl'!rm1 more light in 'the mechanism 

of breakdown. Aa IW1s.ra' a theo:ey ( 1952) ie a (5GMral one :1. t will b~ 1ntereet1Ds 

to sele how the tmor,y can be furthor modified by taking into consideration the 

1nereasod loss doo to mobility and ro cor~bora.te it with the timings of the 

~ ~ . ) 
exPSrimental :r®aulta~ Further Vt'!m(l..t•in end ·lirown (1950 in dedtllit$ their 

theoey onl3 cona1dert'Jd the effects .of imrcas~d losa due to mobili'&J ~ 

diffusion but die! not take into account the ~ntribution mate by increased 

ionisation dw to d~o· fieldr Th.te factor ftia.Y be small when tOO applied doco 

field ie emall but it bas to be tun into comd.derat1on when the d.o. field 

beeomee comparable vdth the. rad1o:trequency voltage applied.; Consc(luent:W the 

general the~oey baa to b! modified by taking into consideration this 1noreaee in 

the electron generation process W'ld it ia expeoted that at a certain value of 

the dctOCl :tield the breakdown voltage w!ll ahow a mmrfmmt and with the further 
' - ·. . ' ' 

1norease of the ·applied d._co~ltage",)·the. :redio~qwanc1 breakdown voltage wiU 

ahow a decrease, because at higher cl.oo:· voltages ionization by i.he. d.c.': field 

will be coOOiderable. -The object of· thi~ part of the work is th"WJ tO eee Whether 

the breokdovm tmel'JODlena wili tollow thio prooess and whetlmr the experimental 
1' 

reeul.ts ~eo. vJtfu the theory develoPed~~, The lil_tudy ot the etfaot ot attachment 1n 
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l'be tbeol':f _ot ·MCbant.iml ot breakdown ot a iaa at preeauree leee than a ftw 

microna and eliOt ted b7 a :ra4:1.otnquemy :tield baa been provided b1 GiU $114 

Vo11 Engel (1948) aDI! Hatoh end W11111U (19S3t 1954) •. It bu DOW beers e•tabU.abl4 
. " 

-that breakdown ie oaueed bJ the iDc)!'llaee ot eleotron tv the l'Gsonence Qf 

aooorda:( electl'oM Wi~ tbe electr:f.o t.t.elde A tft eleotrona pteaent 1D1tiall3' 

by m tural causes were .aooeleratecl ~ one end eieetrode WMie they produced 

8800D:lar,Y electrona b7 1mpaot.· 'lbeee eecoDdariee waere emitted 1ft a :Nft!'M 

electric field which Carried them to the oppc)Si te eleotrocle in &pproxillatel¥ 

half a cyolo to produce another group of HOO!¥ler.l.ea. If aooalt47 em.eeion 

Jield :I.e greater than unity)el.eotrons are aultiplied to a ft%7 large quanttv 

in a veey ehort duration and thte J"Oaulta 1n a breakdown ot the gee. Hatch ana 
W1Uien extemed the boey by asou.u1rJg b1Pr aodee beeldea the. conventional 

half cycle om.~ IJ.Ibe tbtto17 ot Gill aDd Voa Engel pJ*liOte mill cut ott lair 
. ' 

:relatir:tg out ~fi frequii!3CJ and electrode •pare.Uo~· !lbongh tM abcrve theori 

·oan esplain Jll08~ ot the experimental . obaerrationa, 1 t is wOrth while to 
,, 

in're&'tlf?P'te B~Xf18 ot the consequencea ot the theory with rega.Td to variatiOn ot 

•tarting wlta8e am the out o-rf trequt1107 w1 tb the lensth or the d1soharp tube. 

'lbe •fteot ot auper :lmpoaing an ext.mel. field upon th1a 1J.Ype ot dieoharp 
. . 

wae tnveet1gete4 .bJI'o•ae1 and Xreba: ·(1954) but no que.ut1tative explanation ot 

the obeei"ftd reeultll waa px'o'Yided.~:· It hM been found that wpertmpoaiDg a 4e_Oe 

field parallel to' h1sh fl'oquenc, t:Leld ata'l'ting can be made more 41tf10ult. 

A em1l •tatio magmtic :fieid pel"J)eJltiioular to higb trequena7 electric field 

C&Wiea a teneral inareaae lntnalrdown potential mJ4 a loweriDg o't the ~ut ott , 

treq•ncy Witbo\tt~ ohangirig tbe !Wlttrre of tbe :( f -"A ·) cum where E 1a the 

•tart~ field run 1'- te ~ waft1enst!1 of the radi()frequamy Aeld~: Deb aD!l' 
~ . ' -~~ ,, ~ 

Goewllftl ( 1964) Mde a theoretical appro~h 1D the problem when a at.edy mgnetic 

tield 111 plme4 pe:rpendioulllr to the hlgb 1-z..equency · field•: . ·. . . :·'"\.• 
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1o f13Stemat1c obae"ation of tl1e phenr.,mem of the seooa\r!l'y electron 

resoname under the action of an extsmal mognetie field has eo far been uotertote& 

The objeot of tllie pe.rt of 1nveet1gation :ta to study tho effect of a t~rse 

magmi;ie :field on tJte brea!«lam potential 1n d1oohnrgee controlled by the 

phonomaM of eeeomr::Jry electron resonance a0t aJ.eo the Gt£eot it prod"OOeO Oft tht:l 

cut off :trequenoy~ It is evident that the theory ot tha provious wol'kere boo to 

be modified to toke in.:to consideration the effects produced by the mflgllOtiO 

field end it ie presl.lll9d toot these 1nvost1g-ntione may throW some light on the 

meohaniool of tn1Ch disc:hare.e• 

'lhe radiation p:ropertw of glow diechll'I'~S excited by d.c. eleo·tric field ba8 

been stOOied preViousl,y ruld the different processes coniributine ·oo the in .. .oenetty 

have be~n ~entif"J.ed~ Rosaler and SClwnherr ( 1938) i&mtitied both pl"!et31ll'e 9nd 
'·otlrrent dependent losses ot the radita:tion ot ilg. ( 6 3 ~ - 61 So ) sal 

attr:lbuted ·them to the eollleione of the aecolXl k11ld wi·tll mutrale and electrcma:. 

reepaativol;r. Fowler em Dutfcndeck (1949) four¥1 ·the depememe of the in:tenei'!W ot 

apeo·&ral lineo upon tho tUbe cw."l'ent e.m obSelWd that the variation is limar 

w:L ~ tb9 experimental e~r tor all vpes of t'.t'ansi tione Ql7d (;'I'W:'!' a oU!'rent 

rene;e ot half a milu.Bl.'lJ)~to· om hwlii~d mill1 001pero •· T'ae e:tfoot of an e~wmal 

magnetic field on~ 1ntenaity of glow discharge wao studied by Rokbl:in {1939) 

Who ObElGJ.'tfed maxima Of aome ot the resonance J.1.nes of mercury vapour by &pp:ey1rla a 

·long1 tud1ool me.gootic fieldo, Kulkll.t·n1 ( 1944) atuiliEd d:i.scbargea in some gases. 

includit:~~feome :rare JJaeea in a i•-raneve:t·ae magnetic field and i'ound that tm 
4 . . 

intensity of oome.d; .. 'te 11ms shows a maxtmun ut different mgnetic f'ielii intensity 
,, ;It 

and tho mgnetic field at wbioh the ma~ima oocUX'I'S tletJende U!:On the wavelength end 

the preeetne of the foreign gall•,: No mathmmt1cal theocy woo howe-v-er present(ld to 

etxplain quantitatively b ob"e~d e~rlment.ai restiltsl!' Though tho tootom which 

cor.r1a'ibu-m to the lina :!ntan.sity in a glow d~:r~Qharge haw been iden.tif'iedJ yat m 



chtll'Jge when 't;ha pressure or the tuba cu."!:Tf!nt ehetlo~e or an extemal pertur'bing 

torce is euptJ:t"impoee~ upon the glmv d:tech.,-;;rge;~ lbe ootw'e of tbe ami t1ng f:tel4 

to produce the glow dit;roharge hae also mt been investigated eyetema.tioal~ • 

Beck (1935) however tn 'b POint to point cmnpar1c;on fbtmd steelly glow diocharge. 

in mercury 1nd1et1rlguishable froo.t a 100 WJ/aee discharge anl the nature ot the 

radiation proper-ey \YSS aleo :found to b3 identical. 

In vie-R ot the above ooMideration it has been decided to ettdy the 

tnteui tt ot/JJ.nee in glow dieebargo in varioUG g!leea when the ay..o1 t1ng'~ ft,old 1a 

either a doCQ eouroe or a Hadio:f'reqoomy onae Th~luenoe ~f o. ·t:rDnsve:rne. 

magmt1o field on the inteui ty of the lmoa v.'ill be s'ti'OO:ted tmd an attempt 

w111 be made to clevalop a theory Which can explain the e:tper:i.mZJntol obea:tVation. 

'l"M st"~ :I.e important not onl,.y to explain how extemal perturld.ng foroee 

atf'oot the factore contributing w .intenrd ty but Will ~ help 1n better 

urd.fi.atanding ot t..Jw prooesmes involved in the emitJsion ant\ '$tuMorpt1on ot 

epectral l1nge~, 

In the p:oos_ent eeheme of work~ the r.:bove problsm.s will be studied 

exp2r:!.I:oontal:cy and attflmpt will be t!100.e j'to. edvance tbeortes which can 

@lq)ltatn the observed experimental ~c.cte~, The subject of Eleetriosl d:tsohar{Lf]l 

phemomena illll l.'<!Ce:f.v:tng DYJ:re attention now a. cieya btlCm.wo of the evailabiU ty 

o:f new experimental teabniquee with which it otm m in-.-eetisated and aleiQ 

becauee it providee ba81c da-tas for the seieooe ot PJ.oana Phyeice~ 
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A. DIELmi'RIO BREAKDOWII OF. GASES BY RADIOFBEQUENCY UNIFORM J'mu(ELm~ICAL) 
. (a) WITHOU'.r SUPERIW?OSED Mo\GNET!O FIELD (b) WITH NOll-llliSONAIU EX~EmlA'L 

d.c. YAGNEfiO FIELD 'l.RMNBRSE 1U ELt01"1UO FIELD• 

The work ha8 been done in two parts at two ditfe:rent preastn"8 ransee eDt 

With dit:terent gewee ae Cl1electr1c med1ua. I!'.\ the t1mt pnrt meaeu:remente of 

breakdown voltegee have been Onrr.l$4 .out in .moleculo:r ift gases ·suoh aa · 
• 1' . ' '. 

hydrogen, air, 02YSGll and carboqu-oxide at preseuree varying frca 1 m.m. to 6 DML 

it-
of me:mury; 14n'ler Ute emitation. ot a rt3diotrequsmy voltage of :t'r6qU9noy 17.6 Plc/E'YIC. 

1b<!l ~ength ot the d:l.echerge. tube is 0.4 cmo end reditUJ 1.4 em. YeaeurementB 
t 

have been taken in preaence of a ;tiramwerse m~tio field varying frcm 

F.ero to 1800 gause •. It has been . obse:t'fed that if ( E I P ) ie plotted aga.tnet 

n p 1\ " where "E" is the brea!qiown YOl tae,>e. per om.~ n p n the preeeure am 

" 1\ " the cli:fftmion length, then ( E fp ) gredua1J3 deoreeaee w1 th increasing 

values of " P 1\ " tor all tll\9 gases stuaiedo The e~r:!.mental. ooncli t1ons 

1D11cate that ~!lootroi'AO are lost by d1tfu81on and the results have been 
s 

sought to be explained by the theod,ee of Berlin ani 11rown ( 1941) ao.t 

Kibara ( 1952) after silOdification 4W, to. the effecrte produoed by electron 

e.t·tachment and magnetic field. Tho theoretioal expresnione thus dedooed can 

explain the obsexved resulta quantitative~ for low values ot m.ugnetic field ani 

h1f#l pressure am the e,Xpl'eBfi!iOHS deduced from Tterlin BDi Brown's theoey-

are in better agreem.ent with experimental results than those deduced :f'ral1 

Kihara 'a theory. At higher megnetio fields there is divergenoe between the 

theoretical am experimental results which l'l.ae been attributted to the 

imdeqwy ot the equivalent preseure oonoept st high ( H/p ) valuaiJ where n ie 

the mrilglletio field D1ri alao to the uncertSini ty 1n the\v'alues o't moleculer 

constants introduced by Kiha.m in hie theo~. 

' .:... 



· · In the eeoor.ld part ot the work, the. preoaure range lios be:tM'sen • tew 
' . 

lliCrtma to 1.5 lllll• Of meroury and some mft 88118B IJUCh M hel11Dt neon and arson 
' ' \ 

han been uaed.- Ste~·d.o. aagnetio field placed tretMYeroe to high frequency 

electric .field ( frequency 11ea between 4 llo/eec to 12 Mc/eeo ) ie ftrie4 . . 

:traa ~ro to 120 gauu. The discharge tube le~ S.. 10 em. and the radiue of 'tbe. 
~ . ...' 

electrode 18 5 ~: Tba breektOWD YOl'tap ht\8 bee~ found to be srttater thaD 
' \, ' 

1 \ \ 

wben no aagnetio field· 1e present for all value• ot preseure ard the preeeuro .; 

at which the breakdown voltage becomee llin:lmta 1aoreuee with the :inaroaee of . .. 
the magnetic field~. !1111 expermental re.,ulte l!ldico.te that the ·a3or c1iffua1Qn 

"'V . 

ard mobility lo••• take place along the axle 1; whioh the eleotr:Lo field 1a 
' ' ' 

applied. 'rho theory ot 1Wlar& ( 1952) ngartUns the broakdown ot a gu when 

:1. t :1.~ emi ted by radio:trequemy '¥'01 tap, uoribed the lose ot electrons to 
' . ' 

dittt.ion and ao~111 ty ~ Sen aDd Ghoah ( 1$6') aodified tble theor.r b7 

the :l.ntroduotion of the e:tfeota dw. to the magnetic field and deduced a new . 

expzeeaion :fbr the breJa!own voltS@~ am aiso the preaeure at whioh the break• 

down TOltase becomoe mt.n1m1.11~: This work haiJ . been 'ID!ertaan to eupplement 

the ver1f1oat1on of tbie tbfJory and extend 1 t. to the caee of rare guea 

under ilenticsl com1 tiona of breakdown 1n a DODl"ttSonsftt trc.tWYe~ aasnetic 

~eld. In order to conform with the experimental eet up•: three .M.MM1oD81 
·. ,', ' 

treatment of the problem bu been cerried out but 1 t .to obeemd that one 
' ; 

41menl!1onal treatment abowa better agl'eement W1 th b.· experimental reaUltiJ~ 
t- 0:. ' 

'l'be. d1eortwncy With· the ezper1mentet zreeulte tor hipr value a . ot magnetic 

fiol4 has been attributed to the 1dent1~ caun• aa 1n the ~~lier e2;per111lent. 
' '·''( :,' l, 

:~'!,: DIElECTRIC l:lilBAKIXlWS oP GASEs. m BAl>:lO~"'QU"SNCY. :EUIDT~c FIBL1) I!f 9 
.PRESE!iOE OF .PARAIJG. suPERDIPOSED a.o~ 'p:i:sm ... 

--, .. . \• 

. Be•ulte ot h1sh frequency (1p Me/sec~;.) ,bre~OWD ~ltage with euper111pose'4 
. -for 

4.o •. elootrio t1eld haYe been ot>tat.nec!Ahe.lt~~~.·Diecn, 81'8011 BD!1 th•.IIOleouler 
. ' . ···.-.',• . ' . . ' 

' ' ' ' . '''I '".' 
.'· . 

'\ .. :·· . 



saa OJ;.Ysen, keeping the pressure of tb!!l gaa aouatant e.t 1Qmu of llet'O\a'1• 

h Y81'1at1on ot applied d.o. Yoltage alon,g the length ot the tube ie b'ca 

sero volta/em to 70 volte/oa · •. It 1e foUD.'l tn aU the oaeee studied that the 

b1&b tnqw.ncy breakdown vol 't860 ·18 higher "hen both the :t1e14e at"8 preaent 

'than when the po~e are exo1 ted b7 the radiob'9q•noy tield alOne mil the 

breakdown voltage grsduall7 incnsaee witll the :1Dcreue ot the applied 4.o. 

field. 'l'he variation of breakdown field with tt.~. t1e1cl :I.e ot the oan. nature 

in &11 ot th£l sues etudtect. A theontical ez;preaa1on tor the· breakdown 

Yoltsge in pre~~eree of both r.f. and d~c. fielue baa been deduced~ b 

theOl7 ot eleetrioal. diecharge by ~ ( 1952) together with 1he e:cp:reBGiOD 

ot eqtd.valent length ea dedWJe4 b7 Varnerin end :9rolm ( 1950 ). IJ.Ihe tbeoret1oa1 

.•~reeaion could aot esplain eatletactori]3 tbe e:xper:J.mentalt'esulta, an! the 

rate of rille of breakdown voltage in the d.c. field aa obtai.md fl"Cll theory ta 

emaller than that obtained traa 1be experimental reault.. The diacrepauc7 baa 

been &lt0r1bed ,psrt)3 to tbe umertai.ni ty 1n the valt¥ta ot. tbe maerical 

conetante 1ntroduc8d b7 ·Xihara (1952) and alao to tba irlcreau ot ·diffusion 

caused by · 1he pneeme ot poei tive iono-a too tor which hae not been taken M--t· 

coMideration 1n tbio treatlnent •. ~.· 

tis work has been furtber •atenied bJ119as~ the breakdavn wltage in 

molecu113r guee like air,. hydrogen,· o~gon aDd o~~:l14e at 41tferent 
~ . 

preaiSUl'eD w1tll the d.c. field ~e:eying frail sero to 240 'Volte/am. Id.b the 

earlier part of tbia work, here elao .tt ia tol.D'l that the bre~awn voltagt~ 

imreuea when 4 •. c. field 1o call au;t when 'the field· is· :turther tmreQed 
. . 

it showa a .maxtmtm ond then ~adual:Jy .:f'alle tor all the, saaee studied,. the 

au'MlD OCCurirlg Ot & cl.e.C~ voltage Wh10b iB different fOr cUfterent guea 

and :te also different :tor Mtte:rent p:reasureo• It ha8 been shown· that, when 

the d.,o •.. tiel4 1• araall~\ 'the dCIId.nsnt :raotor :I.e the loae of eleotrona 1q 

41ttuaicn u well u by mobil1 tq Which cal.U!IEI8 the breakd0tf11 vol ta&e to 
in:J'eaJ, but when the d.c •. field·· ie iDcreaaelt' oontJ4bu:t1on due to d.c.· 

'• . .· ' 



1on1eat1on hoo alao to be taken into conaiderat1rm. Thte d.c. 1on1eat1on 
s . GL-

"contributes to total ::i.onitat1on am oaWJee,.decreaee in the rediofrttquel'JCy 

voltage neoeeeery :tor br6ekd0'11n1e A mathematical expression ht1e been ded"OOed 

which explains sat1afactori~ the obeerted experimental resulte. In the 

expreoeion dedwed the effect of secondary 1on1eation oo \Vell ae that of electron 

s.ttaobment bavo been taken into consideration. 

c. WW PIDSSSUJ.:.iJ~ :mmAKD'.JWN I:tl GASI~S IN A UlUEORM .HIGH FP.EQtmrl!Y EUiC~lUC FIELD 

(1) WITH::liJ'll MAG!igTIO F~ (11) WITH A S'l'EADY TRANSVERSE ffiAC:mTIC FiaLD. . 

D:l.9~ctric breakdown of e.ir. under .the ootion or a hieh :f:t'equenoy uni:f'om , 

~lectr:le field has been l!tudied at n presa'Ut"' of 1.5 ~ of mercury in three 

cylindrical discharge tubea of length 5 em, 7cm a!Xi 15 em (ciianeter c 3. 5 om 

each tube ) Y11 th extern::tl oleo t:rcdes. S:Lnco at ·this 10\v p.resGUl"e ra.IliJ."', the 

start:i.ng vol t3ge 18hould be :1ndependen·t of 'tilw . nature of 't!"le G.'"f.l&t oo starting 

voltage• ~or air and hydro.~n have been obt:un.ed in the same discharge t\.tl.xt 

(length • 15 em) • !the emitin,g frequency :range is limited by the oec1llator 

voltage output. '!'he bretlkdovm voltage against frequency ot tl'~ applied field 
s 

O\IJ"Ye ,;bows identical nature tor both air and hydrogen. ~('he breakdown voltBgea 

at different frequencies are obt,a:inml £or other two d1soharge tubes am 

reeults obta1ned are eom:psrcd with those of the previous workers. It is :found 

tbat the breakdown voltage, :!o h1&}lar. in tubes o;f shOl"ter length and the 

out-ot:f wavelength 1m~~s w-l th the length· of the disohurge tube. A oow velue 

of the comtant appea...~ng in tho out-ott la ispbtntned empirically wbioh 1e 

t'Ound to OOtil!.l:ty' t1;le experimental rasul ta . fO:t'" Oylindr!cal discharge tubea Of 

length larger than 2 em. The br?akdown under the preth!n·t exporimental ae.t up 
're. 

is due to eeeonda.:cy oleet.zron~coooo:::e. atl'J £911ovd.ng the · theoey o:f Gill and 

Von Encel ( 1948 ), Hatch ~ \7tll.tems { 1954; 1958) the phsse angli! <P and the 
K 

iinet1c energy of the oscillating electron at ·~e opposite end ha~ been 

oalcula.ted wb:loh ere in agree:Jtent wl. th results obtained previouely,. 



. -·, ,_ 
Starting potentiale are 81110 measured in preeenoe ot a ateoly treMYeree 

agnetio :field yaey1ng traa 18 gaues to 45 pUN in the 41acharge tube of 

length 5 om. o~ au4 in the frequency range pes tted b7 output vo1 tege 

11m1 tat1on of the o~~a1llator. It ia- ob•erved that 1l'l prennce of ate&dy 

trt:U:JeVeme mqnettc field the breakdown wlt~e a. weU tW the out-ott 

waveler:agth 111cre•e w1 tb the magnetic field.; ?.be theorJ ot breakdown 1ft 

presence of etiJ~ magnetic field hall been developed follOWing Deb and 

GoiiWfD:l ( 196 4- ) aD.! the effect of the angle ot aft.i't'al at the end wall 

on the breakdown meohanlam ll88 been con111dered. nut obnrvatioD.II W1 tb mapet1o 

.field and the subAquent f1 ttine of theae obaewatione with the theor,y have 

yielded tblt values_ ot the pheae angle and the effective kinetic energy of the 

arrival of the electron with fair amount o:t aoourac1 epeo1~ for magnetic 

:t.S.e1de auller than 30 gsusa.:· The probab111 ty ot electrons ooll1ding w1 th the 

aide walle ha8_ been cowd.dered and it baa been ahown that under the p~eent 

e:xper:lmental aetup zaajori V. ot electrona w1 th •nergy •utf1c1ent to cauee 

breokdotm are t.ree]3' tramni tted 'between the 1Jro ende ot the diacherge tube. 

'1'be va1141 ty ot the a1mpl1fying U£Jllllpt1oDII made in the theory b8a been 

41acuaeed'! 

De VARIATIOH OP LIGHT l!~'!ENSITY Ol? Cl'U)W DISCHARGE lN 1'RANSVERSE SmADY 

MAGNETIC FIELD. . 
\ 

The 1ntel'l81 tq ot 11sht trc:a tb,e glow di~eharge ooluma of rare gaeee like 

DDOD,, argon am hali\1!1 e:r.o1ted by a uniform rediotrequency electric field 

baa been atudied when the colt1Dll8 are placed in a ateady magnetic field, 

trananr• to· high frequelXJy electric field~: The preaoure ot tbo gaa wu ttad 
'1' 

at '10 me of memufq~: The total. intensity ot the ~.elble liabt,~,- aa measured 

b7 a photo ~ltato •urtace plaoe_d :arb1 trsr1ll' at mv poai Uon near the ool1111D8 

8bowe a eteaily _ il2creaae w1 tb the _increase of the ma8f1etio. field·~:,. The obMX"t'atio• 
' ' . ' • '. .:. ! ·• 



. -· 14 ... 

were limited bf tbe IIU.tldm\ID v&l.'- of magnetic :tield ( 2000 gauae ) 88 tbt 

preetJnt. •etup could not aupply higher m~tio field. Spectra have elao been 

pbotosraphed tor "these three gaees at different mqnetic field• and the 

:l.nteDa:l. ty profl.lee of the spectral Unea have been obtained. ~ pi'Otllae 

olearl¥ :I.Ddica.te ~t the ove',l'aU 1mreaoe of total 1i'lterse1 ty of radiation 1a 

alwOJ& assoc:l.ate4 .nth 1 t the :lmreaee of intenei Uee of all the apeotral 11raea. 

IJ!be .linea aboW irlerease ot 1ntene1ty at dift~rent re.te i.e. the 1ntene1ty ot 

nae of the. lima ot the col\IZIZl are not eeriouely effected by the preae110e 

ot trenaverM ll8gnetic field. However 1n the preeent aetup no deta11ec1 

obaewat:l.on with.ltne epeotra :I.e made end eo no quantitative approaoh hal!l been 

aade tor expla:l.rd.ug the phollOIIlemn. Astnl!l:l.rJs that tblt total lntene:l. ty ot 

radiation 1a proport1oDB1 to tbe to~ production rat/' ot em:l. ted levels ot 

sterna, an e:xpreea:l.on tor the intemt t'/ of radiation has been obtained~ 'l'he 

effect of .agnetio t1eld on the intensity boa been introduced tbro~ the 
~· ' 

equivalent p:-eesure concept of Belevin 9M lflqtlon ( 19 5 g ) and the v&l"1e.Uon 

of different parR!llteN in the above exprecaion that are JmowD to be effected 

1n preuenae. ot tran&Yerae ~agnatic field are oomidered. An ezpro•e1on :tor 

u obtained where 1'"' i• the total. 1ntena1ty of radiation :1.n 

presence o,t tnm&terae masrat1c field s:nd Io 1a that W1 thout aaanettc ftelcl. 

!he tbeont:l.oal. reeultl asree qUite eatiefecto~ W:l. th the eZ)Ierimente.lJ1 

obte:l.necl curve ot. ~/Io ae;a:I.Mt the aognetic :field for a11· tbe tbne sue• 
atudied• !!'be deviation of the theoretical val.ma b'OII experimental :reaulte 

at nry b:l.sh ~tic field ha8 been attributed to the failure ot equtvslont 

pres~ure oo..,ept at biah valuea ot ( H /P ) where P :I.IJ the pressure of the &U• 
. . 

'lhe 1m0erta1Dl.Ues in the valuoe of tho different parE.~~ete:ra contributed t(), a. 

certain extent towards the lim1tat1on in the agreement between theoretioal 

aDd exper1mental valuea~ A broad fteld ot future work ba&~ beon pointed out.:. 
\ - ·: •),·~· 

. . ": ~ 
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A. lWliotrsq•OOii bt"Gakdcwo ma~nte (a) .Wit~u.t magnetic t1el4 (b) With 

crossed etecdJ ~tic field. 

ApJ)8.1'fltue •· 

(1) B.~ •. Oaoillator (2) Eleo~t (3) ~SDi. Pe~ Oauee (4) ~l'O'W!"l ~ter 

(5), C. eenemt1on lD1 purification system (5) ~t Punp. Ibfo:t'f) the aotml 
;F.. , 

esperi.ment 18 etarted1 :t.t to m~BSar.f to ol!llibrata the a.m. Oeotnator mad 

the Eleo~t" The radiotmquomy oec11ltDr is a tuned plate ttmed grid 

oeoUJ.ator desipd tor sene:rat1on of voltages in the ou~put ~ of frequency 

4 Jlfo/s to 40 Vs:/s in three stases.• Th$ oeos.Uato~ tu~ OO$d was of the ._.an. 
b plat0 wltsse· o:t th9 oec1llator tub~ 1e auppl1ed bom a· tul1 wave fttlttfter 

oimuit uai.nS tube of the tppe 5!4G'f •. :ihe inpUt of tlw :reotitier e:lrcutt :le 

mede vartBble by mana of a var.~.ac· coli.'Mcted be"tmeen the mains~ iD,.wt 

te~ ot the transfo~r used.~ the :rectifier oi:rouite Iff tbie ~:nt 

the plate voltage o:t the R.F. oeoilletor oan be varied ~rom-20'0 and hence b 

H. F. output. !he ccmpoeita c11'0u1t 1n ita empleat form io gtven :I.Jl: ftg. (1 >~ 

To celibratAi) tlJa oea:J.lletor tor :.frsquenoy1 the abeorptton we.veme~r ae weU as 

the commd.cetion·recetvar.~:~n:.Uood''~~ me~nte of trequsMJ' 

were made w1 th the absorption wavemettW. Then u.t1.nS the receiver tM final 

measurements ~1-e tmmn for :f.l'eque.o::u coft'eCt ~w .0~'1 Me/e. '.the 11¥0 41&1s 

of the col'df}neem e.r& gtvan f.denttaal marks and :1.1!.1 cGU.bratad tn ter.ne o£ 

.the :fi'equemy~_ A cu.1."V'e 1s plot~<i t'or dial reading ageinat f:ntlqU9DOY ftso ( 2 )~ 

~ elootrom~t is calibrated ming twQ difi'ez-ent methode v121. ( 1) 

by u.eing· gau93 meter and (2) by us:t.ng a b£\ll$etic galvanometer. ~ caUbrate 1t 
'l 

by usin§ a bal.U:lEJtic .gal~t$'l' and search co110 ·. t.he ·galvanometer oonatEUt 

ts detemined fi.ra.t usiZJS a stanam:d solenoid fie• ( 3 ). Wbi!n the seco~&.17 

of the etentlam eoleno1d 18 oon.oooted to the GSlvanometar, t.he inatantemeo• 
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produces a 4.•fteotion " cl., " stven bJ 

'2.. 2-' 4 IT fh. I 'YL2 '1" 2. 1 

(R+ G:). IO 

where l< • ·:·a constant o:f salv~ter 

rn.., • . nunber of primm,' tum. I om 

rn2. • . to·tal n\Bber of eecond~ ~ 

'Y'z. • radiue ot b eecondary coil in ca. 

i a CUI"l'ent through the prima:ey of the aolemid expreeaetl in Bmpv 

~ eo GalvtallC.lMter re&ieteme 1n '.obuJ. 

R :o xesistnnce of the tlieeom'iaey o1reu1t 1nolu41ng the eaa:mh coil. 

'l'tw :reeiettm:"Je of the ee&reh oo11 :i.e a tew obn8 which 1e ama1l ccmpared to t'hs 

total reoietame ot tho aecol¥1fll7 oiroui t. which is :row thouear¥1 obm&. It naw a 

untfo:m ~tic field His devoloped through thia eeoroh ·coil, then tltm 
" ~· 

linked '111 th the aea.rch coil is 4 -rr n j r';, '2- and if this ch~ of nux . 
produces on obsel"Rd threw " cl2.." 1!1 ~alvt.mamter, then 

(R+ G.) 
= K.&.:z. 'whlwi 

H 

evt..3 • ntaber ot turna o~ Mmh 

· ·· · oot.1· 

'13 • moan ~1ue of search coil 
tum. 

( ci:;_ ) . T. 
( ~... ,. \ 

••• -'• i.:,.J 

1\m MJts a! oboo:rvatioM were made wi tb two ~JEJatOh coila ot tifferent ntmbe~ ot 

turns and~ t wae asalD'!d that the rerd.stame of the oocondary o:t:rou1 t remains · 

U!'J9tfecte4 .suo to the small ~· ot. the 138B'l'Oh coil tu:rne~ 
·_.·, 



'Reeul tra 1 Iengt11 of primar:; coil o 50 em. 

'total nm.ber of primm-y coil turn~ • 250 

D1emoter of the primary co1l m 7e2 em. (BTOrage ) 

:t.ngth of tba secondary co11 • 9 em. 

·Diameter of the secomary coil • a. 5 cat. 

~tel. nuaber of secondary coil tum • 1000 

' 
~ ourr&nt tapo D9tlection of Gal'Y8nCIII:eter Average 

(am.) deflection 
Olf OD per emt>• 

2 21.5 21 10.6 

1 . 10.5 11 10.7 

o•s 5 5.5 10.5 

Mean detleotion 
of galvtl'I'Jaleter 

amp. . 

. 

10.6 

Current thz\':luah the :oe:neetion of galvanometer (em) ~et:lc field 
eleetrot'k'l@let (amp.) Olf o:w Gause) 

~~·=·' -=t:OtH - t5** 

4.25 12 13 3044 

4 11es 12.'6 2957 

,.25 10~6 11 2630 

2.5 9 g.e 2272 

2e25 8.5 8~9 2110 

2 7.7 7.J9 1995 

1~5 6.4 6.6 1500 . 
0.75 ,.5 ,~·g 9(17 

0~5 2., 2.6 590 

··e:e:'= 



Mian radius ot f!f'larcb oo11 o o.a em\) 

Total. nl.Dber of search coil turne :a 100. 

- .. 
Current through the 
eleotranagnet (amp.) 

4' 

3•5 

3 

2.5 

2 

1~5 

1 

0.5 
: 

0.25 

Deflection of galv~ter (om) 
ON OJP 

17~3 " 18 

16 17 

14~9 15.2 

13.1 1;G6 

11.2 11e.4 

9 g•a 
6~7 t: 7.1 

, .. 3•7 

1.7 1~9 

~tic field 
. Gnuea) 

2955 

2760 

251, 

.22JO 

1900 

1575 

1153 

I 
597 

304 

The calibration iGJNpested by mans of .s gaueaneter~ The gaUliJI!ImGter comd.stll ot · 

a nctanguler coil :rotated along the a::d.e paaein8 through. i t8 plane by e. · 

eynobronDWJ zootor of 50 o/e •. When th1e rotating coil is placed po:rpendiculcr to 

an unifom ma.gnetic field) thG 1ndwed a.c •. ' •~m.f. is generated in the .coil 

which iEjmeaeu:md by • o,,R,o"·· !hs O!n.o~ is calibl'ateu p:re'ri.oualy by emaU 

s.o. voltage of 50 .c/a applied from a souroo sttoohpd tJ;> the o.:n.o. ttsclli' • 

. The output 1ndooed vol ta&'e f'roo1 the g1~o. me tar tor magnetic field strength of 

one gau.cs 10 taken. from the data supplied by tbe manutect1Jl:er. Dt1r1ng 

aeaatn"emente the c'tll'rElnt thro\l&Jl the eleoti'OOl8gllet co111a gradusU¥ increased 

until tlle anpli t\de of the output a.;;o~: voltage sboW8 a diaorete value.: The 

o'l!I!'Hnt then 1£r noted and the corresponding m@let1o field from the o.n.o. 

calibration of empli mie length I volt 'is obtaimd~;· 



ReeuJ.te .. •· 

Amplitude of the output a. c. Yol tfl8e I gaues of the gaueemeter eupplled by the. 

aanufec'tt\Ter tt RawliOl'l Electrical lnstrmlent Co~ 081l~r1dge, IBM8~ 0 U.S.A., 

e o.1a 11¥' I puss. 

Calibration of ceeilloscope acnen a-

. Applied vol tege (50 o/e) 
to c.R.o~ plate alor18 
'3 8ld.e (wlt). 

o.5 
o.2 

-
o.1 

. ·. 

. Current through. the coil of 
· the m~t (amp. ) 

Amplitude of wave Ampli tu:le lvol te Mean ampU tude 
~m (em.) · volt. 

10.2 ;. 20.4 

' 3.9 ,. 19.5 19.96 

., 2 '· 20 

. . 

Amplitwle ot th• wave :tom ~Uo :tleld 
(em) (gauaa). 



f 

A calibration C'Ul'Vf1 is dratm of the ~tic field against current in the coil 

of the electromagnet tig. . ( 4 ). 

The measurements of the breakdown potential of the gas 1n radiofrequeney 

:tield haVe been dono following the procedure of Gill and Von Engel (1948) enrl 

Sen and Ghoeh (1963) • The arrangement is shown in fig ( .. :~s-). The R.F. voltage 

:Le direct~ applied from the eoUt'Co to the electrodes by me~ of' 7>-\?u~ 

cables. b r.m.s •. val-oo of the voltage ie measured with th9 help of a v.T.v.x. 
conat-rt¥lted :tn the laboratory using a(6 Slf 7) tube • The range of the V~T.V.}t. 

1e 500 volts r.m.s. The plate voltage of the oscillator is gradualq imreased 

and hence the r.f. applied voltage to the vessel also inoreaeee. At the point 

of breakdown of the gas the v • T. v .M. reading ehowe an abrupt fall of few vol te 

and simultaneously a. glo.' appears in the discharge tube. This point is taken as 

the breakdown point ani the corresponding r.m.e. value of "lnltage indicated by 

vol ~ter of V. ~. v.M. :lejtaken as the bzoeakdown voltage. The- whole experiment ia 

perfomed in two rfmges of pressure. The measurement of preseu:re in the range 

o.; nm• Hg. to higher pressl.l!'e is done wi tb the help of a mercu:cy manometer• . . 

The manometer is oonneoted to the system and its vapour is prevented from 

entering the discharge vessel by sorrotmd.i:ng its passage by a cold ice trap. 
. ~ ' 

Th~ mercury level is measured by a tcUescope fitted with. a vertical so ale. 

This arrangement met:Wured the pressure very accurately from a few millimetere 

of mercu:ey u.pto 0~.5 mm.- of Hg.. For pressures :~low Q.s· m.: Hg. to a. few 

microns, the pirani portion of the P:l.rani Penning gauge supplied by Edward 

High Vaouun Ltd. Crawley, Sussex, En8l&lfl;, :1spsed a. long w-1 th their calibration . 

curves of the ptrani meter for different gases:. Penning f!!J.~ portion is also 

kept connected to the discharge veasel eye~ to teat the leak of the system. 

During investigation different gases are used as dielectric medium l1lce atr, 

o:x;ygen, hydrogen, carbon-di-oxide, neon, helitrn, argon. The last three gases 
. . . ' ' ' . . 

have been supplied by the British O~f$9n Co~ 1n glaas cylirXlera. These gaeee 

, are direct]¥ connected to the discharge tube via a. stop cock(', Air is passed 
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thro'U£h a Mr:J.t'e• of oold water veeeel to remove duat and organic aattttre and 

4r1e4 bJ e1 ;ita a gel and pboaphorou. pentoxitle and 1a etond in a hi~ 

eYacua'tll'>Jci and clean S].aso veesel. Pure o~gen 1• prepared by the et.owa~u 

!Jf .,.,(-oomentrated aolution ot bari\11 !lJ41"0#4a with rd.cbl electrodes :1n Mr4 

g~a U tube. Oqpn ie evolnd a'ft 'the emde. h gea 1a paaaed cmtr n4 bot 

platima 1o :rellOW traces of hydrogen end 4r1ed ~.r paeeillg over pure 

phoephorcU~pentoxlde tm4 etored like eire Pura hydrogen is evolYed at tbe cathode 

1D the electl'o].yeia1 with Dicbl eleo·trotlea, ot a warm concentrated aoluUon 

o£ ba.""i'tll i\Jdroxide -in a bard glaas U tube. t'be gae 1IJ puaed over heated plati• 

Dlll s~ to bum out &IV' OJWgen SDd: is 4r:led by pase:lng over bl'Oken pteoe• 
t. . ' 

of pota.BSS.tll hl)tl:roztde; followed by pur1t:led phoephoroUl!lpentoxtde whioh bee been 

eubliaed in o~gen~~ Sterins 1a done 1n the preTioua marmer. Pure carbon 41o:x1de 
. ~ 

t• ob~a1rla4 by the aation of dilute eulphur:l.c ac1dt bo1]414 to bw• it tl'Cil 

air1 on pure eod11a _oarbonate4! The sas 18 paaeed through cold water to remcmt 

trace• of acid and dried bi' pus:Lng OYer etlica gel end phoephoroue pento:d.de 
.. ' .. 

and ato:red 1n tbe evacuated glaaa oonta:lmr keeping 1 ta lllOuth UVI'ard• 

The whole arrangement of gas praparat1one in the laborato17 1e abmm 1D 

t18e (6- a., b,c. c\ · )~- In all theM preparati~ns the whole ·ayatn 1e connected 

to e_:dlauet Pl.DP (Ie)'bold punp )~;: -The mazlmUI1 poaelbl.a portion of the ayatea 1a 

a't'acuate4 proper:Q- befo:nt 8111 g011 ie allowed to paea throue;h the· eyatem :trc11 
. . " 

the point of pneration4l,' -•:t~re mold.Dg the t1na1 eollaotion, a oonun'Oue 
. . . . . '· 

opezoation ot 8M preparation and ita e~t1on 1hrough the eyatem ta . 
continued for a sut.ric:Lentl_y :l.ong houre to eu.ure a caaplete atmoapbare ot 

the gu iMide the ., ... .,.; m· the gaa contalne:n are aepamte~ cormected to 
. 0~ 

the discharge ve1eel ..S.a atopcock during the oYaervation~ 'lhrouglit the 
~ ' o\ 

experiment the l'Aybold :ro~ eldUlu.Dt P\lllP 'fa UP4~;. 

:Beton ataz-ting the meaeUl."UKtntJJ,, the d:Lsobarge vessel.ey•tem :I.e contiDYrue]l 

e't'8Cuated aDd proper~ barjked to remo\Te ooclu!ed. eflll~; 'lhe operation prooeeda 
' ., ., : . i 

tor a coDid.derablc period, atter which t.lte experimental gsa· ia .trodll)ed in 
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A. I. --· AIR INLET. 
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FIG.( 6 0) STORAGE .OF DRY AIR. 

TOE P: 

l 
TO E. P. 

B. H. S BARIUM HYDROXIDE SOLUTION 
G. S. GAS uSTORAGE. 
E. P. EXH~ST PUMP. 
D. T. DISCHARGE TUBE .. 

FIG.,. 6. b)PREPARATION. OF· OXYGEN. 
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TO E.P. 

8. H. S.-- BARIUM HYDROXIDE SOLUTION 
E. ~ EXHAUST PUMP 

B.H.S. D. T. --DIS·CHARGE TUBE .. 
FIG. ( 6 C) PREPRATION OF HYDROGEN 

TOE .P 

S.C. ·w.v. w . .v. 
S. A. D'ILUTE SULPHURIC ACID 
S. C. GRANULS OF SODIUM CARBONATE 
G. S. GAS STORAGE 
E. ~ ~XHAUST PUMP 
D. T. DISCHARGE T USE. 
W.'V. WATER VESSEL. 

FIG. ( 6 d) PREPARTION OF CARBON-DI-OXIDE. 



-· S4 .... 
oontei.ner w eneure the f!J316 atmoephere inside the discha.rp vessels Keeping 

the pressure tiDd by proper lldtpulaUon ot etop cook, the breakdown voltB@' ia 

measured b~ the v.T.v.M. ( Inte~ impedeme 20 X ohm ) M stated eerl1er• 

ObstTtwat1.on at different preseUNs ie ropeated for several times Wld 'the mm 

valuee o-K breakdown potential is noted against the corro$POllf11ng pressure. 

'lhe mem vnlue doeo not deviate more than .!. 2 wl tiJ tor all the observed values 

The aaoo. p:rooeaa is R~~ated tor e.ll the gasoe mcntimled earlier and the 

respective breaktlown potential data e...Y"C noted fo:r different preesu:ros. 1.1raakdoim 

potential meaeu:remonte above the presstl.!"S 0~5 men. lig. a~ de~ wi \."1 ai.rt OJ~gen, 

bJdrogen em ea.rbonl1oxld.e using a. sinele di£eharge ve~ool~ And :for preoaures 

below 0.5 ums Ng •. ~ther diacharge veesel ( both o:t cylint'b;i.eal ebape but of 

different cHmeneiori ) 1a ·used-: In t.ltia low presou:re range tt'le gaeee neon• helita 

and argon are W:'led as dielectric med:luno. 

lfea.rnn"emente with cross et9edy magn':ltie field ;~The abcmi mentioned 

proaedtlt'e baa agflin been ~peated for all the ~s 1n Q:roesaed magmtia field. 

The untfo:rm ~tic field which wae calibrated at the 'beginil'l[~ of the exper!menta 

1s plmed perpendicular to R~F. electric fielq,_., T'_ao current of the coil ot 

elootroma,gngt ia supplied from a metal1<ectifie:r fitted with proper ttlter 

ci:rouita!l" Keeptng th8 magnetic field at a f1~d· valti81 the preea'l.L'ro ifJ pad~ 
:,; 

is npg a ted for different values of tho magnetic field:~,, Tbs procems is repeated 

eey,ersl 'li1.rnea and mean brealsdcmn potentials a...""e taken-Ereakdown potentials 

corresponUng to .th~. same m~tie fi:eld but df.:fferent P.NSmlt'Ct!l then aon~~titute 

ono eet of reading~. In thie way diffe:ront sets are obtaimd :i'or different 

descrete va.lme of magnetic field• Eepe~-ttcn of tl:'.e procees has .been made with 
·,;( . . . , . ' . . 

all t.lw gaJN~a mentioned ae dielectric medi~~~ 
. '1\' 



ApparatUB I• 

(1) R.F. electr.t.cal excitation source (2) n.a. voltage source (3) Gall 
f." 

genaration and pt.tti.fteation eyetem (4) Jxttauat puap (5) MermlTY manc.meter 

(6) Dieohax'ge tubes :tilled w1 th rare gsaoe. iJ.'be whole e~rimontal arrangement 

1e shown in fig. ( 7 )o '1'he r.f. e:mitation eoUMe used in thie expe:timent 

we.s the one described in the pravioua arrangement~ 'lbe r. f. voltag$ ia a.pp:U.ed 

to the high~ polished· and clean parallel eleotTOdee f1 tted :1n a tbiclr:, glaea· 

cylindrical vessel, thro'U§;h two .:p11 filled comenoel'fl each ot 10;«Fcapac:lty 

ana eapsbl~ of sustr.d.ning a potential d:l:ffereme or ' !C. v. 'bee two 

Qondensere act ae blocking conde110er to the applied d~c. voltage. As ~ · 

1mpader..ce of tboee two condensore 1n mdiot'requ~moy ie very om11 ( < < 1 ) 

so the V $T.V.~ te:t'f.l'linale aro oonneotetl tow&"""ds the r. f. source and o~ the 

condensers ae p"oaut1onB17 nte~U're to protect the valve of ·(.;he V. T.Y.M. 

'lhe VeT~ V.t~1. tmt is iw.Md in thio U,pGrimEtnt bas been deacr.tbed in tho 

preVious experimental. arr~rn.ent. ~le sou:rce ot d.c. voltage 1e a paclmse .. 

of dr.f batter:lee connected 1n series tand oe.pable of chango of voltage bJ 

ateps ot 90 volta~ The d~o, eoun1e :i.e conueott4 to the electrodes o~ thtt 

dioohal:'ge vessel via some r~f· ·chokes connected in seriea. A b:l.gn value 
witl.. b.,.-lt<-'l'lLS 

ree:lstaooe ie connected in aer.1es"'OO cont:t'Ol the C'tli'l.'ent when b veesel 

becomes conducting~ A ew1 tch system disconnects tll.e d.c. SDU!'C:e from the 

Tee:nel:,. The experlment ie perfomoo 1n 'two ranges of d.c. volte/cm. 'lbt; 

whole esper!.ment is }»::r:fOD!ed in the renr;e ot p:reas\lt'e 0.5 m. lls• to a 

tew liD• ~· The moasurement of th1o p:remsure WheN Meees&.l"J' ia dom by 
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J3efore mt::.u"ting the ootual e:spe:riment vd. '~h -y~artablG preBBU.l'e end high doC• 

volt/em the whole ~stem of diecllar@!' vessel ·ia e:dlausted by the :J4ybold o11 

ox:h~Jm.at punp mx1 eimultaneoual,y baked for a oom.t!demblf!l period• .After that 

the system' 1e flashed ~everol tim!B by the e%p9rimental gna to enau.re the 
0\.L-

a'tmosphere of thin gae o~ throu@lt tbie sye'tmlo The eame prooedura i.e 

followed :for all the gaseS Stud1edo The ci.Ch VOltage 1S applied to thf! 
. e. 

eloetrode~ ana the r.f. voltage ie Sl"odually •:rfJBSed until tb.e gas of the 

contaiM:r shows signs of breakdowno At tbie mccnent the doth source is 

41ooom16oted to p:r.avent the d~e of the pol1eh ot too electrode eurfooea. 
ryv 

:By obemging b applied d •. e. voltage 1,J steps of 90 wlte the correspond:Uig 

re:f•· breakdown potentials are meeeU!'Gd• The experiment :i.e repeated eevara1 

times and mean veloos of tile breakdown potentials are ·taken.. Tiw whole 

experiment is per.fomed tor seve~ discrltte values of' p.reasureo 

Iden~cal Preoedtu.'S, as dereribed above• ie tollowed 'for different 

experimental gases and 1he corresponding oba·ervations mooe at ditferent · 

preeauree~' b' pees wed in this $z.pariment 88 clielao-trto media are dey pUl'O 

airp O'W~n8 )Wdrogenp o~ooxl.tie1 beU.ua.l!l DillOn ·an4 ~ 'l'he preparations 

and a~ of' the first tour gaeee have been deeor1be4 previoM]3. Hel1Ulllt 

neon end sr&>n have. ·been. elipplied by tile mauu:tootltt'ing compal.V in Gei.eler tube 

. :f1 ttad W1 th altl'll1D1uu elerrtrodee~ · 91eme · 'tu!Jee Sl'e tireotly ueed as dia)l'Jarge 

veil0e1e •. 9m p;mssuree of tha gati!les 1nm.de the tube ~ gi:ven by manutecturer. 

The experiment wi tb those veseele gt.w results for small. euperimpoeed d.e~: . 

vo1ts par em •... at conetant presl!l.1re eime h®re the length 'o:f the diaoharge 

oolmm wae lOZ'g~h Other gases are treated in a t.'!lmSl1 d.isoharge vgseal to 

get the :iesuit at high applied d.c,~ volt/em ll.nd at different premeure•• 
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Co 1Dfll pressure gEm breakdown by secondary electron resorum.ae (e) Witout mssnttic 

tield (b) With mgl'XltiC fi~lde 

Apparatus !• 

( 1) :a.P. .aurae ot variable t:t-eqmooy (2) Ditfuaiion ptmp w1 th ro'ta%1 e:&haw:rt 

. Pl.IDP (3) Gae preparation and purification eystem (4) Eleotrcmagnat (5) P1r&n1 

PenDing Gauge (G) Discharge tubee. 'Rh€1 d1:fftii91on plJilp used in the present 
. . . . f . 

experiment is an oil "iftueion PtlnP made of leak pro~ metal bo4yo The Iaybold 

omawt punp dsoribed etU"lier acts ae fore p\lllp otage of tts d1ffU$1on P'tDPo 

Silico~o11 1a ueed 1n the ·diffusion pl.lllpo The R.F~ e21'!1tation eou:roe and the 

VeT• V.M. to meseure the remoeo 'Val'!»! of the voltage of emita.tton are the eame 

described 1n tho previoue arrangement. The aeme ia tba cooe tor electranagru:rt 

and P.\ram~Penntng ga•• The ·l'irGlltt section ot the gauge 081'1 read presstlt'e 
~ .. 

upto f'ew microns of H~o for different gaaea ~ penning ~eotion hafi t.bi:J range 

dam to 10-5 mn •.. !lge 1'or: · .Preosu:re lOOOO~mento During the ex:periment the 

·• d1sc.harge containers uaed are all of cylimrical geom.etey haviftg different 

dimension o:f lcllt;..?th and saroo radius and made of pyrex glasao All meas~nte 

wore. mooe with parallel external elect"l'Ode · ays·tema placed perpenciicular to 

the ax.ta ot cylindrlcal veasele, Befoxe ming the diooha.rge vesselBt they are 

thoro~ c:leane4 by comcn·t.rated ~ids om alkali solutions end baked under 

evacuated eondi tion for .eome ~ to remove· el.l cont~t1o:r::w. The experimental. 

container 1B connected to ·the diffusion punp cmd their jUDOtion' is eorrounded b7 

eolia ice to prevent oil vapour to enter the dieoharge vessel., An ·tty" connection 

ie 3oined bare with the diechars'e tube. The ot.het~ ends of the co:nnect1ons are 

ti tted to 'Jlt'U.."ling head and gas sy0tem :rGBpeotive]3. For the preoont experiment 

only b,ydMgen "end air a-re used) the preparations ald . storage ot these two gael, 

have been d1acuosed in tho prev1oue chapters'!, The mel'Cury cup stcpcook cootrole 

t.'le gee ~. The whole experimental errang;em~nt 1e shown in figo ( 8 ) •. 



:Btafore at&rting the original experinient, it ie meeaee:ry to teet the 

ex'ha.uet ce.psci ty of th~ ditfus1on PUDP• For thie purpose the diooher~ tube 

eyatem 1e d1€Wmtled am iaate&d Penning heM is direot:ey oonaected to tbl 

etf:tusion pwp. 1be run ot rota1\Y ptmp -Lor a few hours kwers the pressure ot 

the eyetem to about 10f-!-1g. preeeum. The diffusion punp 1• "r;hen etarted by 

em. tcbing tll.ll heating eo1l and l"!mning cold water through the cooling pipes of 

the aU'fusion ptmpe . .A:f'ter about five to six hou...-ra the preesu:oo reading in the 

Penning gauge ShOWS a Steed)' ve11e of 5 X 10-5m~ fig. wh:l.oll 10 then maximlm 

ezha'l1stion capa1'1ty of tb1e diffusion .PUDP" However by connecting the whole _ 

dtecharge tube system duriug the e.c tual e:rper1mentt the preaswre o.ould be 
l?x -4 

lowe:md to a steady value upto "10 z. Itg. at best tw propen(tbeld.ng the 

eyetem and operating the d1ffw.:.l1on pt:nps tor about tl/!en ho~. At this etage 

of p;reasure tbG Whole experiment ie perfonned keeping the emauet eyl3- in 

operation throughout the olfoervatto~--

During tb.e e:xperiment ·it ia proposed firat to ooe that ·~he rooohanisn ot 

aGoondtill"Y elect:ron resonance breruroown is opera·tive in the prosent setup. 

Me~nts without magnetic field •~ 

'Ihe most d:!.etingulehing cbarooterlotie of- tho secondary electron reeonanoe 

breakilcmn mechanism ie tllat the b:roakdovm voltage moot be independent of the 

m.t\tre of the gas in 'the eeme veesel+_ fWtirogan and air are used ae two different 

gases for th1e purpose,.~.. Starting _the exporimen~,_ the whole system ie 

oonttnoue~ flashed for ecmetime by the expe~en·taJ. gas with tile help ctt 

rotary emaust punp to create 1he a•ephel~ o:e the goo 1n the discharge vessel. 

Then the actual operation of e~auet1on is started in tm ~r stated e9.!'11er. 
· · ~e~T y 

When tile pemd.ng ga'!Jge shows the steady pressure le&Sl ~'"l one micron mrou~, 

the veel'!el 18 flat for "Wting obaervationaf; Keeping the whole ex..lJ.auat system 1n 

tbe rtm, the r. f-., br.Jakdovm voltage of the dielectric. meditm of t.ha vessel ie 
-.. ... ' . 

. . : . i?\. . · ... 
m~aeured, .. wbioh ia JMdiaated only tbroue.b _ appe:u-a.nce ~t glow. in- the· vesaele but 
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DD fall of voltage generally taken place as atated ea.rlieJ:ra By var,yitlg the 

freqwl:¥!lY of the oeciletor1 ·!Jw bll"E)rutdown voltage mecmuremente 1a repor:rted 

uu·~il tlle cut-off trequeoo:; ie obtained. At :freqmncies la~er t.JlW'l the out ·of'l 

trequsmy, the dieleotrio moditm behaves like 13!1 inaulator to ~ amount of 

l"•fe volte&<eo Th.e whOIS eli;Perlmeat is repl3ate4 l:"or bydrol1']n and sire T'ae · 1:'1110 

curves obta:Lmd by drawing ~ekdown pooont.iala agt~1U.'3t tr0qucr.ey for two ~a 

ahoulcll be :ldehUoal 11:' the eeeonuary elc:etron I'Oeon!l'lle0 meehi:mim is operative. 

Once thia ie varified 0 the later part o£ tile' GX,pel'in!S'nt is pal":fo!tlled ooing ol'll3 

air aa dielectrl.c mediuno 

Using the eyli!ld.l':!eal shaped dischar~ ·tubee of d1fferont ~ngtha and e~ 

- radiua and eooh one properly treated for clesrt!.ng e.a dssc:ribed eerlior, the 

broilkdo.,..,n potential measurement is msde for all tubce one a:rter. another for 

dift'eront fl:'Oqoom1ee available in the present set"tlp• The mflMU!"'mente _are 

limited b7 r6,f. output volt~ in the highest frequency end which 1e approximately 

40 rlfc/ss. In et::lCh caee -~he ~urement:fare continued upto the frequency ettghtly 

lower ·than th9 respective cut--off treqmnc1e9 which are dii':feront for different 

lcn'lgths of the d1schcrr;:e tubee •. The cyllndriceJJ. vessels used are all of same 

~ .. · 5 em, 7 em. and 15 em. The 

oectllator fraqooncy and correepond ing lim1 ted output vol·tag:e allowe o~ . to 

measure the l:lnear po:rtion of trequone,y 1%. breakdown potential cu.rve0 for all 

tlle discharge tubes mont,ionad a.bov~.: It w~ only possible to get one or two 

pointe beyond the cut-oft frequaooy region dw to limited r •. f'. output voltaee. 

H~eYer tho.glow at breakdown 1n thiG region 1e ve:cy faint and only eppeare on 

the glass surface unl1lm tha nonael state· w"nere glow appe(;rs tn the cGntral . 

portion ot tbo discharge veae01~. 

~Lhf!.m.t with_HPzmtio field t• Ths unif'om magnetic field te plt~ed 

perpendioul.m> w 'the axis of fue cyli!¥lr1cel vemsel of length 5 em.-., and cover!na . . " -- .... 

the whole longth of the tube 1n the uniform linea of force·e: The ar:cangement 
•;,, ' 
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A& the dimensions of the pole :tooee of the magnet are 7.5 cma x Lt·s-cm. and 

the lengtb of the discharge tube• 1s 5 ome 1 the tube lies onti.rel3 w1 thin the 

pole fooee. To tnveotigate the ef'feot of uni.foxm magnetic field on the breckdown 

potential end corresponding cut-off frequency in the second~ electron 

reeon.ailCe breakdown meolwmm, tl:te si."lCle discharge veeeel mentioned ubove i.e 

chomen for the whole experiment. Keeping tho magn0tic field atee.cly at acme 

TalUG, the stXOO prooeclu:r-e, oo adopted in tha meaeureaente without magnetic 

field, 1e followed ond frequel'JC?y versus brekdown potential curve slightly 

beyond the cutco:ff' frequency is obtained~ Dy i.ncreooing the magnetic field by 
' -

some discrete nr:tount, different such. cu!".roa are obtained. It !o o'bee!'ved that 

wi til the inereeee of magnetic field, t..l-te breakdown lJOt~ntial at identical~ 

:frequency 1mreasce am correspond:tngly the. cut-off frequency is shifted 

towa:rda the lower frequency v alua, but curves are :1deut:!cal in natw."'e among, 

themselves Gnd al.M wl th the ourve w1 thout magnetic tiold. T'!le observatiOllS 

were made tor higher and higher magnetic field until :f"t.n'>thr·r. obacrrvations 

could not be taken due to limitation :tn the output pcmgr of tiw tuixh It io to " .. ' ., 

be noted that every obeervation of breakdown potential whethor wi thou:t ~agmtio 
.• 

field or with mQ&'letio field ie Npcnwd several titn~a, and the me em value is 

taken. It is oboerreu that the brakdo'l;n potential never d~viatee more than 
., l> • •• 

y ~~ 

.1 2 wl te (r.m••• ) tot:m eech other in repfi. .. d ~eerva.tione. 

Apptlra too ~~ 

( 1) ll~:~,F• e:xct tation ·ao'Ul'Oe (2) D1ooharge tube filled with rare 'saeoe (') Speetro­

gral¥1 (4) !?hotoaurfooe (5) .aoro&tmlleter {6) Eleotranagnet. The R.F. eleotrtoal. 

e:tOitation soUl"Ce is the sa.'i'lo e.e· before. The diaoharge tubse are oyl.inir1eal 

tubes· :t':! tted wi'th electl"Qdea and fill.ad ·.iii th ram gases euch WI neon• argon, 

be11un at ~rttaeures ot 10 mmo: Hg~. A conetan·t deviation e,ectro:ph~ter W1 th 

~men·t to measure tbe waveleugth of the upeotral llrwe direct~ bee been 
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photo el~ctron"on exposu.t~e to light. Thie is used to measure the direct 

mtewi ty of tba beem by the amouut ot ourrent that Aowee !~ ·e:terno.l vol tege 

1e rwoeeaary to collBct the pbott.lelectrom~ When the ·;1J;o el.ec~es are 

eo:tmnctod through a micJ.>Oemmeter, cur:mnt flows aependiw.:; UJO:i:'s-,:tl1Et1ntenei t1 ot 

b ·ltt;bt•. In the present exPSr1mont tbe eurft?~Ce 1s ~vays exposed to tblt 
C.V~cile ' d.isckGL"Y3€ tube , cvnc.l 
se~nt!Q bam trom the oooo~ dev:icA;·!orJ .epeo~ comparison of 

intel'l$1 ties 1€(made without and wJ. th ·!he l!ll'lgnt;~tio field• The eame cleot:t'OOlQ@'iGt 

deoo:d.bad earlier is USGd he:roc.. b whole experimental arrangement is ehc:nm in 

fis$ ( .q >.~· 

b ex_por:lmnt is psr·£omed in two wayQo The diecharge tu.bel'l!l a:ro eD)i"ted by 

rc.t• eleetrioal e~1tation sou:J:'Ce appJ..ying power direcrtl:f to electrodes. T'i-1& 

tubas are used as 9Qu:ooe tQ the t.JP<-->etmgraph • ., The ~tic field ie plac0ti 
,. 

peeyendicule:r to tbe a."'tis oi' the. tubes mld .eo perpendicular to too r .. t. elaetr1o 

· i'iald~ V:i.f::Wina' throu@1 the ···taleooo~, some l~s an1. chosen eeriallg fran tOO 
.., ' . 

epeoti'i:n ruld tlWir wmrelenetlw am obtB.i.nad fran the calibration .in too spoetro• 

meter., Repl.~ing the eyepiece by a photo«;:;rapll:i.c cH.:toom,, e::s;poe'tlree are taken. on 

& photogrlwh.t~_plate o~ those epeotl'allincs,11 ?.lut.mn~tic field 1s then 

establiElhed to"eO!!le diGO:rete valooe mli in each ease the spcct'"l"lm of tl'l.t) samo 

lime &"0 taken expooillg the photograpbi~ plate by tbe seme amount of time as 

. befo%43~ All tho e~sm·e~ were t~?.ken in tb,e sw~ photo~;raphic pla;tJ0 to e.nstml 

untfom. devol.oping of all. tha $peotrs ·taken at different magnetic tiieldec ~lf!e . ) ', 

lima. at different mi~tie .:field: cot»i.tio~ •. Sa.1e in~MI! lines. \mtch were 

pho·fi\J.r:,ra.phad ·~.very dark linea tn. aJ.;t. too speet~,. could. oot be SQanned :for 

el~ of inteneit.Y by the present ph.otoolete~~ &tildes ·th.es,,t . ia Q1l other, lmes 

t..'wre ia a marked iooreailo of :l.ntenai ty wl ~l increaee of mr."\glletio · field. 
. . . . ~-. 



· In tf1e next part of the experiment, tl'le spectrograph ~e removed a.'ld the 

phOto surface ie plooed before the dieoharge tube• 'll1e n~F· emi tet1on 1e 

put ott and megnet1o field 1e 1norotlliled to investigate 1t there is any effect 

of tlw magnetic field on the photosurl'ooe. ifo euoh effect wae fo'lbl., The 

tube ie exoi ted am the magnetic field ie .1ncreaeed~ The photocU'l'l'ent ehowe a 

grachJBl inorea~e wt th mogoo-'.;ie field·• Dy changint) the poai tton of the photoeurte.ce 

With respect to dieobarge tube am magmtia :field the enme reeult is obtained.. 

Bene~ keepii\.'Ft'he photosurface at the same poet tion ob~Jorvat:tons wei"e made 
.. . . 

for three:- diaoharge tubes in the ~r desoribed above. He:re the photoc'l.lr'rent ·· 
. ' I ' 

yield 1e taken pi"'J>Ortionel to the intensity of ligbt~ It is necesmn!"'.f to 

mention here that on app11or£'>tion ot magnetio 'field 1..~ the ae.i.d m~r, tbe 
" " 

who].(! discharge colum is fomd to be Yieibl\Y conratr1cu.td• This woo ~~ 

1n OMe of all t1:le geae~J st\¥11ed111 

1. Giilt EoVlo:B• em Von Engel, Ae (1948) hoo. Boy. Soc. 

2. ~n, S11N• ana Ghoeb1 A.X. (196,) Oamd. J.- Pb$•• 

' '. 
",. \' 
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I N T R 0 D U 0 T I 0 t~. 

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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E X P E R I M E !J T A L A R B A H G El U E N T. 
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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~ 



--
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) 
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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. 



... 

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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) 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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l I T R 0 D U 0 T I 0 N. 

Varela ( 1947) obeerYed that the breakdown potential 1n a d1scbarge e:mi ted 

by a ra41otrequemy eouroe .t.llcreeae4 when a d.c. pOtential 1eu thaD ·the 

nctiotrequency breakdown voltage wae applied 8¢croes the dischSl's- tube. TM 

41acllarge tube ba4· a111Dintm electrodes 1n en a1aoephtire of 5 om. ~roeen 

With an adld.xture ot 20% argon. It was expected however1 tha~ tb8 preeeme of tbe 

cl.o~ field would huten ionisation 191 th a ginn r~:l.ofrequel'lCy potential b7 

Y1rt1.W ot higher peak electron wloc1 t1ea and that a reeid\81. potent1sl following 

the ·atecharge would ~ten t\eionteationt but the remd ta were contre.17 to what •• , 

e3;Pected. Almoet the same reeulte wore obteimd earlier b7 Kirchner ( 19251 194?) 

wbile etuay:l.ng the breakdown in saeea by an r •. t. field 1n 'the px.nm• ot a 4·0· 

potcmtial• 

Yarmr1D ard Brown (1"950) calculated theoretioall3r the dietribution furct1on 

ot electrom 1D an ionised gas :f.n the preael'lCe ot both rad1o:trequenoy end 4•o• 

fields.. It 1a general~ ~own that the gas in the cav.i ty will breakdown when tbe 

louee o:r elec trona to the walls of the cavity. ~ replQ3ed by 1ord.eat1on 1n tbe 

botJt of the gas.,. When a.n a.c. :t'iel4 .1a applied., electrons are loat by ~1ffua1on; 
. • . '•, .' > 

When,., in addition,. a 4-..o~. field ia' applied:~: electrons are lost both by 4lttue1on 
. . b v::: ' . . 

arad mobilit.Y• .. It Me been· .shown v ·l!Bmertn and fuoam that the new efteotive 
,, 

dittusion longth . L cl.c. ot the. TeBMl in. the presem.e of the ·d~o~ t.leld ia 
. ' " ' 

aborter than :Lta tQlietrubed t11ttll9ion ·~nsth · L aoconiillg tO the eQuation 
' . ' ' . )' '. ', . \ '_·· .. ·.·' . . . 

' . . 

. ?' \2-

. + tK. ~d·'·/z1)J 
' . ,•·, .. 

·~~·.(5.1) - . . -
Where X denotee the mob111 ty of the •lec:tron an4 D the diftu81on coeft1ciebt, 

~ 'ttlua C!'O,_l~e4 f.l'lat the o~ diff'ercno~ be'fNi~n the breakdown ~tt,o4 
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tn the aac. - d.o. oeso end tl".e pure a.c. oaaa ie. the eub&tit;ution of a 

That a ~e.ter brookdown field is recessary \'Jhtm the d.o. voltage ia 

su.pe:t"'lmpoood on the r&diof~Que:noy fiold woo ehown by Brotm. ( 1956) 1n the eaee 

o:f air at s presaure of :3a mm. of mercu:r_y whcro a d.c" field upto 20() volta/em 
Q 

was f/JlJlpplted. 

No; B".{O'tamatic a·tudy of the b!'eak<.lown of gases under tho 3imu1tamous 

ootion of the s.c. and dc.C• £islds has so ftX!' been reported. I·t is expected that 

t.1:11a e·t~y will throw more ligh·t on the mechanism of brc t:kdown. 

The objeo.t of the present :tnvcetisation is to deteroine the breakdown 

·the Gimul'i:anaous ection o:r radiofreqoonc,y an:l d.o. field ia meaaured tor fiJalll 

rare saaee ( tre1. Ne, A ) a.~ oxygen a.t a constant preaoll!'e ot 10 m.m. meroucy. 

~!he applied d •. c. vol·tac,"€1 ie varied fran r.a:ro to 70 volta/om • It has been 

:found tht:lt the bretik.l1own voltaGe io higher when both ·the fields are p:reeant 

thwl when tho goo is exc1 ted by a radiotrequenoy :ff.eld alone rtmd the b!'eokdown ·~ -, ·. 

volt98e. grl.\dual:cy increooea With the 111orease of tlw d.c. fielde A theoretical. 

exp:ressio~ :for t.he breakdo"m volto.ge in the p~eenee of d.c. am rad:i.o:trequency 

field was dedooed from the t heocy of elcotrioal discharge by lC1hara ( 1952) 

utilieine the expression for equivalent length dedooed by Vamerin · o.nd Drown. 

Tho e:x:preseion thus dedtv::ed wae utilised to explain the experimental :meulto. 

However this trea'tm9nt did not imlme the contribution to 1on1eat1on mo.& 

by t1» d.c. field beoa.uae the field applied woe emall compared to the 

rodiofrequ:mcy broakdown field. It woo evident hO\'Ilever from tha experimental 

reaulta obtained that the rate of rise of breakdown field with the app11e4 

d.c. field gradually becomes- amaller as the value of the d.o. field i8 



1Q)rea.se4. ~ tllit9 1 t woo evident tha~ the oontrl.button to ionteation by tltt 

d.e. t:Leld was bee~ dcminant \t1tb higher dQci fields am m~ if the 

d~c. fiGld be wffieien.tly iml\~aaetl then the contrtbution to ionisation by the 

49e. field will be eooo1de:rable and the rad1otreqoomy voltage to came 'breakdown 

w1U artldw.il~ decreane. At this point a second aet of ezperimenta is perfomed on 

a.o~ • d.>o~ canbined breakdown phenomena to verify t.be above oomlueion. !he gases 

ueed w~ra OJ!13gen11 a.t:r, carbon-ti-o21de and eydrogen and results were ob~d tor 

different p~ss~e 1n eeeh ees ( ~ :few m.m. m®roury ) b,y ~wl]¥ 1no~ooins 

tha d~o· vol.tage at regular 'l!tepa~ !lbe maximt" d.ce wl·~ mod i'» 240 volte 

pe:r om. The variable volt~ radiofreqoo~ field baa ·llhe fre_quewy :10.3 ~/sec. 

In an oasae studied, the radiomqt~Emcy voltage illi.ti&lly inoreaeeg 'with applied 

d.c;. voltage attains e. m~ .mo. tbon \vith the cont:Lnous imreMiD of' d.c. ftel4, 

the r.:.e. tree.Mown vol~.l;:,~ gredUS.ll3 doo~ooes~ 
Obv1o1s]3 the ·theorati~al e:q'imssior&/d;odwed to explain· ·the :s--ecul to of 

tJ,ret set ot exper.\mentw woo a partial. aucceas. It waa pointed out that the 

cliserepa.my might. b~· due {a) to uneerta:.tn·ty in the valmm of the moleculer 

o~tants i.rlitmduced bf ~a a:nd (b) the· e:ffeflt of d. c.· :toniaat:Lon waa t10t. 

Wken into oona1deration. Varna$ ~nd lli:mm in finding the- effoo·t of d"e. f'1eld 
. ' 0 

o~ conetde:rod tbe e:tteete of imreased diffusion w.d mli.billty but at l'!ie;b 

. Valoos of a.e. field the eontrlbution due to d~ea. ionisa-tion enould a.lso bfJ 
·'~. . ' 

teken tntO oons1derat1o~~ CcllBSq-oont:l3 a. modified . theo:retical ~rsaion 1e 

doot»ed to explain the GX..~Iimental resul t9 of' t'he e~ooond set.· 

, '. v.· 

' ' . . 

arg@!'l end O~&'eft have been eupplied by the manU.f'ooturere- in ea~d eondi tion at . 

& certain pl'esota.ro and each dioehe.rge tube is f:l.t'OOd with alU'llin1m1 electrode~~ 

The r.t>~ voltege ein:1 d.c._ vol~ ~"'a etmultamo~~ appu~'to tbe ttteoburge 



tubeGI through meriee cor.mected condensers and series eomwcted r.f. chokes 

respective~ as. explained in chapter III. ili1e d.co field is var......t.ed fl"'Ol 5 vo1te/ca 
~- ' . . 

I>'',, 

to 70 vol ts/cm. 1lle lefl3th of tho discharge tl!OOe ta.l'e oo f!ll.lmts :. he:iiun-13 em., 
. ' 

'.J.he S\ilCOQd part Of the experiment bas £JOt 'fila identical .setup 8S the 
' '' .. ; 

~ ' 11 ' ' I, I 

previous o~~ 1!he diraclmra-e tube 1~ of length ) 3c:e. and di!U9't$r 1. 25 em atld . ' 

pr0saw.-e of tl.'a:.t gas et\Oloeed. 1lla eas0s etlJlied 1n this imrestisation a..."'e 
~ : (: • I' ' ' 

O~ftgen, air, b:fiirogen al'l4 carbonadt~xide •.. Alrll o~gen and carbon!~onde b~ .. 
t, . . \ ' • ' ( • . • ' . '!. { • .• ~ ' -~ 

~en chosen in order to stu.iy the effect o~. 0lectron .atttOOi'ln0ut and .the J)l'aQsure . . ~ . . . . . . . . . ' ' 

is of the ordeJr of o fmJ nms oi' me:rom-y which has been me~U!'ed With tho bolp <'Jf 
(J ' '} \ , ' ' : t ' l : ' ' ' ' ). I , • (!. { ~ t) '.' , 

··n me:reury monometere~ The rad1ob'eq\£1my 'V'oltage baa the :t.requamy 10.3 "No/a &n.c1 
·' ' ..... , ' ,; . . . $ . ·: . ·' . 

. ·tbe d~c;.. .foltage applied 14_ trom few volts/em to 240 volts/em. ~Jyarogen ~ 
. . . s . . 
o:qgen. have been prepa.red. by eleot:ro~tis of ba'riuu b3d1'0:td.de oolution. Carbon• 
'. . '' . . \\ . •· . . 

dio:d.de !)oo been· obtained by the ~tion of dilute eulphurl.e oo!d on soMun. 
' ' ' ·, ' ' ' • , < ' : • ' • ; • < I'~' 

. . ' . . 

. . . 

. :R E S U .L ~ S A N D D I ·s 0 U S s l 0 N. 
., ' ' ~ 

1st Part I• ~.varl.att~n of the ratio E,fro (where 1\; ie the ~aldlown 

> . . <J ' ' ' ' • ,· • • 

B
0

. is the breeltdown voltage per om in the preeeme of the :mdiot:requency field 
' . . . . ' ' . 

o~) aga!Mt . E~·'· the applied· a.q. voltage per om is ebowll'.m fig£~.~o-a.., b,c, ~. 
. . ' 

bre 1e ~ tlete~table obange 1n ::rad1ofre.quexq breakdown voltage for snall. d•c• 

voltege81 Which -.a 10se than 5 v/aa tor aU the· gases studied; 1 t :ts clear 

tha.t With th('9 application of do*• fieldt' the radiotreqwooy breakdam1 'Voltage 
. • . . . . '• l " • ··, 

j..ncrea.eee am, the natim>e of variation of E,fEo with ·Ed.-~. to practicall:/ 

the some· for all the gases. e~ed. ~9 natu:re of tbe vad.auon ie:r the' ·eEine 

.as that o'baerved by tho ·previous workers~:; · 
-:·. 
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The plzy'sical eigniftoance o:f these results is a·t ome apparent. In e. r.t. 

t1eld, b:r.eakdown occ'l.I.Y"8 v.rh~n the lo£~s o:t electrons by cliffusion and mob111 v 
is compensated by the generation o:f electrons by :l.oni.Mtion. Tlle application ot 

the d•Qt~ tield further ~;roues the loss due·· to d1ffus:Lon mYl mobility em 

heme a. larget' electric field must be o.ppl1ed to produce more 1oniae.t1on to 

compemate for this imree.eed lose. In the analyete whiob follows use bas 

been made of the equattone dedooed by K:l.ham ( 1952) wi t.ll the new d1fi'u81on 

length L cA.c. introdwed by 'fB.'f'llerin .and :Brown ( 1950 )~ 

It L0 denotes the equivalent length With tbe rsd1otrequency field alone, 

then acoordin§ to lWlam ( 1952) 

••II! (5.2) 

wb.ere ..)
0 

i.e the :tonissr~OJl ooefficient and D
0 

1s tho tli:tfuoion coet!ioient. 

When both ·the r.t •. and d.o. fields are pxeeent, the b:roakdovm condition ie ' 

given by 

then 

l I 2-
LtA .c. 

s. ' j ~(1-1/ 13;, · · + lK Ed.cof 2 '])J . 

....... (5e3) 

• •• (5.4). '' 

••• (5.5) 

whem ~ and D ropres~nt the quanti ties for the new breakdcmn field. Acco:t"ding 

to K'thara ( 1952) 

( 3.0. N2 7'.jc,) ex.f l- -rn <1/ 1- Ktr.J~ 

( 3 o. N l 'l\jc:) ex.f L- ,.,.,.c.C /2. KT•) 
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where ~ 7\ om cl a.r. the molecular conatanta in·troduced by lWlara em N 1a 

the ntmbar of molecules Jer c.c. et the pressure of the &Uat K i.e the Bolttman 

oonstemt, "m" ill the maee of 1he eloo.tron .. atXi ( Te ) is the electron, tempemtUNJ, 

whioh will be different for two br(!Jt'Jkdown wl tagee. Coneequant~ • traa eQuat'loDS 

(s.;) am (5.4) we set 

I,,' ••• (5.7) 

' ,. ., .~ 

,' ,', 11 

where D :m :&ak 'l."efo 'b:roal~1a .. ,n voltage • ( r.m.a. voltege )~ 2ft 
0 ' 

and similar~ K le = e E' ( N ( b A. f) V 2 

where ~1• Fe* r.t. breakd~n vo~~-e~ r.m.a. )roltasO '> ~2i 
,··' 

. P\1.tti~ .. these values into equation (5~.6) wo get 

Lal1 +~ eL,E~.c/2KLTe),rt N(nrr{cEYE.)-1} 
; ••• (5.8) 

••• (5.9) 



Gas 

~SOD 

P".tt:U.ta 

· Naon 

O:r:;ger 

·where L' is the ler~gth of . the dioohar~ tube ana u w " 1e the angular trequinc7 

of tl~ applied r.t. field. rrer!Oe 

' . '. u (5.10) 

Since tha rad:lofreqwncy breokd<mn wl tage is known f.n»a experimental results, 

· ·(Te: )~> can be calculated from the relation ( ~ 1952). · 

have been 

ob~d from the :reeulte reported by Jh>cNm (1959). In order in calculate the 

l'ight hand side of eqU!ltion (5.10 ), the. following valooe have been calculAte<l trca 
. . . ~ . 

· the data of molecular conatenta given by Kiha:r.a ( 1952 ~ 

~ABLE- I. 

P a 101Jn. fig. 'Z 1111 1aic/seo W 1.11 6.28 X 107 rad.ia.noe 

?\.><loiS fx1o24 N(G?tJf'l E, 
I 

\{.'f. lo- 6 ~~(.2kfl.l)Eo] (J\ f) XI 032. K (le)0 xlo12 L:; 
Ctw.?JfSec. C.'Yh. See. . ll~lh/c..l11 2. Ktfe)o emit ·• ,, ~-',. 

1 
.. :?.a 1.;ss :282.1 16.28 Oe0953 13.~ · o.o,68 114.1 . 

4.4 0.20 81e58 14.61 ; 0.29()2 13 0.0021 :56.17 

52.96 17.3 0.517 15 0.1329 22.86 0.3710 

?26.6 ~ 0.0512 ,, 0.1304 oo;.e 8.356 

I . .. ~ " 

•,). ~ . 
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The right band side ot equation (5e10) can tbua be calculll ted ~or different values 

of E~·'-· • The roaulta a"Te plotted eide by aide with the e:peririental curV"ee. 

Tho quant1tative sgreement ie mt eatiefactory e:xcept :tor argon ead o:xygen and aloo 

for values of Ed. c.. near about 20 ·.v/cm. There ie no a.gre~nt at all for heli'tB 

and mon. l.lhe q'W.Dti tative diesgreement can be attributed partly to constants 

introduced by K1heru.., T'.de nature of the theoretical curve resembles 'the 

experimental curve to a certain extent, but the rate of riee as J)I"'dioted from 
I·· 

the theoretical dedwtion ie emaller than that obtained exPerimentally. It 

lhould be noted howaver1 that in the above deduction two--~affecta hElve not 

been considered Vil!l. (a) imreaaed looe due to diffusion because of ihe presence 

of posi t1ve tons and (b) the posaible ionisation contributed by the d •. c. field 

ttoolf. The contribution by ·the second factor to the t..'tteoretical·ccmputation of 

breakdown voltelf>"C \IK.)Uld, however, decroase the actual value, because if there 

ie 9l'J1 ionisation caused by the d.c. tield 1.1t would tend to l011er the value of 

breakdown field~ Whereae ·thie fee tor may lower the valme of ( E • I E.. ) somewhat 

1n the oaee of he lim and neon, 1 t will reduce etill fu:r:other tl"..e values of 

( E 1 I Eo ) in tie cace ot argon lDl o:x;rcen whel"€! the thaore tical v aluea are 

actually lower than the experi'!!ental valt~e. Further more 1n the caee of o:qgen 

the contribution due· to the attaebnent of electrons hwe not been taken into 

consitlerat1on1 and this actually modi:fiee the expression for breokdovm voltage. 

The imreued lose doo to diffusion in the presence of post tive ions rnay be 

l'8epom1ble for tlle higher valuee obtained experiment~~ 

The theoretical and experimental J:eaulte point, however,. to 1be :fact that 

in e. discharge excited by the simultaneous action of radiotrequency 8Dd d.q,.:: 

voltage) the loso ot electrons is due both to ditf'UDion and to mobility ODd by 

employing t."'le deductions o:r Kiham t>r.l. th the expreesion for the equival.ont length 

es deduced by Ve:merin tD.'1 nrown,. it .hatJ been possible to deduce reeulte which 

can be a001pnred with the exper11nentally. obee:rved val~~~' . Tho~ .the· Jo~e 
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treatment is i.rr:uaplete in !l1aJW sense, ~t ite ln.l)cose With eo ma1'.\V unaerta1nltt.ea 

coul,d not be i&l'lOred. So ·in the seoohd part o'l the experiment, attention wu 

Paid to different drawbecka in tbie theoret1o~l earpreeaion eDl the t.haor.v ~ 

bQen modified in the light ot kr.lOWledge gathered by tb1e reault. 

2D1 1.'a.r't ·~ Ill oon't1nuat1on of work clone in b first paztt the variation of 

radio:trequency breakdown wltagee Y¢th tbe appliE!Cl c1.o. f1el4 baa been plotted 

1ll nee •. 2\ ,2 2, 1.. ?.>)'Lit~ tn oaae ot a1r1: ~rogen, OlWeen aud oarbon-41-ostde 

reapeottve~.: . ~~o:ritinate represen,_, the ratio' E:z. I Eo · whmt E2 ia thl 

ra41otrequemy breeltdown voltage when· both tho rodiofrequency end d.C)~~ fields 

1\re preBont e:nd _E0 ie the breakdown voltage when .~nq the :radiot:requenc:; wltage 18 

present.:_ It ie ~·n t:roil the. natUre of the curYea that the breakdown wltage 

aractuall3 :Snc:reuee with the iDcreon of d.c,~,::t1el4, then atta.:lne a max1m1a at a 

certa:tn d~o •. · fteld which 1Js d1tterent tor different gasee1 and then falls ae 

the ct-,o. field 1a further increauea.;··A weU detimd rimm111 1e obtained 1n 

e-.ch castt. ana :the:. variation. ot b~akdown voltage with the d.o. field 18 quite . ' . 

general aa it hae been obnw8d for all the :toUr gases stmied. Jt ie thua · 
. ' ', 

quite apparent that whereaa the 1tleory :of Varner111 and :aroWn ( 1950) oan explain 

the 1Dere89e ot. breakdown Yoltege when the d:~.o ~ tield ie ana.U u due to 
,. ' . ' . 

1Dcreaeed loes due. to aob:l.liV 1n the preaence of 4~c-~,: tieldt. tlle oocurame ot 

'MI'Aldma tJlrl the coneequant tall in bl;Qakd~ volt~ show that other maohanilld 
• 1 ' ' ' ' • 

· are aleo operating._ 

fo exple.i.D the observea. reeulta :l.'t i,e t!mNfont auggested tlmt,,. whereu" 

tor ll!lall d.o. fteld•>d·~·· 1on1eat1on.oanbJ neglectedt{ th~ ~:t:rect of d.c •. 
. ' 

ionisation baa to be taken into consideration .. wben the 4 •. c._ voltage 1a ot. the 
' . . - . . ·. 

order employed 1n the preaent invriet1€a~~ona+< '.The ef~eOt of d·ece:: voltage 1D eleo 
' '.- ... ' ' . .. . . 

, .. 
. ~-·,J. .~- • 
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clue to d.c~ field is absent anc1 only the lo.oa due to mobil1 ty to be et.fect1w. 

It w.tll be then found out how this breakdown :field ehtlDE,'BB 'When the d.ch 

ionisation ic taken into consideration. !n the presence of :rodio:f'requeMy field 

thG broakdow.n condition ie given by 

where 
... (5.12) 

Here ))
0 

ie ·tne 1onis£ation coefficient and D
0 

1e the d:ttfuaion coefficient. E
0 

ie the brer:Jtdown ·field :Ln. absence of d.o. field, L the length of the discharge 

tube, '' e " ie the radius of the tube1 mv1 i theJnob:l.liw and w the angular 

frequency of the applied fieldo When tb.c d.c. field ie aloo present, 1 t has 

been shown by, Varnerin a»' Brow-n. ( 1950) that the breakdOwn comi1 tion ic given . 

by 

hom equations (5.11 > •. (5.12) and (5.13) 

..Jo/'!>o 

wbe:re = ( K/2']))7- = 1\12- (3'A f) 
~ . (2 ·4o>/<L)~+ (1r/c ,)"- 4 E; [ ( 2'4 o>I•Y + >r'/(L- 2 K E:,fw Y] -

by Plitting the val\198 o~ i end D :from K:tham 'e the en.~ ( 1952 ). 

fi>an Eihe.ra. 'e theory ( 1952) 

~o/'])0 = (3 .. a. N"l:t./ct:) €:c.r {- -mc't/2 K(T!L) .. }. 
• •• (5.15) 
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" ' 

the nu:nber of the molecules par un1 t volune and Te 18. the elflctron temperature. 

rutting the values 

K Te e.. E j N (_'3.'7\·~) 'h.. 

rrn. c(. N. (:,:A..f)
1

h.. /2eE, 

' ) :\- . ) where E -r.m.a~. breakdown voltage • ( peat r.f. voltage I 2 .... Kihare. (1952 

-get 

••• (5.17} 

aj' 
whcl'e E1 1e tlle breakdown voltage without tnkin.G into coneidera.t1onAd.e. 

1!m1aat1on, and \3 0 10 the eona·oont in trod wed by TOWMend. The constant (3 

can be calculated for different gseoa trom the values of moleouler constants 

for va:rioua val1..11s of Ed. c. 

1e the ionioat:t.on coefficient for the radiofrequemy field only end -)c\.c..1a the 

d.c. ionisation ooett1o1ont, 

,)I 

••• (5.18) 

To calculate {J both the prioar,y am SI!OO!'H:lOl.'Y ionisnt:.f.cns hove to be talr;ell 
d.(.. 

into cone1d.ern. tion; when the primacy iol'lieation 1eponeidered, 



\ 

c;\1 - o(L 

.Vd.c. = d.. \< E J.c.. -

1 - 'f -ex.f (o~t2. L) 

~ (1- Y exp(~2L~ 
L. 

k E"·'· ~[1 - Y.e:q,(oCL)] 
L 

••• (5.19) 

••• (5.21) 

but m.me 0, and ;>
2 

correepon.t to b reokdown tor radiotrequerv:y diacharge 

.), I'D, = 1/r?- . OM.d. ,)~/1)2 -= 11 R 
81ld. we get from equation (5~1e) .~ · 

'D,//\2 = .']):l-/1\'l- +·~t< E - [1< Ed.c1~~-7,exp~L)J] 
I I J.c.. l 

Putting the Wlta$ ot D1 and .:02 from Y.ihara 'a theo%7 

· K Ecl.c/\'2-~) 1- y.e::cf(~L)2 
E, k E2. K. 1- o<.. k /\?- E 1. 

N (3.7\.. f)'h N .l3 .'}v ~)'h.. cl.c. L 

oo. tm right hand eide that 1 te contribution can be nsgleeted.. '!'hen 

. E
2 

= E,- N·.(3.?\.f)'1~ K.(o(./p) (Ecl.,.jp).P2-
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Conseqwnt]3 >eqtl~tion (5. 24) c~n be. llt111sed fo:r calculating E2• To calculate E1 
t'b.e value of ~ has bee%) obtained for each BM :from the nuner1oal conatantiJ 

introduced by la.ham. 

1'Al3LE.II - . 
.. . 

. . 

Pressure Eo 80 
'h ('7\.f).lo3 2. yl\~ 

Volt 
m.m.·Hs· Vothfcm. ~ \='4-Y N . ( 3 ·'A- f) . 1\'J. 

1:.'111·.,.,., 

Ha 'i:. "::· ~ 

1.5 1o6.7 14.55 16.565 1e65S X 10-3 . 365 2.121 

1.0 go.o 14.55 16.854 1.oar x 1o·3 365 1.414 

Izydrogen 2.0 56.8 4~455 16.885 :Se073 X 10•3 130 1.538 

l~sen ,.o 6S., 4e455 16.378 s.oo X 10 ... , 130 2.379 

O~gen 2.0 96.6 a.1a9 159.5 2.564 z 10-4 138 ·o.221 

08l'bondio:xide 1.5 93.3 21.78 61.38 s.66 X 10-4 250 0.6742 
.•. 

The values ot E1 can thus be oaloula ted :from equation ( 5.17) ard tbie 

gradu.'-~,.ly increases wl th the 1mree.se of d.c. field. It 10 however to be 

noted that upto a value of ( Ec~.t. I P ) of the order of 150 volts/em. m.m. Hg. 

the rise ot E1 with Eo~.,. ie almost linear but wl"~ E <l.e. 1a incret?-Sed ottU ., , 
. . ..,. 

further, E1 asm.l'11eu exttleme4' hi&J;l values. This fact sur,gaete that at high . 

-values of ( E d.c. I P ) gre£Lter than 150 volt/em. m.m. Hg. the dr.lft veloc1t;y 
~ ... 

:ia no louger e l1near function o:r E I P • After caloulatine t..~e vallEs ot 

E1 tt 1s possible to calculate E2 iTem. the equatiOn. (5.24). ~e velws of. 

( d../ P . ) tor varioue values of F/P have bean 'taken from the data given by 

Brown ( 1959) ani the valuee of' ( E: 2. I E' o } have been plotted irl the 

n.g.. 21 , 2 2, 2 3, 2 4 ( cw:vee 1nd1oatcd by dotted l.ineo ). In case of flirt 

f> ,, ·,, 



... , 142 ·-

Carbondiox1de oo!'l oxygen the equation has ftirther been modified because 

'at·taohment will in...""luence the valoo of ·t;M brce1."down vol·tage. 1he effect of 

att~lunent baa been o::Ueula't.ed in ·the om.-1e manner e.a ha.s been done by San am 

Ghosh ( 1963) where 1 t waa shown that 

••• (5.25) 

where E2 ia the breakdown voltege calculated without oonaider.lng attachment, 

E: • breakdown voltage when attachment ie token into COI1$ideration and 

b t l 'h = l c{fF - /p 
L c1..;p ••• (5.26) 

where !kj p 1• the attachment coe:tfic1ent. 

The valU!a of ~/p for air am O:JWgen tor varioUII ( Ed.c.. /P ) values have 

also been ttlken from Brcr.m ( 1959 ), due to lack ot adequ~te data,. the value could 

not bEJ calculated 1J;base of cerboniioxide. In the :f1ge. 2 I CM-.d 2 ~ the ratio 

have been plotted. 

By ccmpa.rl.ng theoretical and experimental data 1 t is aeon that there 1e 

qu1te good agr.eement 1n case of air both :tor pressure of 1~5 trm and 1 m. The 
e.- (Jv 

d1oortp¢noy obs0rved may partly 'be ascribed to Ul'lOertaini ty in the value a ot the 

molecular constants. There ie reasomble ~ement 1n case of hydrogen for a 

preoeure of 3m. However, for the preooure ot 2 lllnt though the agreement in 

' - cl >q .~ load tor lOWelr pressure, Wide divergonce is notice~ for E ct.(. 0- volt,cm. 

In toot, tM value of E1 the b:reakdovm vol·tage w1 thout considering d.c. 

1on1eotion becomes so large that Wide divergence ie no·ticed even if d.c. 

ionisation is considered.- This toot eug-;eete as hae bean mentioned (Sen end 

1\hattooh~:;.rjee 1965) that pemapa the dr1~t velocity does not remain a linear 

:t'unction or (E/1' ) ana the lose of eleo·tron dt~ to mobili "f4Y 1e actually amaller 
b \1 

than what 111 pretiioted ty :&.rmrin and Brown's theocy~,' In ceae of o~gen alao 



di't'ers;~nce boccmee doo.Unrmt at high d.c, fields even though at·taobm.ent cerrectien 
' . . .. . . . " ' ... 

baa been applied. Result. would hnve improved slightly :11' attachment data. were 

available :l.a case of carboDaioxl.dec . . . -

It ean tbue be oenclutled thhlt te:r E!DlQU d.c. veltage the -.eoey proposed 

by V~rin ani DreYm tllat ~•a Etf electrone increases doo to mobility em 
I • ' • 

explain the incresae of breakdovm voltl3&91 but ~~gith the increase t2f d.c. volt~, 

i~nioat1&n due w d.o. field also hGS t& be taken into cone1derat1on and th1a 

facter sra1ually increaeesWi"tih the applied d.c. field ana becomes t:J3nsiderable 

at high doc• VQltage W'1d thereby redooee the radiofrequency Tolte.,ges nooeasary 
• (!,_, -

ter braakdewri. 'I'be atbeeN~d tU.oonpf"nay can be ascrt'bed partly ta the UFJCertaiD1 ty 

in th~ valuea ef m&leeule:r oeneJttmto introduced by K1hara in hl• tmery C)f electrical 

diechsrgee In eaee ef doc.· t~m1eatif!Jn1 the pr.ima.:ey icnioat10n 1• much are 

predflminant than the aecolldary effect which depel.lda u o._ major extent upsn the 

nature et the electrode and e.lBI!) W.a)On the pressu:re of the sae 1n the discharge 

tube. 
. .. 

It should heever be !Wted t..ltat the theo:ey which baa been Wh'an-Jed here 

1& btleed '~:,on th~ theflW of elec·tncal diacberge by Ki.hsro which .fWS"!JiWS that 

eleotNn veloc1 ty d1etribut1on functi~;..n ia Ma:iw0lliono But in feet 1 t actually 

.deee mt hold ~od when rad14tfrequenoy voltage sufficient w cause breakdown 1e 

applied and depar'tt.lnl mm "the ~ellisn distributien \!!comes sere when doc. 

i(}n:teation effects VThiob inv&lve large trn.n.ei t ef ~leotmDB a.re conaidared._ 

Ceneeqmntl.y the abew theory suffers frGm 'th~ sane lJm1 tati~na u are applicable 

to K1bara'• thee:cy-(1 DUt it is noted tbat even with tlwse lim1tet1ena it em explain 

the eaporl.mental results at leP.et uptft a certain limit 6f ·doC• VOltage per om. 
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ABSTRACT 

Breakdown voltages have been determined in the case of some rare gases 
(He, Ne, A) and oxygen at a constant pressure· (10 mm Hg) when excited 
simultaneously by a radio-frequency field (frequency 10 Me/sec) and a variable 
d-e. field. It is found in all cases that the breakdown voltage is higher when both . 
the fields are present than when the gases are excited by the radio-frequency field 
alone and the breakdown voltage gradually increases with the increase of the 
applied d-e. field. The variation of breakdo.wn field with d-e. field is of the same 
nature in all of the gases studied. A theoretical expression for the breakdown 
voltage in the presence of both the r-f. and d-e. fields has been deduced from the 
theory of electrical discharge by Kihara (1952) together with the expression of 
equivalent length as deduced by Varnerin and Brown (1950). The theoretical 
expression cannot explain satisfactorily the experimental results, and the rate of 
rise of breakdown voltage in the d-e. field as obtained from theory is smaller than 
that obtained from experimental results. The discrepancy has been ascribed 
partly to the uncertainty in the values of the numerical constants introduced by 
Kihara and also to the increase of diffusion caused by the presence of positive 
ions-a factor which has not been taken into consideration in the present treat­
ment. 

INTRODUCTION 

Varela (1947) observed that the breakdown potential in a discharge excited 
by a radio-frequency sourceincreased when a d-e. potential less than the radio­
frequency breakdown voltage was applied across the discharge tube .. The 
discharge tube had aluminium electrodes in an atmosphere of 5 em hydrogen 
and 20% argon. It was expected, however, that the presence of the d-e. field 
would hasten ionization with a given radio-frequency potential by 'virtue of­
higher peak electron velocities and that a residual potential following the dis­
charge would hasten deionization; but the results were contrary to what was 
expected. Almost the same results were obtained earlier by Kirchner (1925, 
1947) while he was studying the breakdown in gases by an r-f. field in the 
presence of a d-e. potential. . · 

Varnerin and Brown (1950) calculated theoretically the distribution function 
of electrons in an ionized gas in the presence of both radio-frequency and d-e. 
fields. It is generally known that the gas in the cavity will break down when 
the losses of electrons to the walls of the cavity are replaced by ionization in 
the body of the gas. When an a-c. field is applied, electrons are lost by diffusion; 
when, in addition, a d-e. field is applied, electrons are lost both by diffusion and 
mobility. It has been shown' by Varnerin and Brown that the new effective 
diffusion length Ldc of the vessel in the presence of the d-e. field is shorter than 
its undisturbed diffusion length L according to the equation 

(1) __!__ = _!__ +. {i(Edc}2 

L~c L 2 2D ' 
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where k denotes the mobility of the electron and D the diffusion coefficient. 
·They thus concluded that the only difference between the breakdown condition 
in the a-c.-d-e. case and the pure a-c. case is the substitution of a modified 
diffusion length Ldc for the characteristic diffusion length L. 

That a greater breakdown field is necessary when the d-e. voltage is super­
imposed on the radio-frequency field was further shown by Brown (1956) in the 
case of air at 38 mm Hg, where a d-e. field.'· of up to 200 volts/em was applied. 

No systematic study of the breakdown of gases under the simultaneous 
action of the a-c. and d-e. fields has so far been reported. It is expected that" this 
study will throw more light on the mechanism of breakdown. The object of the 
present investigation is to determine the breakdown voltage in some rare gases 
(such as argon, neon, helium) and oxygen in a superimposed radio-frequency 
and d-e. field and to present a theory capable of explaining the observed results. 

EXPERIMENTAL SETUP 

Discharge tubes (Geissler tubes) filled with different gases, such as argon; 
helium, neon, and oxygen, as supplied by the manufacturers were used. Each 
of the discharge tubes is fitted with two .aluminium electrodes. The method of 
determining the breakdown voltage under radio-frequency excitation has been 
described in .an earlier paper by Sen and Ghosh (1963). The frequency of the 
exciting radio-frequency field is 10 Me/sec. The method of applying the d-e. 
field obtained from dry batteries is shown in Fig. 1. The pressure of the enclosed 
gas has been taken to be 10 mm Hg as given by the manufacturers. The method 
consists in measuring the breakdown potential in the presence of the radio­
frequency field only and then in repeating the measurement with the application 
of the d-e. field superimposed upon the radio-frequency field. The d-e. field is 
varied from 5 volts/em to 70 volts/em. The gases investigated are argon, 
helium, neon, and oxygen. Hydrogen could not be excited with the applied 
radio-frequency voltage. The lengths of the discharge tubes are as follows: 
helium-13.0 em, neon-15 em, argon-13.2 em, oxygen-13 em. 

RESULTS AND DISCUSSION 

The variation of the ratio E/Eo (where E is the breakdown voltage per em 
in the presence of both the radio-frequency and d-e. fields and Eo is the break­
down voltage per em in the presence of the radio-frequency field only) against 
Edc• the applied d-e. voltage per em, is shown in Figs. 2, 3, 4, 5. There is no 
detectable change in breakdown voltage other than that in the radio-frequency 
case for small d-e. voltages, which was less than 5 V /em for all the gases studied; 
it is clear that with the application of the d-e. field, the radio-frequency break­
down voltage increases and the nature of the variation of E/ Eo with Edc is 
practically the same for all the gases studied. The nature of the variation is the 
same as that observed by previous workers. 

The physical significance of these results is at once apparent. In a radio­
frequency field, breakdown occurs when the loss of electrons by diffusion and 
mobility is compensated by the generation of electrons by ionization. The 
application of the d-e. field further increases the loss due to diffusion and mobility 

I. • ' 
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FIG. 1. Arrangement for applying d-e. voltage to the discharge tube. 
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and hence a larger electric field must be applied to produce more ionization to 
compensate for this increased loss. In the analysis which follows, we have em­
ployed the equations deduced by Kihara (1952) with the new diffusion length 
Ldc introduced by Varnerin and Brown (1950). · ; . • 

If L 0 denotes the equivalent length with the radio-frequency field alone, then 
according to Kihara (1952). 

(2) 

where v0 is the ionization coefficient and Do is the diffusion coefficient. When 
both the r-f. and d-e. fields are present, the breakdown condition)s given by 

1 1 v 
L~c = 'll"

2 ""jj' (3) 

where 

1 1 KEdc {- }2 
L~c = Lo 2 + 2D ; 
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to 

FIG. 2. Variation of E/Eo with Edc in argon (theoretical and experimental). 0-experimental, 
®-from equation (6). · 

then 

_!_ + {J(Edc}
2 

1 P 
Lo2 2D = 1r2 .D' 

where v and D represent the quantities for the new breakdown field. According 
to Kihara (1952), 

Po 3oN
2

A. [ mC1
2 J 

Do= --c;- exp - 2K(T.)o ' 

v 3oN
2

"A r mC1
2 J 

D ~ --c;- expl - 2K (T.) ' 

where "A, u, and C1 are the molecular constants introduced by Kihara and N is 
the number of molecules per cc at the pressure of the gas, K is the Boltzmann 
constant, m the mass of the electron, and (T.) is the electron temperature, 
which will be different for the two breakdown voltages. Consequently, from 
equations (2) and (3) we get 

1/Lo
2 

mC1
2 
[I 1 · J 

(4) l/Lo2 + (!?.Edc/2D) 2 = exp 2K T.- (T.)o . 

'
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FIG. 3. Variation of E/Eo with Edo in helium (theoretical and experimental). 0-experi­
mental, ~-from equation (6). 

But according to Kihara (1952), 

and 

and similarly 

K e 
2D = K(Te)o 

K(T) _ eEa _ 
e o- N(6'Ap)!, 

KT = eE, 
e N(6'Ap)! • 
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FIG. 4. Variation of E/Eo with Edc in neon (theoretical and experimental). 8-experimental, 
®-from equation (6). ' 

Putting these values into equation (5), we get 

(5) I { [ eLoEac ]
2

} N( ).![ E, J 
og 1 + 2K (T.)o = 6Xp ~ Eo - 1 . 

According to Kihara, L 0 = L' -(2K/w)E0 , where L' is the length of the dis­
charge tube and w is the angular frequency of the applied radio-frequency field. 
Hence 

(6) log { 1 + [ e[L' - 2~f/.)~Eo]Edc T} = N(6Xp){:;- 1 J 
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FrG. 5. Variation of E/Eo with Eda in oxygen (theoretical and experimental). e-experi­

mental, @-from equation (6). 

or 
E, = 1 + log{l + [e(L'- (2K/w)!o)Edo/_2K(Te)o} 2 

Eo N(6Xp)• • 

Since the radio-frequency breakdown voltage is known from experimental 
results, (Te)o can be calculated from the relation (Kihara 1952) 

K(T) _ eEo . 
e 

0 
- N(6Xp)!. 

The values of the mobility coefficient K for the value Eo/ P have been obtained 
from the results reported by Brown (1959). The right-hand side of equation (6) 
has been calculated in this way, and the results are plotted side by side with the 
experimental values. ·rn order to calculate the right-hand side of equation (6), 
the following values have been calculated from the data of molecular constants 
given by Kihara (1952). 

The right-'hand side of equation (6) can thus be calculated for different values 
of Edc· The results are plotted side by side with the experimental curves. The 
quantitative agreement is not satisfactory except for argon and oxygen and also 
for values of Edc near about 20 volts/em. There is no agreen~ent at all for helium 
and neon. The quantitative disagreement can be attributed partly to constants 
introduced by Kihara. The nature of the theoretical curve resembles the experi­
mental curve to a certain extent, but the rate of rise as predicted from theoreti­
cal deduction is smaller than that obtained experimentally. It should be noted, 
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TABLE I 

X X 10s, p X 1024, · Eo, Lj e[L- (2K/w)Eo] 
Gas cm3/sec em sec N(6'Ap)~ volts/em K.(T.)o X 1012 err{ K X 10-s 2K.(T.) 0 

Argon 
Helium 
Neon 

Oxygen 

7.8 1.35 
4.4 0.20 

('Ap) X 1032 
0.3710 

(Xp) X 1Q32 
8.356 

282.1 16.28 0.0953 
81.58 14.61 0.2902 
52.96 17.3 0.517 

726.6 23.0 0.0512 

N = 3.55 X 10", P = 10 mm Hg, f = 10 Me/sec, w = 6.28 X 10' radians. 

13.2 0.0368 114.1 
13.0 0.0821 36.17 
15.0 0.1329 22.86 

13.0 0.1304 203.8 

however, that in the above deduction we have not considered two effects: 
(a) increased loss due to diffusion because of the presence of positive ions and 
(b) the possible ionization contributed by the d-e. field itself. The contribution 
by the second factor to the theoretical computation of breakdown voltage 
would, however, decrease the actual value, because if there is any ionization 
caused by the d-e. field, it would tend to lower the value expected. Whereas 
this factor may lower the values of (E!/Eo) somewhat in the case of helium and 
neon, it will reduce still further the values of (Ed Eo) in the case of argon and 
oxygen, where the theoretical values are actually lower than the experimental 
values. Furthermore, in the case of oxygen the contribution due to the attach­
ment of electrons has not been taken into consideration, and this actually 
modifies the expression for breakdown voltage. The increased loss due to diffu­
sion in the presence of positive ions may be responsible for the higher values 
obtained experimentally, and in this calculation we have not taken this effect 
into consideration. 

The theoretical and experimental results point, however, to the fact that 
in a discharge excited by the simultaneous action of radio-frequency and d-e. 
voltage, the loss of electrons is due both to diffusion and to mobility, and by 
employing the deductions of Kihara with the expression for the equivalent 
length as deduced by Varnerin and Brown, it has been possible to deduce 
results which can be compared with the experimentally observed values. The 
discrepancy can be ascribed to the uncertainty in the values of the numerical 
constants introduced by Kihara and to thefact that the presence of positive 
ions increases the diffusion-a factor which has not been taken into considera­
tion here. 
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RADIO-FREQUENCY BREAKDOWN iN A SUPERIMPOSED D-C. FIELD 

s. N. SEN AND B. BHATTACHARJEE 

Following the work done by the authors (Sen and Bhattacharjee 1965), the 
breakdown potentials of air, hydrogen, and oxygen excited by a radio-frequency 
field of frequency 10.3 Me/sec in the presence of a superimposed d-e. field 
varying from 0 to 240 V /em have been determined for various values of the 
d-e. field. The object of undertaking this work is to see how the radio-frequency 
breakdown voltage changes when the applied d-e. field is large in contrast to 
the sma.ll d-e. fields used in the previous investigations. The discharge tube is 
a cylindrical glass tube fitted with two electrodes, and the distance between 
the two electrodes is 3 em and the diameter 1.25 em. The method is the same 
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as adopted in the previous paper. The variation of Er/ Eo, where E 1 is the radio­
frequency breakdown voltage in the presence of a d-e. field arid Eo is the 
radio-frequency breakdown voltage in the absence of a d-e. field, has been 
plotted against d-e. voltage per em. Measurements were taken for various 
values of pressure'for the three gases but only three representative curves for 
the three gases have been plotted, each for a pressure of 2 mrh Hg, in Fig. 1. 
The results show that the breakdown voltage in the presence of a d-e. field 
increases for small values of d-e. field, attains a maximum at a certain value 
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FIG. 1. Variation of radio-frequency voltage with superimposed d·-c. field. 

of d-e. field which is different for different gases, and th,en falls as the d-e. 
field is further increased. The variation is quite general, as has been observed 
in other gases also. 

It is quite clear that whereas the increase of radio-frequency breakdown 
voltage can be explained by the theory put fonvard by Varnerin and Brown 
(1950) as due to increased loss due to mobility in the presence of a d-e. field, 
the occurrence of maxima and the consequent fall in .the breakdown voltage 
show that other mechanisms are also operating. Fm small d-e. fields, the 
incorporation of Varnanin and Brown's increased diffusion length into Kihara's 
theory could .at least give qualitative agreement with experimental results, 
as has been shown for rare gases by the present authors (Sen and Bhattacharjee 
1965). 

To explain the present results therefore the following mechanism is sug­
gested. (a) For small values of d-e. field the contribution due to d-e. ionization 
h9.s been neglected but when the d"c. field becomes of the order of that 
employed in the present investigation, there is a definite contribution to ioniza­
tipn due to the d-e. field in addition to ionization produced by the radio­
frequency field, and this factor increases as the magnitude of the field increases. 
(b) Provided that the loss mechanism due to diffusion and mobility remains 
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unchanged, it is obvious that breakdown will take place when the combined 
loss due to diffusion and mobility is compensated by the combined ionization 
due to radio-frequency and d-e. field. Smaller values of the radio-frequency 
field will be necessary to cause breakdown because the d-e. field is also con-

. tributrng to ionization. This can explain the fall in the radio-frequency break­
down voltage when the d-e. fieid is increased. With the increase of the d-e. 
field, the radio" frequency voltage necessary to cause breakdown will decrease 
gradually because d-e. ionization will be more dominant. (c) For breakdown 
at any d-e. voltage the rate of ionization due to the r-f. field plus the rate 
of ionization due to the d-e. field must equal the rate of loss due to mobility 
for the d-e. field plus the rate of loss due to diffusion. And the maximum in 
the curve will occur when the total rate of loss due to diffusion and mobility 
minus the rate of ionization due to the d-e. field becomes a maximum. 

A generalized q ua,n tita tive theory regarding the breakdown. voltage in the 
presence of a· superimposed d-e. field is being worked out, and a paper de­
scribing the results will be sent for publication soon. 

In conclusion, it may be noted that data are available in the existing 
literature for the' drift velocity of electrons for small E/ P values where it is 
shown that for most of the gases, the drift velocity is linearly proportional to 
E/ P, but it is doubtful 'vhether the drift velocity is a simple linear function · 
of E/ P when E/ P is of the order used in the present experiment. Conse­
quently experiments are in progress in this laboratory for the measurement 
of the drift velocity of electrons when E/ P varies· from 15 to 200 V /em mm 
of Hg~ and the results obtained will be utilized in deducing the theory of 
r-f. breakdown in the presence of a d-e. field. · 
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Breakdown of a Radiofrequ.ency Discharge 

in a Superimposed D.C. Field 
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RajaRammohunpur, Darjeeling, India 
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Breakdown voltages have been measured in case of air, hydrogen, oxygen 
and carbon dioxide at a pressure of a few millimeters of mercury when ex­
cited simultaneously by a radiofrequency field (frequency 10.3 Mcjsec) and 
a variable d.c. field which varies from 0 to 240 voltjcm. It is found that the 
breakown voltage increases when the d.c. field is small, and when the field 
is further increased it shows·a maximum and then gradually falls for all the 
gases studied, the maximum occuring at a d.c. voltage which is different for 
different gases. It has been shown that; when the d.c. field is small, the 
dominant fac.tor is the loss o~ electrons by diffusion as well as by mobility 
which causes the breakdown voltage to increase, but when the. d. c. field is 
increased, contribution due to d.c. ionization has also to be taken into con­
sideration. This d.c. ionization causes a decrease in the radiofrequency 
voltage necessary for breakdown. A mathematical expression has been 
deduced which explains satisfactorily the observed experimental results. In 
the expression deduced the effect of secondary ionization as well as that of 
electron attachment have been taken into consideration. 

§ 1. Introduction. 

In a previous paper (Sen and Bhattacharjeel) 
the breakdown voltages for some rare gases (He, 
Ne, A) and oxygen at a constant pressure (lOmm 
Hg) were determined when excited simultaneously 
by a radiofrequency field (frequency 10 Mcjsec) 
and a variable d.c. field. It was found that the 
breakdown voltage is higher when both the 
fields are present than when the gas is excited 
by a radiofrequency field alone and the breakdown 
voltage gradually increases with the increase of 
d.c. field. A theoretical expression for the 
breakdown voltage in the presence of d.c. and 
radiofrequency field was deduced from the theory 
of electrical discharge by Kihara2> utilizing the 
expression for equivalent length deduced by 
Varnerin and Brown. a> In the expression thus 
deduced the contribution to ionization made by 
the d.c. field was not taken into consideration 
because the field applied was small compared 
to the breakdown radiofrequency field. It was 
evident however from the experimental results 
obtained in the previous paper that the rate of 
rise of breakdown field with the applied d:c. field 
gradually becomes smaller as the value of the 
d.c. field is increased. From this it was evident 
that the contribution to ionization by the d.c. 
field was gradually becoming dominant with 

higher d.c. fields and naturally if the d.c. field 
be sufficiently increased then the contribution to 
ionization by the d.c. field will be considerable 
and the radiofrequency voltage to cause break­
down will gradually decrease. The theoretical 
expression deduced in the previous paper could 
not explain satisfactorily the experimental results, 
it was pointed out that the discrepancy might be 
due (a) to uncertainty in the values of the molecu­
lar constants introduced by Kihara and (b) the 
effect of d.c. ionization was not taken into con­
sideration. Vernerin and Brown3> in finding the 
effect of d.c. field only considered the effects of 
increased diffusion and mobility but at high values 
of d.c. field the contribution due to ionization 
should also be taken into consideration. To find 
the effect of d.c. ionization, d.c. fields higher than 
those used in the previous investigation have to 
be applied. The purpose of the present investiga­
tion is to determine experimentally the values 
of breakdown voltage in the simultaneous pre­
sence of radiofrequency voltage and a d.c. voltage 
where the values of d. c. voltages are much 
greater than the radiofrequency voltages applied, 
and to present a consistent theory capable of 
explaining the experimental results. A research 
note covering the preliminary investigation has 
been published. (Sen and Bhattacharjee. •> 

1477 



1478 S. N. SEN and B. BHATTACHARJEE (Vol. 22, 

§ 2. Experimental Arrangement 

The method of measuring the breakdown 
voltage in the presence of radiofrequency and 
d.c. field is the same as in the previous paper 
(Sen and Bhattacharjee.1' The discharge tubes 
are of length 3 em and diameter 1.25 em and 
fitted with two platinum electrodes. The gases 
studied in the investigation are air, hydrogen, 
oxygen and carbon dioxide. Air, oxygen and 
carbon dioxide have been chosen in order to 
study the effect of electron attachment and the 
pressure is of the order of a few millimeters 
which has been measured with the help of a 
mercury manometer. The frequency of the 
radiofrequency voltage is 10.3 Mcjsec which has 
been accurately measured with a communication 
receiver; and the applied d.c. voltage, which 
has been provided with a series of dry batteries, 
has been varied from a few volts per em to 
240 volts per em. Hydrogen and oxygen have 
been prepard by the electrolysis of a very dilute 
solution of barium Hydroxide in water and then 
allowing the gas to pass through traps of 
phosphorus pentoxide; Carbon dioxide has been 
prepared by the action of dilute sulphuric acid 
on a pure sample of sodium carbonate. The 
gas has been passed through a trap of distilled 
water to absorb traces of acid and finally dried 
by phosphorus pentoxide and collected in an 
evacuated chamber. 

§ 3. Results and Discussion 

The variation of radiofrequency breakdown 
voltage with the applied d. c. field has been 
plotted in Figs. 1,2,3 and 4 in case of air, 
hydrogen, oxygen and carbon dioxide respective­
ly. The ordinate represents the ratio E2fE0 

where E. is the radiofrequency breakdown 
voltage when both the radiofrequency and d.c. 
fields are present and Eo is the breakdown 
voltage when only the radiofrequency voltage is 
present. It is seen from the nature of the 
curves that the breakdown voltage gradually 
increases with the increase of the d.c. field, then 
attains a maximum at a certain d.c. field which 
is different for different gases, and then falls as 
the d.c. field is further increased. A well defined 

maximum is obtained in each case and the varia­
tion of breakdown voltage with the d.c. field is 
quite general as it has been observed for all the 
four gases studied. It is thus quite apparent that 
whereas the theory of Varnerin and Brown3

' can 
explain the increase of breakdown voltage when 
the d. c. field is small as due to increased loss 
due to mobility in the presence of d.c. field, the 
occurance of maxima and the consequent fall in 
voltage shows that other mechanisms are also 
operating. 

To explain the observed results it i~ therefore 
suggested that, whereas for small d.c. fields d.c. 
ionization can be neglected, the effect of d.c. 
ionization has to be taken into consideration 
when the d.c. voltage is of the order employed 
in the present investigation. The effect of d.c. 
voitage is also to increase the mobility and 
thereby cause an increased loss of electrons. In 
the calculation which follows we shall first con­
sider the ionization due to d.c. field to be 
absent and only the loss due to mobility to be 
effective. We shall then find out how this 
breakdown field changes when the d.c. ionization 
is taken into consideration. In the presence of 
rediofrequency field the breakdown condition is 
given by, 

lio =(2'405)2+~=__!_ 
Do a Lo2 A 2 

.where Lo=(L-
2K:o) ( 1) 

Here vo is the ionization coefficient and Do is the 
diffusion coefficient. Eo the breakdown field in 
absence of d.c. field, L the length of the discharge 
tube, a is the radius of the tube, and K the 
mobility and w the angular frequency of the 
applied field. When the d.c. field is also present, 
it has been shown by Varnerin and Bro.wns> that 
the breakdown condition is given by 

li1 (2'405)
2 

rr
2 

·( KEnc )
2 

-= -- +--+ 
D1 a Lo2 2D 

From eqs. (1) and (2) 

lio 

Do 

1+f3E£0 

(2) 

( 3) 

where (3=(2"405) 2 rr• -- +--
a Lo2 

2'405 2 " [ -· l 4Eo
2 (-a-) + ( L- 2:Eoy 

N 2(3J.p) 

4E0
2-

1-
A" 

From Kihara's paper•> 
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lio 

Do 
3a ~

2 

A exp { ;~;.~ } 

3a ~
2 

A exp { 2~~;:} 
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where a, A, p and Ci are molecular constants introduced by Kihara, N denotes the number of 
molecules per unit volume and T. is the electron temperature. Putting the values of lio/Do and 
1i1/D1 in the equation (3) and remembering (Kihara2l) 

we get, 

KT. 
eE mc·2N(3Ap)1/2 

-~-- and :.:..:.:c.:..' ----''-""CL...-
N(3Ap)112 2eE1 

-BoP(Eo-E,) 
EoE, 

log[l+J3E~cl, (4) 

where E1 is the breakdown voltage without d.c. ionization, and Bo is the constant introduced by 
Townsend. The constant j3 can be calculated for different gases from the values of molecular 
constants given by Kihara; and as the value of Eo is known that of E, can be calculated for 
various values of Enc. 

To take account of the effect of d.c. ionization let us assume that, if liz is the ionization coef­
ficient for the radiofrequency field only and line is the d.c. ionization coefficient, 

(5) 

To calculate line both the primary and secondary ionization have to be taken into consideration; 
when the primary ionization is considered; 

i=io exp a,L 

when both the primary and secondary effects are considered, 

i=io exp azL/1-r exp azL. 

If a 1 has to account for both the a and r effects 

L 
exp azL exp a, 

1-r exp azL 
then 

log(1-r exp azL) or a, =az- --=-'------'::------'=---.:...._ 
L. 

- KEnc log(l-r exp aL) . 
. ·. linc=aKEnc L. 

but since 1i1 and liz correspond to breakdown for radiofrequency discharge 

lil 1 and ~-__!_ 
D, A 2 Dz A 2 

and we get from. equation (5) 

KEnc log(1-r exp aL) . 
L. 

Putting the values of D, and Dz from Kihara's theory 

N(3Ap)'lz 
EzK + KAZE 

N(3Ap)'l2 a nc 
KEncA2 log(1-r exp aL) . 

L. 
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Table I. 

Gas Pressure 
mmHg 

Eo 
voltfcm (J.p)xlQ32 11JA2 I {3 Bo I N(3J.p)I/2 

volt/em mmHg A2, 

Air 1.5 106.7 
I 

14.55 

II 1.0 90.0 II 

Hydrogen 2.0 56.8 4.455 

" 3.0 68.3 II 

Oxygen 2.0 86.6 8.189 

Carbon 1.5 93.3 
I 

21.78 dioxide. 

Where £2 is the radiofrequency breakdown voltage 
when both the radiofrequency and d.c. fields are 
present. 

The numerical values of the third term have· 
been calculated in case of air and H2 though there 
is insufficient data for r in the literature. However 
the values calculated are so small in comparison 
to first and second terms on the right~hand side 
that its contribution can be neglected. Then 

E2=E1 -N(3J.p)112A2(; )( E;c )p2. ( 6) 

Consequently equation (6) can be utilised for 
calculating £2. To calculate £ 1, the value of (3 
has been obtained for each gas from the numerical 
constants introduced by Kihara. 
The values of E1 can thus be calculated from 
equation (4), and this gradually increases with 
the increase of d.c. field. It is however to be . 
noted that up to a value of (EJJc/P) of the order 
of 150 voltjcm mmHg the rise of E1 with E:DC 
is almost linear but when EJJc is increased still 
further, £1 assumes extremely high values. This 
fact suggests that at high values of (EDc/ P) greater 
than 150 voltjcm mmHg the drift velocity is no 
longer a linear function of (EfP). There is no 
available experimental data in literature; hence 
experiments are in progress in this laboratory 
to measure mobility of electrons in various gases 
when (E!P) is of the same order of magnitude 
as has beep. used in this experiment. After 
calculating the values of E1, it is possible to 
calculated £2 from the equation (6). The values 
of (a/P) for various values of (EfP) have been 
taken from the data given by Brown5> and the 
values of (E2/Eo) have been plotted in the Figs. 

16.565 1.658x 10-3 365 
I 

2.121 

16.854 l.007x 10-3 
" 1.414 

16.885 3.073x1o-a 130 1.538 

16.378 5.00x10-3 " 2.379 

159.5 2.564x10-4 138 .221 

61.38 
I 

8.66x10-4 250 .6742 

1 to 4 (curves indicated by dotted lines). In 
case of air, carbon dioxide and oxygen the 
equation has further been modified because at­
tachment will influence the value of the break­
down voltage. The effect of attachment . has 
been calculated in the same manner as has been 
done by Sen and Ghosh, 6> where· it was shown 
that 

E2=E2Ab+ Low(l_-b) 
K 

where £ 2 is the breakdown voltage calculated 
without considering attachment 

£2A=breakdown voltage when attachment is 
taken into consideration 

and b=[ a/P-hfP ]1/2 
afP 

where hfP is the attachment coefficient. 

The values of hfP for air and oxygen for various 
(EDc/ P) values have also been taken from Brown5>; 
due to lack of adequate data, the value could 
not be calculated in case of carbon dioxide. In 
the Figs. 1 and 3, the ratio E2AjE0 have been 
plotted whereas in the Figs. 2 and 4, the ratio 
E2/E0 have been plotted. 

By comparing theoretical and experimental 
data it is seen that there is quite good agreement 
in case of air both for pressure of 1.5mm and 
J mm. The discripency observed may partly be 
ascribed to uncertainty in the values of the 
molecular cohstants. There is reasonable agre­
ement in case of hydrogen for a pressure of 
3mm However, for the pressure of 2mm, though 
the agreement is good for lower pressure, wide 
divergence is noticed for EJJc)90 voltjcm. In fact, 
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Fig. 1. Variation of E 2AJE0 with EDo in.air 
(theoretical and experimental) 

0-0-0' Experimental 
X-X- X Theoretical P= 1·5 mmHg 
CD-CD-CD· Experimental 
®-®-® Theoretical P= l.O m.m. 
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Fig. 2. Variation of E 2/Eo with EDo in hydrogen 
(theoretical and experimental) 

0-0-0 Experimental P=2mmHg x-x-x Theoretical 
CD-CD-CD Experimental 
®-®-® Theoretical P=J m.m. 

the value of £ 1 the breakdown voltage without 
considering d. c. ionization becomes so large that 
wide divergence is noticed even if d.c. ionization 
is considered. This fact suggests as has been 
mentioned before that perhaps the drift velocity 
does not remain a linear funear function of(E/P) 
and the loss of electrons due to mobility is actual­
ly smaller than what is predicted by Varnerin 
and 'Brown's theory. In case of oxygen also· 
divergence becomes dominant at high d.c. fiel4s 
even though attachment correction has been 

OXYGEN 
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,., 
0 

w r:s 

~ 
4N 
w/'2 

1" ' ' ' 
ro 

·•~J"C,o;--<•no ---;oo"no-~.,:;;-o ---,,~,o:--;o:,.o;;----.,.,."':0--~ 
--- D,C VOLTS/eN 

Fig. 3. Variation of E 2AfE0 with EDo in oxygen 
(theoretical and experimental) 

0-0-0 Experimental 
®-®-® Theoretical P=2 mmHg 

I~ 

I~ 

oF4 
Ul 

i IZ 

n 

CARBONDIOXIDE 

Fig. 4. Variation of E 2/Eo with EDa in C02 

(theoretical and experimental) 
0-0-0 Experimental 
®-®-® Theoretical P= 1.5 mmHg 

applied. Results would have improved slightly 
if attachment data were available in case of carbon 
dioxide. 

It can thus be concluded that for small d.c. 
voltage the theory proposed by V arnerin and 
Brown that loss of electrons increases due to 
mobility can explain the increase of breakdown 
voltage, but, with the increase of d.c. voltage, 
ionization due to d.c. field also has to be taken 
into consideration, and this factor gradually in­
creases with the applied d.c. field and becomes 
considerable at high d.c. voltage and thereby 
reduces the radiofrequency voltages necessary 
for breakdown. The observed discripency can 
be ascribed partly to the uncertainty in the 
values of molecular constants introduced by 
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Kihara in his theory of electrical discharge. In 
case of d.c. ionization, the primary ionization 
is much more predominant than the secondary 
effect which depends to a rna jor extent upon 
the nature of the electrode and also upon the 
pressure of the gas in the discharge tube. 

It should however be noted that the theory 
which has been advanced here is based upon 
the theory of electrical discharge by Kihara which 
assumes that electron velocity distribution func­
tion is Maxwellian. But in fact it actually does 
not hold good when radiofrequency voltage 
sufficient to cause breakdown is applied and 
departure from the Maxwellian distribution be­
comes more when d.c. ionization effects which 
involve large transit of electrons are considered. 
Consequently the above theory suffers from the 
same limitations as are applicable to Kihara's 
theory. 
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,I !I f R 0 » J C !! I 0 ,B.=.. 

~- ·aeahaJ:d.a ot breakdown of e. gee at preasurea less thou. a few microua 

of mercU17 baa been UDder investigation for e~ time to bring to 118ht 1 te 

esl1ent · feature•• · For ~okdotm meaaurementa some ot tho. 'lirorkere U!led the 
~ 

exterml electrode• ODd me~d the peak etartirlg potential and othen ,..4 

1Dtemal. electrodee. Ear~ tnveettgatione ot, break4own . field etrengthe :lD 

' ~ 
gaaes at lmr preesuree am btgh 1'zrequency from 1 to 100 l~Al/eec were carri.e'* 

out by Gutton am Gutton (1924e 1928), Gutton_(1930) an4 Kirschner (1925,· 1930). 

Their main observation was that the b:nwkdown field etre»sth ,tleoreaeee W1 tb 

deoreaeine freq~ncy to valuee ae low aa 10 "f'/ca until a cutoff :t'%'efJuency 1e 

reached Where breakdown becomee a matter of ohlmee even at a ve1."3 b:1gb 

electric field ·•tren.gth. A latter mwat1gatton by Baclcmark aDl Bengeton (1941 )· 

let w a theoretical am]Qe1e of the mecb.e.n1em by Dtm1eleeon · ( 1943 ) where be 

proposed that tho breakdown is o~ by the increase ot electroDe by the resonance 

of sectiDdary eleotrona with the electric :fioldo. A few elSotrone present S.ftltial~ 

by liatUl'Bl causes were accelemted. to ·One end electrode whel'8 they prodooe4 

_ ·, ·eeconcte.ry electrons by impact~;· These eecondar.l.ea. were emitted 1n a rew!'M 

electric field which c&rrted them to the oppoa1 te electrode ir1 approximately' 
. . . ' . . ~ .·. ·. 

balt a· cy.U. to prodwe l.lDOther group of secondaries., ¥ti eecondv17 emtseioD 

yield .is greater than unitl't: electrons are raUl~p11ed to a very large Qtwlltitf 

in.-a veey ehor-. duration and ~9 results 1D the bre<"'l«lOWD of the 8U• Thie 
\ ' 

aechaftisa 1e called -breakdown by seoohdar.y electron ree~e. G1U am 
', ' . . 

Yon Ellgol ( 1948 ).lllSde observations tD the freC~uency range ot 12. t() 75 lfc/MO 
' . 

ard observed ,.1ug eatamal e1ectl'Odee that the: peak .starting field etreDGth tor 
• • '~ ,. ·, • • < ' .: ' 
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. · · · · · · · · . . . . . dQ.pe'l'\cls 

like n., Hg1 B2 $Dd,_at.r is · 1Dlependent of the :nature ot the gas aDa MOI't=e 

•1:le.htl.J 011 t ta presf!lJ.t'e. They deYeloped a theocy postulated on 1he eeccnda:ey 

electron resonsnoe meohtmiem. which was soaewhat different :l.n ita aatbemat1cal 

formulation from tbat of Danteleson ( 1943 ), b~t 1 t predicte a. out,o:t'f law 

dlatiDS cut-off treqwulcy and electrode eepe:ftltion. &toh BDI1 Vl1U1eme 
. . ' . . . ' . . . i . 

(195,, 1954) meuured uoing into:mal electrodes the breakdown +tel4 strength 

in air and hydrogen at preeeure• of the order ot ·1 m.toron ot ns and e:mi ttDs 
1 ' ' • ' • ' \ 

tzequencie• va:eying from 25 to 90 lt:/seo. By euddenl¥ &PP,]¥:1ng a. bigh wltoge 
·, ': 

a:D:t then lowering 1 t elow~ sn upper breakdoml curve hae been observed which wa. 
' . . ·~ ' ' ' . ' , 

then . ocmbin~ to the normal lower · breakdO\'ill · c~e. Out: aide tblo cloaed ~urve, 
' . ~ '" 

no dieoh~ge could be etarte~ •. · '1'he7 extended their \'I"O:rk ( 1958) by developing 
. -

a theor.r aee1.1111ng higher Qrdor J:Mdcs beside' the co~ntional halt cycle OM• 

'lbe pbenomena hM been explained asal.~Di.ns th~ procees· ot bunchi~ the electrons 

in the multipaoting d1Geharge oth~l'Wlse known aa aecondary electron resoll6nQe 

diecbarae by .. Miller .tint~ Willtame (1962), Peaohke (1961) and Hatch (1961 ). 

!holJBb a conaietent :theo:ry .. ot the Pf3bkaena of eeoo!ldary electron resonatJCe 
- f'-"' .... -. ' . ' -~ . . . 

ha8 been developed by Gill and ·voz:a Engel (1948) it' is worth while to inveetige.te 

.,__, at t~e ooftBequeZM* at the theo:EY with regard to ~ation of the starting 

"ml~ ua1Dg external electrodes am the cut-:-ott treq~~Y with the length ot 

tbe lieclW-se . tuba. 

: fbe f):t'fect of euper!mpoetng an external field Upon tbla type of dtAcberge 

... ~-Sated by Koae•l end Krebs (1954) thou&b no quantita~ve esplaae.tion 
·, '- -

of .the obsened resul t8 wae prov:laed.. It bee been :toUDd. that euper1mpos1ng a 
" . ' .:. 

ct-_o. electric tield pa~llel to h1€)l. frequency electric field, aterting can be 
' 

a.a.da more difficult~ A lllmll etstic ~etic field perpendieular to the b1gb 
• J • - • ' • ' 

treq~m~ eleomc fiel4 causee a seneral1mrease of atarting ,Otent1al 8l'!d. a 
' ' ' ' 

lower-ina of the ·cut-off frequency witbout.~hnnsinB the naturtt. of (·E- '?\ ) 
'· . ' . 

aU:Ve, where E ia the starting potential end ?\ 1.8 the w~l0ngth ot the 
' . . ' 
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illdepen:tent of trequancy. and for ve~. lOw preesure ( 10_,•• Hg. ) the 41ooharp 

can be put out either bJim:roaaing the electric field or decreasing the 

mngnetic field. Deb anrS Gomami ( 1964) made a theo;retical approach to t.bt 

phenomena when a ateady magnetic field 1e p~d perpeDC!ioulBr to high 

trequemy electr1c field. 

Ifo aystellatio observation of. the brealcd~ of geeee controlled by 

eecondary electron emission in a high frequency electric field ill preaeme 

of im external d.o. ·ma~tic field· has ao far b"en un.ctertak~n., The ob3eot of 
. ' 

magnetic field on thiB. tw.Pe ot breakdown w1 tb regal'd to sta.rting tield and the 

cut-ott r.requoncy. The theory ot the previous wo:dcers baa to bet modified due 

to etfecta. produoed by the introduction ot the magne~ic_ field and it ia 

prea\Ded tha11 these inveetiga t101'19 mey tllrc1N eome light on the mecbani~m ot 

•~h· dieohargee. 

~ ; . 
E X P l:~ .R I M E N 'J! ·A li A R R A N G E M E B T. 

The breakdarn potential of the gao baa been detemined 1n the earae we¥ ae 

h8llJ been dorte by 0111 and Von. Engel (1948)~.: !be source ot rad1otl'equency. . ' ~ . - . ' . 

ele~tr1o fteld :I.e _B. tuned plate tuned grid oec:t.llatQr cover1Dg the trequeDey 

:range of 4 11c/ oeo., to 30 tt;/aeo ~it three atase•.• The out put ot the 
' ' ' . \• ' . ' .. \ 

oscillator which can be var:Led fi.a.. 0 to 500. wlta ha8 been measured by a 

Y8CUUI tube voltmeterJ measuremen:ta ot the breakdown voltnge at the h1S}1eat 

~quency &ia, is ~1 ted ~,y· the ~tldi~trequency volt~. output ·o~ the 
' ' • • . .., • • ·~ ' • l 

. . 

o801lla tor. The cylindrtCal d1echarge tubes msde ot pyre;z: gla8s arct· · 
. :,, . . 

proper]¥ cleaMd Btld 8vacuated to 10~ ~·:: ·ot Ilg., bY. en o:Ll 41:ffue1oa P\IIP.~ 
• . • • ·,\,, ' •• • • •• J. 

,!', ' .. 
fl!be e:xte:mal electrodes· which are· perpf!B11cubr to ~e a:xia of 'the d1aohe.rge 

tubes ar.e connected to the radiotrecauenoy eo~e. Meaelirementa have been 
' .. ·. '. ' . 



I 
I 

I 
" r 

•I 149. a-

each tube 1e '• 5 oa. ) to atutt¥ the eftec~ .ot the length ot the discharge tube 

on the value ot b:re6lcdovm potential aa wen aa_ on the cut-ott trequency. 

Deeides pure and dr7 atr, hydrogen prepared by the electrol\VIJ:I.s o~ bari1D 

hydroxide solution Olkl dried by phoephorotlllptmto:xide haTe been uoe4 88 the 

dielettr.iQ meclta •. _ No special. attempt for the purification of the saaea hae been 

aade 48 'trace• oi' :J.mpur1 ty . Md nature of the gas media have pl"llCtioally 130 

ettect upon this tJpe of diechurge. All the meotJurementll have been made at a 
w . . . 

preeeure ot 1. 5 111cron of merour.y ~ch hae been meuured by on E4we.nt 

penning pira.ni vaoUl.ID gauge. The ~~~~magnetic :f'1e·ld h6a -been pl'Ovided 

by an elec·trcmB(9'18t having flat pole pieces of face area 7.,5 ca ·x 4·5· 011 
' . . 

placed at right anglee to the length- o:t the tube. The esp;riment With tramtveree 

atesdJr IDO@letic field hn8 l>Hn pertomed wi tb ·the tub9 of 5 em. le~tb o.nlwY 

ao that tbe tube remains weilina:l.de the magnetic pole pieces to eilaure 

uni:fom magnetic· tie ld which hae been meaaured. by a calibrated fl'U:IZ!l$te:r. 

Except tho external electrodes and tbe.dischar~ tube the D,J9tem baa been 

prope~ly gt'Ol.1r'M1ed~· AS the voltage is gradually 1ncre~ed a :taint glow appeara 
. . 

at tb9 breakdom .Point and simultaneous~ there 1e alight drOp in "the 

output voltage at the 'V'&eU\IIl tUbe voltmeter. tia drop 1n vo~tage is lese 

and loBs IB8l'ked q the out~ff, frequency •· ie · approached~ 

RESUL~S ABD DlSOUSSIOL 

PAl«~ .(a) '!fJW .P.RESSUHE llRE-t\KtOW~ . IN A UIIIEU.~ HIGH Fr'IEQUEUOY EiiEO'rRIO FIELD • 

. To start with, atar'ting potent1ale have been meaoured in air· ODd ey~rogen 

1n a -'aiecho.rge tube of length 15 em to -mrt:f'.i the argtlllent that seoomazw 

electron rescnenoe ie independent of the· nature of tho #!JlS• The solid Ctn'V'e 

1n f~8·2 5 represents the results in case of a~r tmcl the oil'clee on :l.t_ are the 
. ' 
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ind1catee that the t"jpe of breakdown obaerve4 111 the preaent exper1mental 
1)'1, 

•etup 1e 1$lopendent of the nature of the ~ and ie controlll d by eeoonctar:y 

electron reuonance. Starting potentials have been measured in tbreo d1ecbarp 

tubes of length ~., 7 em and 15 em end tbe ~sulte have been plotted in t1gel6. 

lt ia observed that the breakdown voltage 18 higher in tubes of ehorter 

length& and the OUt-off W&Ve length imreaaea With the leneth of the d18Char&l 

tube. Measurements towarde the shorter waye length region could not bl talcen . . 

due to the 11mttat1on in the output power of the radiofrequenoy oooillator. 

It is evident that the ounea are ldenttcal with ~hose obtaimd by previoua 

workera with i:he sharp cut-off towards tbe higher wavelength aide. 

!be qualitative description ot ucoDdmzy electron resonance breakdown 

JHChan1~m hee been preoonted by nom.,J.e.eon (194:5 ), G1U end Von Engel (1948), 

Hatlth aDd W1ll1ara (1953,· ·1954) am others almost in en iclentioal Wt\T• At the 

etert of a halt cycle tratie1t period, it is aesued that the eleotl'ODa 1eBYe 

the em1 ttlrig surface w1 th energtee of the order of S eve'·. At the end ot the 

trana11 period moet o:f' th8ee electrorw arrive at the oppos1 te · end wall w1 tb 

eaerg1e~ oi' thejorder ot 50 to 500 eY• The cyclic repeJtton of tbie proceea ta 

referred to as reeoname in ~ VP'I ot dieobar~. '10 proceec:f witb a.-
. ' ' : ' \ ' 

mathematical formulation o:t the process involved 1n the meohlmilm, .a 

ttmar.uenteJ. aes~tiom ··are noceaeary, though the extent to which ~ ot 
,/ J 

theee aesmptio~. ·o011perumte m; aD tmctetermtned manner the other prooeaeee 
·,· ! 

. • '"y I 

ocouring 1& not -rery clear. In l>rder th~t tbie mechen:1am be operative it ·1• 
. ;. .· . . \ 

neceeaa1"3' to US~ thnt the elftr0D10 M8D free path ant! WaVelength o-t, the 
. . . I ' 

applied high :t'requencyft.eld a:re ~th large compared to the electrode Mp83.'at1on 
. ~- \ 

and both- thoee um.aptt.ozw are valid in the preeent expenmentol eetup. lror 
. .·· . . . \ 

mathematical simplicity it ia convenient to ••\Ill& that all eleotro:na have 
. ...., . ·. ' 

half. oycl.e trene1 t times, '61oUSh eccording to Hatch. elld Wtruema ( 1954) 
:,_/ 

. r..-·'- . 

tlliif ua,.pt1on 18 not an accurate representation o~ aaoomery emission 



ch.a:r.e.cteristica but is very ueetulin gettins a smple formulation ot the 

problem ru¥1 leeds to good cor:rela;tion between theory tmd obaervet1on • .'Furt..TrJ.er 

the seconde..ry ~lectron emission veloci tice are OOl'mt\l to the em •urtacee and 

the electric field be'b':et'ln t.."la el.ectl"'iles ie unifom 1ft space. Spooe oharge 

ei"tecte are :twgligible Ead it 1a aesuood thnt the eleotron ar.dvsl energi..ea 

exceed tho ionisation potontial of the ~;au, e.ni1 that a tew electrons are 

produaed rW'tdom~ between the {!1ectro4ea by nat1 .. rr&l prooeese>a. 

&\sed on these aastnptions Gill and Von Bn.~el ( 1949) deduced that the 

b~akdown .field E ie given by 

E 
wi. d - IT l9o w 

whera W ia the sngular frequency o£ th~ applied :radiofrequency lleld and ¢ ie 

the pbooe angle of the· emt tted scconda17 electron with reapac·t to the elecil'ie 

field, d the len~~ ot the discharge tube and 190 the in1 titl]. velo.;f.:ity of 

the electron. 'lhe velociey o:r the electron when it sli.Icae the opposite end 

1e given by 

••• (6.2) 

if it 1s &BtJtDCd, as hc..JS been clone by- Gill atld Von Ene;el {1946) that 3L a x, 
I v 

0 

a constant thetl 

K-1 

E 
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k+j .If.~ <P +.2 ~ q,. 
k-1 

Gill and ~- JI~Jgel anal~Y'Md their' datta ue1ng equa:bioM {6.3) em. (6.4) BQd 
' ~ ' ' 

taldng p .. a ,.p.e.r. Pbllow:tng He. toll ~ W11Uau ( 1954) the· eleotl'OD 

urtval. eners.v oan be ·exprefl&ed na 

E _. j__ 'YY\ 'U''l- "· ~;~ E' ·~ -€.-:C.fY~ad ~ -!0J. 
2 ' ' 

... (6.5) 

Froal eqWlti.on ( 6" 5 ) 't:t. can be eeen that tor f:l.xed valuea ot " ·{....) "· lllMl· " j ", . 

E becomes td1l.i!AaD :tor tm mextm~· ftlue of~ • Maxhaeins cf wl th respect to 
) .; 1 • ' ' ' . ·.tJ,..' 

¢ 61-ms the contil t1o:n 

-~) ·-rr 

' ' ' 

.,treiDg eqW..~UOn. (G.,),. (6.4), '(6.5), (6.6) aD1 telting.the val~ of E • 3, . ' . . ~ . . . . . . . . \' 
.-

Hatch •- WiUtsa f1 tted tbe1r observation and obtained the value ot . 

-~: They o'btMDed the.· liraear portion of the .curve 
I' • . ' 

Where electric fie14 nmaino almoet ooilsta.nt. by aaelJfting a 'tu.ea -PJ.rticular 

'ele~tron $rrlval'ene!"Q' .£' t:>wbioh 1n their 'case m 60 e.v.(~~ ~j. wa:/ f!l;_ : 

'coltpaneon, DMneleaon (194,) ·-~~d· x:. cC ·'-.·~· uo' = b_ tit.h· ~~:.c\); qo." 
a· 

and tol.tlld € = · 8 o e.v. .' •· tr~.tU and Von· ~1 (1948) f<rum,. bf fitting 
' \ 

·.' 

thtir equations to ,duta f'or external. eleo'trodee 'at e. .sepeTa.t1,on ot 3 -.~ that 
, .. ' . - ' '• ' .·' . ' ' ' '. . . '·.,' . ' 

for K. • 4t € = · q o e. u . and. out-ott ocelired ··at an eaoapo l1m1 tiug ftlue 
' ' · •. , ·• l ·. . • ' ' 

of cp • ~o ~ h1r val~e of X. o:t ·tho o%'4er. of 3. to 4 · ~· electron arrival. 
' • • • ' • -~' ,. • • : ~' ~ • 1.. • 
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eJ»ret•• of the order of 60 to 90 e.v. ar. ccmpaUable with kno1m •cond&r~ 

eleotron em1es1on energiee am yield. 

Following Hatch 8l1d '-'1111.., let ua ue\1!18 X •' then p -=2(1rCv.>¢+S~<P) 
couequently equation~~ (6.3o) aD4 (6~4) oan now be fitted to tbll experlaeatal 

o\IZ'ft (f1g. l.. 6 ). s.e pointa are cboeen in each curve and the calculated 

Yaluee of oorreepomtnc cp are ma:dced therett). '1be value• ot cp ., o'bta!De4 

are mt auch different from the value• obtained by previoua workere 1A aU ~ 

1be cut-otf oocura becaWM at lower trequencd.ee • elect!'Oilauet leue 
w 

the .U 111 more negative phuea in order th· · t they take half a cycle to 

;r&Yel the length o:t the tube. F.or nepti'Ye value• o:t <:P , the field, mUl 

it reveraee, Will oppoae the- motion of electrons 1D Z ct1reot1on aloD& b azSM1 

RJ• ftlelr 1D:I.Ual velocity takes thea a lJ.tt.le diatance agB1nat 'Uds fol'Oet 

and then they tum baak, accelerating toworda Z • o, tmtil the rtn'U'aal ot b· 

field cteceleJ•atee them and turns thea final~ 1n the proper direotion. !be 

la.rgeet pemteetble value of· ( - cf::> ) ia that which Juat retu:me the 

eleotrona to 1be wall and hence the second t\ll'lliftg poiat ta ~~ = o at Z = o 

In 1110re uegative vnluea ot cP , the eeoond ~ point te tbeoretio~ at 

negative valuea of Z whiob Mans thut th1! electrona al"e driven baok to 

tbe wall at a very low •peed and atick there, eo "that no ault1p11cnt1oa can 

take pl.eoe. 

~ out-ott trequeo:y teo can. be obtained ua1ng equat101'l (6.,) &D4 

-\81n8 that the arr1:val eDergy o:t electron. ia critical. i.e. eeoonda%7 

Diee:t.on ooeft1c1ent 5. • 1 lliDd using the upper b:rnekdown phase engle 

bo\Dtar.y Talut ¢co we get 

• 
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lor constant . K, 

• constant 

where the ~onetant of the relation (6.a) 1• obtsiued b7 fitting the esperimental 
.· ' . 

. oUl'ft~ Gill mlli Von Engel obtained the value ot this oonatant free general 
• • <i • 

li11liler1ty theora to be 79. HatCh am W:lllifllll tried to fit the relation (6e8) 
' < 

to :their work and thoae of Guttons(1924., 1930) and G1U end Von Enge~• _Reeul• 

of GuttoDII fitted vera wen to the CUI'Yet but that of Gill ai¥1 Von Engt,l BD1 

Hatch &M W11lt8Zil!ll ohowo divergence tram the predicted .l.Sw. For length of the 

tube ~a tor than 2 oa, the divergence 1ncT.\il.aaeD m tb increaae of length ot ttbe 

'CUbe am showe a tendcmy of inoreOJJe o£ the value ot the ooraatant. Dlia .t.e elm 
',' ' 

to e1d1Wall effect u ehoWD by Ohend:rakar ona Von E~l (1965) am Pranoie (1960) 

and 'Hatch and Willi- { 1954 ). !'rail our· obee:r:Tationa, we b!).~ aleo oalc\llatecl 

the Yaluee o:t' ct>c.o UG1J'I8 equ.~tion (6.4) am. from equ9.t1on (6.7) the valuee 

ot ' E. c-nt 
: c:~J~o ' . . . 

tor each length o:t the tube·were ... oalcula:ted~ Tbeee qwmt1t1ea _.. 
,.· 

longth 0:1 D:i.IIJletel' hlqueno7 (t,0 X cl) .. lreakdown ~ QD&le Arrival 
diacbargt of the at YOltage · llt cut· ott: energy at 

tube (ct) Diecbarge out, ott· at cutoft· ct'c.o. J. . out· ott 

••• tube !co ,poi.Dt 
.4egree E c. a-it 

ca., Vol•·· {. Ec.o ) e.T.· 
: 

. TOl't/0..-.. 

·-,, ,.5 8 12() 9.,, •• 102e·5 --5~.,, 
'· 

,. ,. ,• 

1 ,_.5 17 "119 
.. 14:., .-44.~'0 73~5 

.. 

5 ,.5 24 120 24 -46~t)O ao 
'· 

.. 

r ~. <, 
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ft!ora tba •a. 1 t Qan be etten that th' values of c::\' to are mt INCh d1.:ttermt 

ff'(Q the obae"'c.tiow. of .the previous authon. b values of. t.~-A-1: ... &lao . . -
. . 

. aligl\t~ tU.ttf.!nnt than • experintent~ 'YBlue of er»r®' ot ao e.v. for eeccad&'f7 

em1Bston coei'fio1ent ~ • 1. ft.t'tlnl$ equation (6.8) to e2Pftrimental reeut.t• 

tbe value of 'the cODBtant 1e tot.Wd to be ~ 120 tor tll1 1iW tb:ree lengtb.so:t the 

tube •. !hie filue, ~-IIJDh h18ber than the v&l.ue P"d1oted b1 Gill and: Von 

E~l ia ;et mt mUC3h -.,QIIIOn aa can be aen tram 1:be · "tJOrke of llatA:th 8ZJ!4. 

W.S.ll11!1118 Wbel'e for tube length ot 4 Ollt, tbe !"eeult ehclWs the Y8l.Wt ot tbe 

o~utant 0. 120. In ow exper:iment the lengths al"f.. muab higher tban the length 

ot the tube a taken by _Hatch ·an4 W:i.lU.eme, but- ccxapanble wi tb eome ot tbe 
. (l<f24) 

obserra:tion tube le!J8tha taken by Gutton End Gutton ('1930) .. ant Gill &DC! 

. Vpn Fngel~ lD.#g!·. (27) the out-o:tf lair g:l.ven by equation (6.8) 1a 
," 1 - • ' • 

r.preMnted tor the val,ua~ot :the· oODBtent 79 t!a:d ·120. _by aol:1d c;urve _and clotted 

lSM respective~ and alec the pointe o:t 'the dtfterent Obeel'YatlolJ8 maO 

pnwioue]¥ dons w1 th our obaervat:f.oJlB• It is totmd that for lC'~r leDgtb ot 

tb0 tube;: equation ('-S) fits in a better wo.y with the obeet'f'atioM tt we tab 
, ,.r.. . 

the value ot ·the ooutant to be 120• Whereas tor ~~~&ller lensth• the YBlue 19 
' . .. ' 

18 more :re•ol'l6ble :'{ ~ reQSQn t'or t. ~reaae of. e:xper1msnta1 ( :f co. )( d ) va.\u.Q. 

:~rca the 'val• oi ~- ~om;tsnt 19 •• aec:nlJe4:.b¥ H&toh am "AW.au (1954) 
. . . 

bano1a ( 1960 )« Obandr~ & Von Engel ( 1965) and Gi.U. & · Vozi Engel (1948) 
' . 

to· 'the f'act that at tb\) lar&er aeperat:t.cno 'the loes ot. eleotNn to the e1«e wall 

iac:Mue• and ~os:t Ukel¥ ·thia loas mn ·.be raore et:tee.ttw tor -ller .dialeter 

o~ ·b tube~:· ChaDd~ .aDl Von Engel (1~65) n~ent17 'te~ted th1e. &aelJDPti<Xl 

in their low pretteUr. X'ing diecharg•· exper-mont~- At· targer aeparatio~j, 1be 

41eto~~n ot eleo~-· ·field m&W a~ be reoponstble. for preYrAn1iing soma o't the 

•leotmDe fJtal ~··part in tuti·ba1fcyc3lf ·.o:t -tM·-~tt am bence ·tia·loaa 
. , ' '· ·" . ~ . ' ' ': ' ... ~ . . . . ' ' ' . . ' .. 

:.,, . 
•. . . 

\ 

.l: !!, \' 
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b breekdown Toltap·at outo:t.t' Vc 0 • .,_. writ1en by el.DiMting w 
. ·em, 

be1.ween (6.·50) and 96•5) end ueil1g the rela.t~ 

E - """- '1 n ']...~· ' 
c'J'l.t - . "' vI L. 

u · . [ K+1 . 4. · J V = E I - ( K-1 )'2- Ec.-ri-\: "1<=1 'IT £:6-.,. co .+ .2 -s~ cp(t) 
C. 0 C.o • Gf - \: k ~ · 

,, . ' . ' . 2 e . Len 4>co . 

b relstion (6.9) ebowe that it 1e il1dependent of the wall eeperat1on aDi 

applle4 fretl~l'JC1• !hie faot may help in. atud,yinB the effect of e~ctrodo 

pomet.ri on the lleoha!d.•· Batoh 8D'l W1ll1.a essuaed 4h !lnd E ao eoutsnt 

when relation (6~9) become•• 

••• (6.10) 

when 'O' 1a a oonatent the Talue ot Wb1oh :la obtained by fitting with e:q>eduntal 

data. lA table II the val.Uee ot Vto·Obtaimd experiaen~, Ec.-ri.\. obtained 

irtlll teble (I) &l'e gi'Yen for the three le~"tbs ot the tube 
~ ' 

1! A 1l L oE • II. 

length ot the tube (4) era. Jtreekdown wltogtj liler&V ot arr.l:nl 0 
at cut-ott Ec.o at cutoft( c c:.."J{t. ) Vo111e/w. 
Yolta/••. . ••;"•. 

15 g., 102.$ 1.36 

1 14., ,., ,.,6 
,, 5 24 ae '·'' ., 

'lhe table cl9orl¥ 8bowa that the vall. o't 'O' :l.B a conataat u lJMdicted 'Y' 
> • 

rel~tion (6.10) and when Ec.-v\1. ia e:xpresee4 ill e.T •. end Vc.o 1n volt, tbe 

value ot •c• 1• 1.,6. 
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It can thU8 be etateci that the theory of Gill and Yon ~1 t1 te 1n w1 tb 

:ta.ir amount of sucoeas to our diffor·ent obs{):wfJ.tione. !he yield of valuer; of 

different Ul21aloWn p~etere involved in the 't!iSOl'Jl for the process of ti tt1Dg 

.ehoWe a tair amount of eolll!intemy emong themselves for different J.engthe ot tbl 

tube and when compared to the valuee obWned by previoua wo:r.bra •. 

PAnT (b ) WIJ l'!IDS:.:UU,d!i BilBJ\KDOViU lr.l A UNI1"Dfird HIGH FI&"QUEl~OY ELBCTP.IC FIELD 

WI~i A UNIFORM TRANSVEltSE :D.C. MAG.NE~IC !>1IELD. 

i'he eqoot:lon of motion of a eecondary electron in pressme o:t a tra.neveras 

atead.J mcgnet1e .field and t.D!er the action of/the oscillatorJ field 
-.:;.. . 
E:x: = E ~ (wk + <:P) 

W 1n + QE ~ (w-l+ c\'>) 
- H v (t "YYl 

where wH ., <2 11 • oyolotl'On frequency. ,..., 
!'rom (6.11) d 2- \9;( - - w: \9~ + ewE · 

. dt~ ryn 

Lo-a (_wk+ ~) 

••• (6.11) 

'lhe solution of t..lw complementu:ey tmction d'l..~ 

clt2 + w~ \Sl?l = o 

1a -= A Gn ( wH-\:) + B.,~ (w\-\t) 

Where A am B aN two ·cOOiiftcnte to be detemimd frOm the bounda:cy" comi tione'! 

1M particule.r :l.ntegr3l 

has the solution 

where A • :I.e another oonatm1t . 

ewE 
0'¥'1 

Putting tbie val~ o~ \.9-:c. to equation (6-, 12) 

-A' w'- UY.l l w-\: + c:P) + w ~ A' C£Y.> (w-\: + ~) -

••• (~12) 

L<Yc> (w\: + ¢) 
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A 
I . ew.E 

Bence the CtDPlete $0lution te . ' ' .. 

~ 'bolDtal'l' conu t1on.GJ a..vre· . 
. \9:1:.. . = \90} \.9 0 = 0 ) . :X =·(1 = 0 O..t t :: 0 . 

Now · 

d\Jia = w\-\ \.9x_ :::: A WH Co? (_ W~ort) +a WH s~ ((.)~t) + eE ~WI;! <e-.,( G.)\:+¢) 
dt ~ (w~- w~) 

mre C ·1• a oonatarlt aDd Le \: r ~ (w~ - w:z.) .;, Patt:l.DI the value Of iJ
0 

m. equation ~(6~11) • get 0. 0 · 

.-~ ·::f.''--



... :; 

ot ! in equationa (6 •. 14) aBi (6.15) and tald.ns tbe resultu.t wlocity 

lJ'L~ \9
0

2- + 2 (1 + ~ 4 -rr)[- tYo weE U>., c:p +) eEw C&.,q, ( 2. 
: · · cu rmf _ l · f"'m{h J 

+teE ~~<j> rl- 2lY.eEW~~(_~-,r)~¢ 
••• (6.18) 

, .... (6.19) 

' c 
The e~ctron le etr1k1ng • other en4 with tbe ftlom11tf Ul stv•n by equstion 

~: , . 
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~ (1954) baa ehtJWti t.hat for eertein metall1o surtocee the relation 

~••en c§, e 8tld 6 (> te l&lven b7 

lo;l.~ 
u ~0 

= c.' (1- ecn e) 

the ma:d.rmD value ot S tor an angle o~ ~tdenoe e ot ~ electron 

of m3 emra.v eD:1, bo • tbc IMXSm\Jil Talue ot ~ to~ nozmal ii'»14eme of 

pr'dllartes ot the aarlf!l e'IJ£rrgy.\ After Deb and Co~J~~amt ( 1964) we sball use tbie 

s-elattoo 1A eaee ot glaas, 8~'> !lO swh relation between ~ e 8114 ~ 0 t• 

· ~le ~r glass e:KOept a few experimenta1. :resulte e>t tmreaae ot S e over 

So · •·~ ~ 'the reported result of tuo:reaae of by. 50% owr 'b o. tor e • &o-

to e ca oe in oua of S].a$8 the val,. ot the ocmatant c. became• a:pproxJ.mat.:&, 

equal to un1 'f¥,.;toneequentli 

So it can be aaid that a particle with ve1oc1~ lll.alle:r then the velooity ot 
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irrespective of the angle of emission as a function of the epeed of the 

~ , the yield oan be .represented by an equation 

2J = 1' 2. ( t( 1oo)
213 

Thie relation :t.e fitted to t.lo)e e:zperimental curve which ehowe t.lrot the :t'itti%lg 

breakdown, the primar;y el¥!rgiee lia well within th:La limit. Hence we een utiliee 

thie relation between a and E • 

1st E.e.ff be the effective energy of tho particle which Will yield the fl!lllle 

Eo will yield bitting at an engle e , we have. then Eeff ) Eo 1 the ratio 

i ye.sulh t iltec:t 
of yield from M\l!tU~r'e~equation oan then be mi.tten e.s 

~e ~ G~: )21
" ~ ~~ =- =f (1- c,.e) 

-bo 

If '\9,z.Jf • velocity of the primnry correepom1ng to e'IJIJrg f.e 

\.9 • voloci ty or pr.tm~ corresponding to E. o 

then. 

( )
413 \9\¥ 

Consequently we coo etn·te th;1t the effect of httting the strrtace with velooi v 

19- at an tmgle e 1e equivalent to b1.tt1~; the r;urfaoe with~lociw"U'i- at 

normal inc1denoe where '\.9 em \..9e.j} are related by the above equation-, lienee 
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to accomt for . the_ effect of 1li tt1ng :the aurtece_ ob11que]J, U we replace \.51 bJ 

19eu\.e.xt,- l(1-Ctn,e)} :ll1 equation (6.19·). We get the relation, 

't9 2- ( 1 _ J_ ) . ::: 2 (1 + ~ w~ 1f) [ · '\9 91- w e. ~ €:C.J> \. -1, (1 -. ~ £)) j 
~ff k?- . w L I K"rh 0 . 

+leE e:fif~~ e)j w ""4>r+ teE e<t\'lt<:tl}w"~~ n 
_ ;z v4-ff e E" €;(_r t -t (1- ((n e. )5_ wH ~ q, .s-:. c ~ 1T) 
., ,. . . \<rn,(3 -

~··(6.20) 

Proal equntion (6.20) •• t1113 that intmduoitlg .'tJ.._Sf :l.n plaee o~ v cbrma•• the 

ftl.ue o:r E to. E e.-:crt -tCi- C<n e)J • In other word• thr;f•:tfeot of hitting 

oblique~ at the aur;o.taoe can well be _repreoentll!d by replacinB E by 

· Deb and Ooswamt' ( 1964) 1nd1cated that the · #JtDeral solution of equation (6.20) · 

1n a1mp11tiect tra~a 1e unobta1Dabte. ~r large ·mesne tic fieldt ~Vel", a 

e1mpl1fie4 uesption I'Jii'$ be taken, · ae was done b,y ~b and GoSwemi ( 1964) that 

s . ' . 
. ~ 88 integer•: 'l'he aW!Iti:t.lcatj.OlL Of tbie US1Dption IISfl.y be IJOught :l.n the fact 

that the :traotion of/the phaGe that :la not cona1dered 1D tb1e. app:roXS..Uon 
. ' 

. . t 
Occu,piea ~ t tle portion ot)the bali cyole of tranai t 1 •.•• · the di~e beween 

the end wall and poet tion of electron,. when :f. t b8$ executed a ntaber of ccmpleta 

zrevolutions due to cyclotron rotation, is· aall :ln. both pos:l. tive Slid· negat1V* 

eides ot the wall_ •.. 
. ~ 
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., ,. 

App~ tb:l.o eset~nptlon to equation (6.20) we set 

\9~ (_i- ~.) = 4 [- \9-diweE·;~~(l- CooeJl +l"F &m~p:eJJ "'Cco4f 

+ l eE ~it~-~o)jw»S.:.4>rJ 

X== -
.2€E ~cp 

~r 

.::ze E wH Co.-a <:P 
IYr\ wr. 

The eque.re of the resultant · diepl.'ltCemnnt 

']) ,_ = X 'L + a.,_ "' ( 2 e£ I""~" Jt.J: ~q, + s;.. ')_ <P 1 

+. 4J 
' 

••• (6.20o) 

~ .._ l 'I'L 

·~··(6.21) 

~ calculate the :resultra.nt dil3p1Boowent when the electron strikes the 

oppoeite end, the val~ t}f the (J- ocnponent of displooement st !. = "Tf/w 
has been oalcula:ted from equation (6~ 20c) and the i"eaul te are en~ red in the . . . :- ., 

last eolunn of t.be table III i'Ol' different val.uea of the ~tio field .•. 1'bt 
. . L . i . I 

resultant d1splacemt::-nt is ( -x. · + a 2- .) '' at k: =- IT c.u -~~ .. U$1ng the 

(J- diapl.ooement and taking~ e 5 en!4i· the resultant d1a3placement <£or~ 
' . 

ani !ilf.Ud.l!U.a Valoos of tM m.egmtie field•< "D", ~e2 b~·tween 5,,297 em an4 

5e702 Cftlll, end the length ·of the tUbe is 5 c~ . Qomequctl~ly es a fimt 
j ' ·, ' • 

' ' . 

l.fJDgth of the tubtJ~: llak!rig ·th!·e asmmption ~ntrodUoing 1:'00 effeot .ot 
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d . 'YY1 . ( W i - W 'l.J · W , -- e x.F i ~ (1- Coo e)] 
;z.e.E ~H 

~ (i- Lo-ve) (i 

d.'M. ( wH'-- w'~--). cu 

2Q E ~H 

We hsve ege.in 
' 

Putting this value o:t (.en e :1n equation (6.23) 

d . 'h1 · l W H'l-- W 'l-) W 

2-ec: 9? 
tt 

••• (6.2.3) 

.••• (6.24) 
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OeDMq•nt~, fJ.'CII equatioza (6• 24 )1 tor dttterent ftlue• ot /\ 1-1 , . w H ad 
. ~ 

w , the value ot S..: cp ie obt8:1Ded.. ~· equation (6. 24) S.a q\N~tlo 

1D ~ cp ao the phue .ugle veluee are oboaen depending upon the portion ot 

the C\ll"ft ll'lrler coua1deration.. In ts.s. ( 'l.9 .> nper!aental curne tor aepUo 

t1el4 Yal.uea o~ 18 gause, 21 e;ams,. · 30 gauae and 45 ~-· are given upto tbe 

blgheat range ct :trequemy at which the mea~urementa ~ Uaitect b7 the r.t. 

'YOlta&e JJmttetion otf'tb.e present experimental &etup. Iu each c\IIW ease 
Cl'Te. 

pointe are cboHn and tM values ot 4> :hom eqWltion (6. 24) le obtained tor 

each point. 

b Umitat1on. ot r ... f. out put wlt!l.88 watr1cted ua 1D obtaining the 

almost· Unear portion to .cut-oft po;Lnt on]3 but DOt the. other end of 1be 

c~•· Heme thro\IBbOut our discUI!Ieion, we have confined our diliiCMsS.on. an4 

t1 ttirlge to 'the linear portion ot the ounee where emr&r ill alll'loet aonatant 

u . shown b7 Hatch and W1111eu ( 1954 l•: 
. PJ:oem equation (6. m.:) tak1rlg b &eNDption ( ~~+ )rr =- 2 'h-IT ( n = ', z., 3 .e.k) 

we ~(_\ _ _L) = L, 1-19 e E w~<l> +5 eEw Ct>o4 (~) eEwHS.:.<t> \
21 

13 
. K2- . [ K rm~ ~ rm (D j \ rm (b ·) 

ex 7- l ·it . e E w ~ q, 1-( __~:!_ )[(: eE )'-( w'- u.,'- 4> + w.;- S.:,.'-4>~ = o 
u + " L 1- ~l- \<-~f.' \1- ~2. . rrryc . . 

This equation :111 eolve4 tor '\.9 .. other quant1t1ea are Jmowu.. '1'be emr&'f ot 
arrival 1e then calDulated and uetng the relation 

f .e<f/ '1:. ~ :=\' \ l lH..-.e)) . . 

the ,.&lue• of t:-e.jf tor the o~ft pos.Dte ot e11113h valt~t of tbe magnetic t.t•l4 

hawe been obtainedtt bae valuee B!'e ahOWD in 'table III. 
' . "\ . . 
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{- cp~o) u -8 
J • ~· ' .. :-

H t~c, · Ec..o c.oXIO E c <C Icmor (!-

oauea ·•I• Volt/em degree cm/eeo _orig1nal effective critical raiiiue 4Upla-

•••• •••• trca ctment 
table•I tl'Ca 

' CM-\. equ. 
(6.~) 

" . ' 

19 '22 38 62 .. , 52 88.4 1.,27 1.15 

21 21 .. 52 3·51 ,5.85 86.04 ·9445 2.228 
sa 

30 '~·' 54 5e ,., 27.04 "·'' .5?41 2.601 
' 

45 16.5 ?6 ,. '·84 6.52 ,a.oa .2272 2.?41 

I 

""- the table I.II, 1 t :la eeen that the ·· Tal.Uile of E. or18lal 1e much -Uer 

tbfm the ori tical valu. ot E. ror 2J • 1 and the ftlue ot E(. -n.t oBlculatecl 

rrom the oUt-Oft pobt ot the cum ot H • ~· :Btlt the value of tefteotive tor· 

H upto· ;o gaw;a :La near or equal to tc:.-n.t. · tor 8 • o, though the "t&lue ~ 

grs4\al decrease ea u la ~reeud. 1he dmatlon 1e :not raarkable Upto 

U • 30 gauee, but tor H • 45 puee, the value ot E.ettective te aoob Maller 

than the E c.itJ. • !he reaeon of tb1o deYiation :I.e due to cUfferent approxt.Uou 

aade :l.n oaloule.ti.ng ¢ 8lld t9 :t.rom comparison with the experimental :reeulte. 

It 1• 'ntdent fl'CCI tbo reeu1te that these appro~tiona do DOt auch effect tlw 

reeultsfor aallll~tic field, but for higb magnetic field the different w~ 

aegl$oted :1.n obta1tt.l.ng equation (6,,21) and (6~,20&) mo41fte4 the values ot <P .-.~ · 

\9 to a large extent ana ool'Jileqtently the deViation oi' the val.uee of' the 

c1:1.f:ferent pa.t'8118Ur8!t- Ibveverj: coWJ1derlng the l:lm1tstionso:t our theory ill, 

exp18.1.ning the meohani• ot tblt discharge OJt4 ·tho expel'imental :reeulte by 
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t'be proceee of .f.l.ttil'la it csn be enid that tbt agreur:.ant :I.e ta1Jt3¥ sooa at 

least for .oderate valuee ot· the magnetic field. 'l'h1e 'tre8tllent aleo abowa 
s 

tbat tbe uobani• o:t HOomary electron resonazx:o u t'till operative U1 

original ... u. the o.S. of the ·bi'G:Jakdown ·ot tbe B?At when the aagnetio 

field 1a also · preeent~ It 1a al8o expected that 1t the ortginal eoluUona ot 

e,quat1on. of motion ot litleQtron could be obtained, much better ti ttina of tM 

esperimGntal reaulte and coneequen~ more reaono.ble values of tba perseten 

coul4·be obtaine4~ 

~ valuee ot. the tumor :rOtuW!f end thoae o't 'J- d:lsplacem.ent a" f= lT/w 

h!ml· been DQUrl.oal~ calculated. tor _41t.terent values of the ugnetic fiel4 

and.' ente:rod in tM Din- and teftth coluan. ot table III reepect,vell'•, 'lbe 

(1- diepl8cemant when the electrons %'080h the oppoaite end tor efJCb o"l the 

v&luee of the .ll'.lQgfMttiC field ia f!lllaller than tbe di~ter ot the dieohertSe 
' ' . ' 

tuJ.)e ( ,_, ••)t: the Lamor radlue in f!SOh cue 1.8 muob -.ller tbam :the 
-., \ 

radil.W ot "the tUbe tor ener81cs ot elactrou bi~ •nousb to ca-. breakdown 

am ~the ·aD.jol'i t7 ot, ·:;~~ wbich are octual]J reaponaible for 't'he contin,_.. 
. . ( . l . 

o:t the eecoDlery electron reaoWJ~JCe b~okdom t1nd •Ple tree apace dur.tng 

the~· trana1t between ·the em wa.l.lJJ 8DIS ~ DOt lost due . to ool11e1on ws. tb 
I 

the eide wan.. 

: It 1e further ob•nett' - · tftble III thli~ an lllp1:r.tca1 relaticD 

.. tween H, :fc.o end E.c.o cante ob!ta1Dttd ~ tbe experillcntal eta .... !hi 

Q\Rlt:lt¥ (H· fc.o/Et.o),mere H ic espres~ed :l.npuao,, · tC.o 1D Mo/Ro 

am E c. o in 'WnlW/cli.; 1• almost a cone toot ae ~ :1n table tf .,\_ 

., '·' 



I 
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H 
tc.o Ec.o (tHc.o/Ec.0 (-~to) e to (H fco/Ec.o) 

Gauas · ttc/eee Volte/cm. Expt. in degree 1n deBreee w.e. 

10 22 38 10.42 62 51 5.898 

21 21 44 .10.02 ., .• ·.1. .,2 66 6.7 ., 

30 19.5 54 10.a?' 59 11 6.119 

45 16.5 16 9.77 34 85 10.1 

·:;~ 

; 

To teet wb.ethe~ the theorotical analysis made above oe.n expltl1n the empil'iee.J. 

relation obserYed Wf3 obtain fr.:m equation (6.22) 

••• (6.25) 
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·: ·.. Ec.o 1M · · . .e.. . · .. · · 
Where t c.o . tb in lfC/eeQ Jl ill pu$9. end,.. VOlte/~ ·are 0XJ),I8Re Jn tab~ lY b 

.-iues ot ¢c.o anA e c..o tor ufterent ~tic ftellla a:re· gtnn. 1!ia~rto!i.1J;J 
vie ft.n4 tha-t the J'~h.a• ot eq~r.tion (6 •. ~) ta a conatant and eqUal to 10t ao 

we lfJB¥'~ 'the:t ec.o c?co ·..a Jc.o ld3uet th~lvea :1n euch' a"~ that., 
• J 

tba point ot cUt-oft' gt.~D by -q~tion (6 •. 25). the 'Yal\le Of r4.1k•• 0~ eqUltion 

~ con.tant for 8f.'J8' mSGQetic fteld •.. 'lo teat· the validity ot thie couclualon, 

thE! indiv14tal values ot · r.~s. of eq~t1on (t$. 2S) are ~ulated tor each 
. ,, --

aagnet1c field nn4 results entered in the laet collJDD of tabla IV. b table 
. '' 

·~~bow a that· the value ot _tbe oonatBl'lt cc:tDparee reasonabll' w1 th :t&ir m101mt of 
i 

Bgl'\'J•nt in the order of mBgl'd. tUlle be1Meen 1ho emp0rtoalJ¥ 4etem1ne4 YBl.~ 
' . ' . ·.... -e. Ct. c ' .· 
and the theo:tet1ca1 Yalue fit the leat co1~~\·Th~d1eor;tJ)(;nW MJ b• attributed 

to the. d1tterent appro%imatione taken enl.their validl'fq 4ur1ns tbe t..h8oret1oal 

out-oft relation 

. ; 

tc.o X H 
E C..(1 . , 

g 0 B 0, L U S I 0 s •. 

=·~ 

!he phei'JOIUI¥1. ot 1ow pressure bl'eakdomt by. eeooD4ar.y electron :m_,D81.1De 

oac1~t1oDB has been explainod 1n the 11ibt ot the theo17 put foxwenl ))y , . 

01U and Von Bngttl ant lTatch anc1 WS.llifJDo~:. !he moasure~nte w1 thOut mesne tic 

f1e14. ~ad to the oonc1U$ion tbat·all the prediottone of the theot:r ot 
. . . 

Gill .m¥1 Von F.«agel ( 1948) can 1D extetlle4 tor ..,ide ~ ot the dtmenaion · 
, .. 

o'f the diecho:rgo tube~: !fhe\tnc•• :t.n ·the Yalue of tbe · oonatant ( ~c.o )( d ) ' 

at cuMft 3uet:f.tiee to some extent ·the p~d1ote4 reQOlling ot HBtch abl:l 

W11Uama ·c 1954) en4 itupp0rtea reo~tl3 b7 the work ot Chan4ralrar tm4 'loa 
' '' 

. ....,.,<: ' . ' ' . . . . . . 

dleo~ozo&e tube :le ~se;~;, ~ 1~n~ ·ot. the . ~engtb ot the discha.l'p tu'tMt the 
'' ' . ~ . . ·. '.. . 
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cOMtent #,bo:reuee which •• aleo . obeernd by prertoua worten ~or gape . 

eho:rter thNl thoee used in too present work. !be quaatitq Vto/Ec.-yl.'c 
\ ' ... 

has been to\D'l. tp l;te .. a corastant .tor: ~ the three leDgtha ot the d:t.eollarge 

· ··tube, a :reault wbioh follows ~ the theoret1call!IZUll.Ye111. 

·.The Ob&eft'atione With maanetto field anu the subsequent t!:trt:b3g Of 
~ ' 

tbtiSGI cbl;rwe.UoEUJ to our tllsoey -.el4et'S the v&luee of ths phue angle 
·' 

·. .. wh1ch are J.leaaonable. ~U&b. our pr6o8d~ boo obtained a simplified tosa 

tor the enerll:f ot arrival of the ··~ectronel ·;ret it gtvee :reeulta tor the 

etfeQtive eMr£!3 of arr.tval tor moderate ~tic field With fair eount 

of 80CurBOJe. ' 

b 'Mlid1 t.Y of the different aeet&ptione made tor '(be dedw.t1on ot the 

eimp3;1fie4 'th.eo:cy of breakdown with ma&nattc :t1eld are open ~ quest:t.OliiJ m 
. ' !,e. 

the r1ii:1.4 tbeo:retical\-DDe•,· l3ut ia VS.e\7 ot the toot tmlt M conolus1VG tbeor.J 

~the bebanour ot' the dieohsrge for the cont1nwua change o:r IDQ8Mtic 
·' 

' 
t.l.eld can be d0tJuced Wi..tbout m~ eome etmplttyiDB 88maptions 8DI1 ootW1derJ.ng 

' 
eooclUdC!d tbe.t the aemuptiona can be regar(ied ae valid 1n the l'fifJP of 

the macnet1c :t1e'ld etwUed in the preeent 1rweetigat1ol'lll~--
. ' . 1\'~,' 

! ' 
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' . 
aelum e:o1te4 bJ4oCo eleotr1o· field ~1'1! ilwesUgated by U!V •~I'll! fer a 

ltD!l time 11!14 a ~ ~~~emt fit lmnledp bu been ebUlned ell 4Ufennt 

aechcmtiEill ef tho ra41at1en a tt1D8 prece11ses. One ef the mterellts.ng ' . 
teaturee Iff tlle gletr dioohl!l:t'&e wb1ch hae ut yet bllen cetplete~ mdentftcl 

:I.e the ditt~t preceseee b1 which .the 1Dtenaity ef the :ra41at1en :trc. the 

celtE! o!Jar!ae• tmder di:rterent dieoharge oem1 tier. all4 1n preaeme et 

extemo.l field. 

l!a1eler S'll! ll'cl»Dbe!'l' ( 1939) .identuied .beth t>zeelllll'e u4 current 

dependent ~eoe1 ot the ra41at1on et IICZCIJ17 11n1 ( fo
3 

f', - 1,' 5• ) WJ4 

attributed fM1l te oellieieM et the •eool'lll kind 111 th uutrala aDtl electJ:ena 
'ie. 

:reopecti'ftll,yo ~ werkers ebl!leZ"ftld deo'"nwe :In :lntemity nt large delllit.Y't 

apec~ to .:Inert suee. !Wler end Duttelllli!ICJC ( 1949) ~t.m4 tbl depeadenee et 

the 1ntel'l81f'Q ot tb! opeotral lines upen the tube· Ol}l'l'eDt to be liMe Witbtrl 

e:pt.lr1mentnl errer. i'h1e !'elliltionabtp wae ebsel'Ved :tor an ·1iJpe• et tranatt1a 

and ewr a current. ranee ot halt ••"- te cue bllldred IIAo .u::1 the der11ifq v •. . . . 
1Dtena1 v om'fOe bnVe ea;sen~a~ the e-.e t.:m~,:r.oate of teoa.v ml! leoati!'D et 

' ' . 

the llU1mlll emept the 'trlliVli Uon 2 
3 P..:. 3 3'J> • !l'he peeeit?1111iY et GB· 

un:recepeed Pl'fC•s• ether 11u1n direct emitatien has been eQSSeeted ffta. tM 

zoeBUlte et ebaervations et rlldiation :f1'C!I a low veltage ll!d· 1D bel11111 u ·a 
' Q ,. 

flmotion et gaa denai't\ft tube current and tube potential• lluttendeOk mill 

lepp~ (19'9) eb1erved 1DcreSM &f 1Dter11i w ef radiat1E1n fer the tad.~ et · 
. ')\.. 

trrmaitielll emiiJS with b
3 

P •tate• 1D the Mgl.tl'ft slew Which •bMJ8 aH 

espnent1a1 >~.J 1111tur&t1w With aerc!D',V CODCentration a'll1 'N1'1e1 Unaar~ with 

tu"e our:r:ent. Hedgue cmd IU.ohela (1929) •bael'Ved manna 1D tbe ndiatien 
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Snten8it,y with ohange If preeet&rl!l tria pe.S.tive Cllum Gf. helilll d111Cbal'(teo 

Altegeth!!l:r they atud1ed thi:rteen Unea 1D the '\t1e1ble region. JWchltn (1939) 

1baened mrl•e If ._e reM!llllllle lil:les 1t 11111111:11117 yapeur diecharge by 

app~ la81tuB1nalza88tl&tic field. kulkam1 (1944) etud1ed d1.abal-gee 1n ... 

gues, 111clud1Dg .... ran eaee• 1n the apparatue ueed for 1bue1'Yat1on 1t ZeSSD 

effect and f11Dl tbe 1DteM1 t.v ot eome of the l!lpeotf'llll linea llhMr raanma at 

different JllB8DI't1c field inteno1Uea wbich again wae foU!ld t• depeud en 

waveleDSth llDd the preeeDOe CJf :fiiJ:e1gn gaa.Sooa lines d1a not heweVe:r 1hsw 

,...,., .. ., eftll at the b1(!bea~ lllle;DBtio field 1Dtene1 ey aftilable 1n the eetup •. 

Ji'l detuled mthemat1cal ~ais W!il! put ferward. 

Illlt 'ft17 11 tt?Jt lcnamledge beth experimental ~ tbeoretioal.1 11 Dailab:Z. 

en tho 1Ptiol.'ll.l'f'l'lat1on. p:roJ,ex- t!Jf h1sh frequency discharge though Beck (1955) 

:tn a pe1Dt t1 pe1Dt o•pan•n i'ollrld etsady glow dieobGrge 1D me:ro\11'1 1Mietm-. " 

' 
81debable tNn 100 Mo/a ~1eoll£l:rSe 1 alii e1IJo ti10 ~dentioalnatwoe et fhei>' 

:ra41st1111 PJ,Wpel'~- In 'riew .at these Gbee"at1on 1t will be ~rtblrb111 tl 

in'reat1aate the .~atim p:repe:rt,y If .~ trequeDOy d1eoharg. al'l4 1 t 1a 

J)l'lpoeed 1D the JZ_'t!Mnt 1Jmlet1gat1Gn ts atuii.Y the affect ot traD~Verae d .e. 

magnetic fl.eld en the :lnteiiBiV cat eptioal. ra41at1on. b :1nwet1gat1en ll8IJ 

lhnn I'MII!It 1nte••t1D3 :roiUlto e~ the 1Dtl.ueme of exte:rnalaagnetio field e 

t:be 1nteneifN et 11m :ra41at1eu. · A theo:r,y :fJI:a vera elementar,f' oellll1derat1qe 

hea been PNpeaed W explain the :re&ulta ID Ule change If tetal ept1oa1 Z'1141at11D 

1nteua11;1 If the col~ 

EXPEBlHEB~kL ARllABGEMEB~ 

1be d1soba.rge tube• Aft fitted w1tli al'll!ltn1111 electredee llD4 'till.ed Ylitll 

~.e neon, a:rse Gild hel1111 reapeotive:q which 11.1.'1 apeotr~u;c•p1o~ pure Qlll\ 

at 11 Jll't!Nure of 10 l!oll• aerotiey as IIUPPliet'i by t..\w IW!UfQCture:r._ bee tubfta 
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Me .tht! esne Q8 were used 1n 1m earlier ezperiment wh11e !!ttJttriDB bre~QWD :tn 

oab~d rod1efrequemy and d.c. field. 'l'i1e b1f:ih bequonoy field is ~plied b,y 

a tlmd plate ~ grid l!lec1llotor. 'lhs mifllm m~tio field 1e npplied by an 
e . 
flec~t wh1ch 1e calibrated by e. sausaooter. '1M phv~olta.:!:c. aur!ace . . 

·ommeoted with a ¢Wll00leter lle3$11l'I!S the relative 1nteos1cy ~f th& total 
' 

red1at1en tl'SI the oolmn. 

A cenatant deviatien epeotramter w1tll B]sae prim 1o ualld w obtoin the 

epeotruD ef the diecharge o!Jl11!11l :In tlle v1a:l.ble 1'!!g1ttn. A cQera ri tb t~~lidins 

~nt photOBISPhs the speotrlJnv 'Bl!!Phetegrapha of the speotrB m'fl later 

Cllil3eed by a llicNphBtometer £lt'IBflge!lent and tile :!!ltenoi tg prGt.tles are 

ebtuinea for ecch line~ Oare him been t:men to ee~tbnt e:speaure time tor 
; 

d:l.fforent fJGto of upeotrB ef tho SlOe gas at d:l.fferent masnetie fields %'tt!liii1D 

rigidJ,y the saile. 

~EBUL2B AND DISOUGSIO~ 

High trequem)y d:l.soharge :1'alla in the oa:tago:cy of the:mal electran d1soh&rgea. 

~sis of the rruH.ation :tr.m the the1'l11Bl cl1oohargoa aust bo made en the b!leie 

ef elect:ren Cllmentrat1on a ita velooiey d1str.1but1eno It io reMG!Wb~ 

R,QQ\lrate til conaide;- tbat the ekotl.'c>n tel!peratm-e which geyerna the veloci v 
. Matribut:l.on rcmatna coMtant QVer I.azoge ree;1eua of tlte diliiCllnrge. 'l'hilil :1.1!1 

. . 
beonuse tlre electron temperature 1e olmeat direo~ pre;ertisnal te tl» 

olectrGstutia field Ul the S"!l &lXl. the electrostatic field :I.e ~~t1al]¥ 
·e-COnDtont, at leliElt, :f'rllla :l.tlil co:asatvative p~pertia. In the ab~~ence ef epac• 

oharGt11 tbaro coo be n& ch!mge 1n nomal cQiijl8Dent &:1. thor, thm eotablioh111S 

the oo!ldi tiona for ooMtlmDY et electron ~perature • 

.' In tlfe ate~ otato of tliB glmrt dioaharea aolunn at a nreli presoure, 

the clect:n:m csllid;Lng with neutral ataa m.q excite 1t er :t.Ol.lice it. 51Jloo 
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e:ll31tat1on petent1n1 :Ls IIUIIb lwer thllll tenteat1on petenttal, • ID eleotl'On 

en the B'M:II.'S('Ie ntter11 • large maber ~~~ U~e1asrt.1o eml ting oellteiene WS:tb 

Mutral atsa>be:f'ere :l.t oo~ ten1•• an a~ In the eteft4T etate, the 

anrege pepulat1en 1n an eJXJttatien l.eYel detetmS!Iea the inteD!Jiey et the 

11Dh. !!'he pl'llOeeo r~f pepulatirJ,g a level b,y electron celUeion w.l th neutral 

ata te depeD.'lent u,p&D the rate et. oe111"n' emi'M.tten oreee II!!Otien 8Dil 

4ena1ty of tbe celUding part1olee._ Olmll0qtentl,y;! lt ie uet like~ that 

~ exterrml 1ntlteme obrmglrig tbD :rote ef o&l1181en BD1 del'lll1 ~ l!f 
0 

oalUdirJS parttolea wiU effect the pepula~ 4ena1ty of 41fterent emttat1111. 

lnela.Md thereby oauae a oballae in 1n~eDS1fU,o 

The cbm:lge et population 1D a given etate et em1 ta~.:ion due to 

oell1e1ona11nte1'110t10n lleinllfl electron and atca 1a represented by the produa• 
' 

t1en Amotten P which can be written .tbr elatatiol'le ef a eype hllY1D8 the oreaa-

eectlon 6j'
0
(u) per \IDlt 'fCl\llllt per \IDlt t:lme u a (:V.Wler ;955) 

P, - 4-rr (N-) r>3 6jo ¢. <la 
u"""- ••• (?.1) 

Wbllre U. • relative velec11;1 of 1ntenct1Dg e:a.otron Ol¥1 at. which te 

plWOtloallT tM .,.leo1V et electron. u •tea velocity ie ve17 ...U 

o(t!~Jlal'e4 te elaotron. 

B_ • electron deDIIltQ 

llj • p:r~~duoti<m twctlen tor J +~ etnte of e20ltat1en traa. ~ etete, the 

oeneepeD.'l1.JI8 radiation frt!>qll!lllCl7 beins Vj 0 ;•·· 

\A.,..;.. • ll1n1rata velec1 ty of eleotNn for Wbiob 

cp • lra'J:weU ~ Belti!IIIID distribution fUr:ll)tiorL! 

'6; :=. t> 
JO 

.bllew1Dg rn:alz. (1956), fft' gue61 which de net attach elllctre~~a, tblt . .\ . ~ . ' 
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ftiU,atien 111 the chief ener§ lees aeeh!mi•• the radiation '~~~~at be 

pwpGrtieal te tbe cn&rrent just ea .1.n ~tic electren daaharge. 

Ooanquent~ we oen take pNduotien ftmct!.on u be prepertiozal te tatal 

1nteDD1 ty t~f raMiitiora. ~p~mti&n funcrtion fer all types et exn1 tatien can 

be ebtaimd by tplr!tJB nraatton ner j , prori.ded we U31JM that all tt. 

tnmai tielllil ~~re between ~UDS atate an4 exei ted leTel. The tetal predUDtien 

fUnCtion 

p =I fj 
) 

~ L 41T' (N-) r: '.0,'. <P. du 

j -u.,.-., 

OenNql.l!!n~, we ctm 1ab the teta11ntel'l811jy l: et the c•plete :rad1at1en 

oolllirll eut et a diecharge col'lllll 8.1 propertional te P. ~nfere 

••• (7.2) 

Kett 8!14 Jlaaaey (1950) teund that te:r eptic~ all.ned trane1t1eM, the 

areas .. ecuon is epprox:taate~ gS:nn b7 ' · · ' 

0: '?> e'l-c3 A)o t~ (!rm u..'/-i.. ;J;o) 
j o r:: lt1T · -r · u ... .,j~ · -a 

where A ja • ~:IA'e traadtim prebabUit,v 

0 • wleoi v et ligbt 

h • planaJr'• CoMtant 

l'e ha?e aamoed here that eleotrol'lS Are d1atr.lbuted tellelriD&IIarell • Dtltz­

MD dtlltribution la IID4 oen~~Ututee the electron so- at a tamperature Te. 

which ie cellecl the electren tempwature, a III!MU.re · et euer&Y et the 

•lactroM~ OQnaequ.nt~, tho PI"eiSflU!'e ot tbe electronjS!e 1• stwn by 

a = CN-)k-re 
wbue X 1• DtltfllaD cenatant 

llatt.tag the Tall» et cp ond 0;0 :l.ftt · equatien (7.1) we 811t 



~· 

' . 

Wi1!10ut &OinB to enltate e:sact~ tM right btlnd eide ot tbt abo-.. 

equat1on, it n COtllider onl,v the t.nm 1nvol'f1D& T.,_ md Pe. , 

tben u a firl!tt appro:x111nt1on t t can be 1181d that 

P; <>< ~}/2- e4' [- ""' u2;..·., j '2 K Te} 

j 

p <><:; __!L e :x. f f- rrYt u.!...,.,jz. K T e.] -c.h t.: 
••• (7.:5) 
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wbicb 1e Pftpsrt1alal to tbe :lntono1 tg ot wtal J.'lld1at1en tl'Oa tile ClllllaD 

lben a tftm.nene IMBD'tio 1'1eld 1• applied to the d:leohars- col~a~~1 

the eel~ :le cenatricted. Due to tb1s oonatnotion ot the ccliiiD1 tba -elech, 

oalliaion ~nae the eqtd.YBlent praeoUl'e ot the electron oelum Sllcreeeele 

'ale cteo:reaea llf the IIIMID bee JQtll reaultA :lD the a.creeae m the ll'f'l!l'qe · 

emrg ,· ~ p1ne4 by 1!1!1 electron\b!ttween tlra auaceaeiYe ceU111ioDI!I .with 

~trel. ata.. aonei1Uentl;t' the electron t aperature decreaaea ( Van ~1'1955, 

Sen Qll/1 Gupta 1967 ). S. fraa. the· Yel7 etmple oono1derat1cn1 tbe ..,e~ 

affect ot the application et etelld7 trBDI!JYoree mpt1o fielct en tbe 

radiation propertg at tile dtechorge col\El otm be aooeuated tar b,r the cbm:lgl 

0t :r .. end !re with aii,S'Mt1o :t1el4 ~ IUid aerJIID1Dg bt o'the:r fliloten 

arieing :lD equation (7.,) reaa1n t.Dt:tfeoted by b aaenetto field. 

Iet ua M!l\llll!l that :lD pZ'lleeDCe llf ll!!lgnetio :field1 tbe Val\11!11 at P -e llb1l Te 

are Biven bJ' Pe H an4 Te 11 • lllM:lD md IIIJ,yden ( 1958) pZ'l!Vided a relllt1en 

betlreen P~H euct Peo ae 

••• (?.4) 

where r. 1a the D!lll .trea patl1 of electl'On 

at a p~eaure ef 1 •••• aeroUl',Y' 8114 t9,.. 1a the ~anJt.ci11;:V at eleotren, 

all4 B 1a the 1Jt18Det1o tieldo: 'lbe autMn us~ a tete orn111tant w1 th1D 

'b Yalue of 1-1(1'.,. • 300 G.P.u o;s;.,_, . ..,. oJ 113 · 

b relBUan lletlreen ~e BDIS P, ._ .. 111 giTen b;r Yoo Engel ( 1955) ie 
,. 

-x_-1(2 .e:cp (-:c.) _ p (!. pR_f 
.••• (7 •. 5) 

f' = I''Tt.SSure 

... 
. ' 
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,, 

BilL'S i'+ _. •b1Uty ceet:t1oient et pee1t1ve 1•u.. 

V;, • 1en111at1on ,~nt114 

a • 1D1t1al •lepe Qf the eff1o1enoy ef 1en1Rtien cum. 

are the tqerature and. preaeure et the electron eu mthout t:tld With 

extei'Mla$8Mt1c ti~ld reu)llotive~ vrh1ch eati&f7 the relatien (7.5) • 

HIDCe 

2 T.,; l~ (PeH/Ro) 
Teo + 2 e. Vt / K 

_, •• (7~6) 

It tetal pre4taot1on "-'tlcn 1D prt'llleDCe •t mguet1c field be PH m 
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equation ll'l!lduaes te 

!l.Teo !u-a(Pe..fp...,) _ 2E,., ~(P~/r.,.) 
T~ + 2€-V;.{\<.. Te.. + ')..e'h/1<. 

••• (7.?&) 

••• (7o'lb) 

the ftluea et the l'litterent qUilntS. tiee ef expreeeten (7.'1 ) ia tsbulated 

ald ebown 1D tlllle I fer tM t.hNe soaeao 
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X I0-5" 

OK ... , . .,,. 21.5 

U.U111 5.74 24.5 

Ar6W '·"'' 15.7 

•t 102 ·­
!r I. ll L E • t. 

£., 
(~_o) Os1o" •••• • 
><lo-ll 

•K/vous . 

16 1.95 9 

19 ·23 10 

to.s 2 ' 
.,., 

' 

lllidiue Pl'ei!WN 

•t the Rx1o
3 peo 

tube c( 

"R" •••• sa. .. 
..9 6 ·4952 10 

.a 4 e51'12 10 

.a 40 .~ 10 

b values ef tbe oCitMtante ef f!I2COtlll 101 tbim collznt are tali8n ~ Von EDsel 

(1956)1 ~tot t0urtb colUM fre.m b worlce cf ~ete:tn &rl4 PemiDg (1940) 

and ef eixth ana •:tetb col~DDS :t':'ca Von Engel (19SS) tz. wb1ob tbe ..all»a et 

Te.o are taken ut111111118 the uni'fM'aal OUt'Ye of T;.ofv, agaimt ,.e. P R 11tle:r. ,.e. 18 o 

conattant • B tbe nl111ut ettbe tube. h Y&luee ot "c" a:r. cheeen 1\7 ftttine the 
,_,.e. ' 

eqtation (7.'1b) With the expe1'11!1ontal ourYe1 ae there 1e ne reliable value• et '(:• 

ter rare gu••• b mtie Gt ·the 1nteM1 ~ ot the tlltal !'ftdiation 't!Ul a o~lunn 

with m! WithOut B~~SMtiC fiold :I.e ebtainld 41rect]V by telring the mtio ot 'Uie 

19lw:.aeter detleotiem at two values of the zoognet1o field ke~Pirll tile 

IIIIWltw~e. )1t1~ aonotanto i'heoe ntie [11 /Io ts plotted agBlDat !!l!!8Mtio 
711 

.field H 111 f1p.3o, ~' )2.. In 811 the 'tllree SQ8el!l studied ( 11, He, A ) ·s.t h 

ebax ii4 that ~ ratie ef the tnterld. v •t the tetlll radiation inal'tlaae• w1 t!a 

the 1zlare!llle Gf tlla ~~t~BD~tiO field, but at Ye7.'3 b1gb lllasoet1o field the OUX"Yea 

e. a Aturat:l.en eft'eot u :I.e obeermd b;r the taU of the rate et r.lee ct the 

qumtiv I"/I• · • ~ner, the sreeent eetup could not prnid• ue with 
. . 
llllo!ID'Uo :fiold Glf ••rs h1Bb mt:I'Mi'I;Y te 1DYeet1gate wbetbttr tbe ol.DW•.,.,., 

••~ liD! then dooreQ.Ue. Preeent~1 work ill be:tng carried mJ with a MW, aetup 
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til 1n'reat!$Ste the cue in a utrena I:ID(!Det1o field. 

The enllnJllle!ll!lllt of the tetol rll41at1on by the application et the IISf.!I'Wltio 

t!eld :le alwe,v. associated with the 1rlc:resse of tlw 1ntenu1v ot :lDd1-ddual 

11De11 et the apeotr~a. '1'he pbotctarapha et the Jtpeotra et ~ arbi tr1U7 :re&~ma 

et three S!l8 dieCbargt oel18M ri.re ehown 1n t!p;,'?>3, >4,>5" II1Mls with the 

1nf'o:naatien et the em1e~nt at whioh the pbotegrapba were taken and the 

:reapect1ve m1czoepbettute:r trac:lDS sf the mteDIIi ty pzwt11ee an al8111 g1wn. 

b 1nteu1 ty p:refile curYee llhow that the different epect:ral 11Dee 1rlc:reua 

at c11fferent rate when upt1o field ie applied. The preaent 111o:ropbo't.-etel' 

trooe:r be!i8 ceuld nat penetrate ~ugb the da:r.ireet l.:lnl!a pl»teSHPhed :1.••• 

l.IJ,jea Gt b1gh 1Dteu1ty. fbeitrnoiJIB ot fill the IY4e1'4tc:b' :1Jltenee Unea tllat 

are photeg:rspbed ah"" a mabll :lr.lcz'eue 1n the mo.anetio field but at di:tft.re!lt 

rate. Jlneftr tbe 1narease of 1Dte11111 ty ef bright liMa con be aeen :l.n tha 

photegrapha :1. taelt~ Csu.eqmn~ n OM ae:r that the 1M:roaoe of 1Dteu1 t;,r ef 

tetal :n4:lat1on 1a slwe.,ya aaaeoiated 'with 1he :l.ncreese cf 1nteneity et tbe 

ditferont 11:ollu et tm epaotra of the d1eobarge oolwn. It '1!11'{1 be eu:h that tba 

total enbmlCtld radiaton 111 eqtalJ¥ d:latl'ibuted omona the different em:ltat1en 

level!!, fiDl es b 1n1tial. pepuletione of the e:xoita1on levelll are different, 

the l1n!!a are ino:reNecl 1D different rati•• 1\Jrther ~eio of the Jinetl 

radiatien requirel Snfematien ilbout pepulatien an4 e:xoitation made ot the . 
. '. . 

:lrld1vidus111Deljl without wh1oh it 1a DGt pesaible te arrive at MM quant1tatlw 

reeultllo 
'1 

aapuuen of tbll tbllerets.cal points ebtainecl fral equation (r.~) .end tba 

elid ezper.lmanta1 ourne m :t1ge. :.o, ~~~ '>2. eboW a fair 11110mt et a&reiiDSDt 
6\L- : ' 

betweeD tblor,if 01'14 expenment t.brc5\18ht the %'SD8" et ebllel'Y!"ltion tor all sue• · 
' > b 

when ocatpUt!id Yaluea et'~' &1'8 ueedo, lloDa'ra11a.tn,1lt;,r ~ rel15ble 'f8lma et 

0 led ta the cc;aputatten ot the 'Y8luee of a Which :la open ta ori tiot. a • 

aouroe of errer. b ftlt» ef 0 ae ebtained eholra mt aUI3b diwrgome ffta 
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GAS .zmo1 SOUBO~ • Boli'o DIOOBARGE 5.'UBE
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the ValW!l!J U'l9d by the previotm' authors and alBa apprcxmate Yaluee 

aalcula't(ld trcm the definition of a • Jl'&reeve:r tliD OSIN!IPtion tbBt 0 1e 

:l.rldapendent af magnetic field :I.e not valid as has been iihcmn by Ble'Yin lm'i 

H&ydon ( 1961 ),, lien ruld Gup~ ( 1967) because C :l.o a furlct1on oi' IJ.,. , tbe 
c . 

:nmllom veloti tu which :I.e 1 teelf a tunotion ot the m~Uc t:l.oldo 'l'M uncor1'.91D-

i 1iY in tho mosl.ll'Cmente ot \JIT ana eleo L , the mean tree path at 1 momo HB• 

toils to 61ve ll.I'W reliable vnloo of a even at low oagneUo field wbioh is 

the ma:l.n raMon for the mceaoi v of computation of/1 te ValW!o Irowcwr, th$ 

preeent ce:nputod values ot 0 lie "tilry oloee to Values ~ven by Sen BD:'l 
a. . 

Gu;pta (1967) tGr Ue,, He end At: end the d1ao:rop¢ncy beween tltejreepeotiw· 

values mt 0 1111\Y be attributed to 'tile exparlmantal. ocmditions wbich :I.e 

c11Uerent fran that of the )ll'OOOilt 'IVOIL. 

It meq be mentioned !wre that :1.n assessing the~fteot of magnetic field 

on tile rodiat:I.Dg oolmm, e!ll¥ OO!lS:I.derat:l.on is made about the Ulfluenoe of 

t11e magootio field on twG pe.ranate%'8 Pe. liDii Teo whicb. ia a lmmm tact 

but pcas-1b1l11.iv of havirlg e001e effect an ether pare:wtere involved in tm 

meoban1"" con not be :rul.cd out. 
' •' 

at biBb magrl(ltio field could Dlilt be. 

sxplained by the preoent ample fueo:ey tooUe)t it can explain the result ~to 

1--lfp~o a 200 f!!JUSB/ m._m~. Dg.,, b reGBOD:i>r the ehort:faU of the tbeo:cy mqr 
' 

be attributed to the doubtful. valldi 1iY ot tba expression for Te H at higb 
d ' 

magnetic' field anr,i acceptance of C e11 independent of H. 

Oemliileri.na the 1D!ertain1 tics in the ccmputed values ~f C and 

Vlllidi ty of the different expreoeibne for tho ver1ation ot the paranetere 

Pe. and Teo in tlw rmse of wom, the theoretical 0.pp:roach may be B!lid 

to have a fair CJJiount of I!WC!lBD in explaining tho present o:xporimental 

results for neon, argon and heli~. 
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