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INTRODUCTIOE.
o i

- The subject of electrieal discharge phencmena haa ‘been otudied for a veyy leng
tine oand may be said to have given birth 0 the atomic agse The pubjeet, howeover,
‘ is faz’ from being exhausted and several aspmté of the phem Eim)@ received
in emal% attention in rocent ycors and sigmﬁean‘a progrecs hap beon made.
HW@VEBE, much nore inwstigation o necesoary 1t;r.a widoerstand coapletely the
phenosena of dlelectric brechlom of gases,. eéees.ally by raﬂiafreémmy elcetric
fisldy 2 phenomens which has drown attention émently, ap it serves ao & lduk
between discherge phenomona initiated by puve jd..c. sleotric field and very high
froguoncy eleotrie field (microwave), The cb;)é@t of the present work is io s%wy
-pome of the salient feammsa of dincharge ﬂh@mm initiated by rofs clectric
field and the otudy 1mlwlea the fﬁnmiﬁg aspecw.

(a) Dielsetric broskdown by vefo elsotric field of attoching ond nonatteching
gaa@e at high pressure ( & fow mme Hge ) end lm pressura micwn Efg. ) and

the effect cmﬁ breakﬁmm property of external d.@. magne e f:e.em when appiied
transversse t0 refe fielde “
C b) Effeat“ef swerimpeced low and high extm*{ﬁma:i d.cs electrie field om thé_rof.
breckiown property of geses when external d..;cf‘. ond ref, fields ore perallel.

{c) Breskdowm of goges ot very low prescure ( 1e5 MHge ) by refe fiald ond the
affents of external dl.¢. magnetic field when iapplied tranoverse 406 refe ¢leatric
£ielde |

(3} BEffect of d.c. mognetic f£ield on the optical radiation property of a
discharge colwmn exeited by refs eleciric fica:léz,vahen the magnedic field i»

epplied perpendiculay to the coluun.
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" (4) RADIOFREQUELNCY BREAKDOWN OF GASES

(a) Without magnetic field (b) With wegnetic field. -
The mechanisn of the breokdown of gaeq(for an alternating volitage at 50 cycles/pee s
Bubstmmény the pame as that for ds.c. voltoge. Howevery, wmier the influence of
a higiz frequency altermnating i‘ield, froo electrons in a £28 may acquirevemrgﬁ.ee
sugficient to excite and to Sonise the meutrul ges moleculess When the field is
sufficiently large, theflonisation process io cumulative and the gas bresks down
into a lLunminous gldw discharge. The oxeliting ficld mey be applied directly by
. electrodes connected to the source of high frequency potenﬁal.‘ Alternatively the
gas may be exeited by a hefs current flowing in a nearby conductor. The first type
" of discharge ie c2lled Be diccharge and second type He discharge. . The mechaniém of
E and H dischorges are funiementally the come and division into two typee is justified
only when the wavelsngth of the exeit;ﬁ#ing volinge is large compured with the linesr
dimension of the dischnrge tube. Comperatively 1ittle study has boon mode of Hedischarge.
The reeson is probably t be found in the difficuliies exper.&aﬁced in making precise
measurexents as the path of the diccherge current io closed and thoxe are mo electroden
between which current and p,,%d. mey b#ejmamred. The breskdown mechoniem in Bedischarge
and theppagni tule of the breakdown voltage V, of & gaseous dischorge in an a.ce field
_ depend vpon the nature and the pressure of the gasy the frequency of the applied
fi0ld and the linsayr dimencion of the discharge tubes The general characteristice of
the breakdown ourves heve been otudied by many workers and 1t has been reviewed by
Darrow { 1932, 1935 ) One of the earneet,workem,lmcmm:‘ { 1930, 1934 ) enunciated
two conditions for breakiown in a high frequency fields Assuming thé electron under the
influence of an G.¢. fiecldy the firat exitermﬁ wes that 4u time 4" the electron must
- acquire pufficicnt energy from the £ieldd po that the enorgy is either cqual or greater
© than the?lcnis&tion energy of the gass consequently the firat cofxai'bi@n aata';és that

[ E : x_
JZW[—CA—S % 61%0«)%] _}_e‘vi

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

whore V(‘, = ionisation

electron in time "4" muat be cither equal to or smaller than the mean Pree path
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of the electron in the gas.

Hence \’ B
E e . (1_c,mw%)z(7\e

oz M

Combining these two gonditions he obtained an equation for the breakiven voltage

which is 'a funetion of pmaawvé and frequency and shows tlat &% a cerdain pressure

the breakdown voltage becomes & mintmm. Thomson (1937) mext otulied the sterting

potential for degen within the pressure renge { 0e25 mn to0 945 mm ) and for

frequency 1.8 to/a to 92 Be/a. In case of imer frequency ( below 2483 Me/e )

he obteined double minima end sbove this frequency single minimm . Double

minima was alec obeerved by Gubtons (1928) who concluded tnt these were due

t0 reponance pﬁemmena in the goe; €111 em Tonaldson (1951) found that the

double mindma dieappeared if the dischargefwere away from the walle of the tubes

To explain thisy Thomeson (1937) attempted to modify hie theoxye _Ih order that a

typical eloctron may acfudre the maximum enmoergy a8t a time, it is assumed thet ]

the electron begins %o move et & time & =O when the electric ficld 48 E Cod(~¢)s

Then the lonieing velooity will be msﬁt quickly attained if it 12 scquired in a

time ty swch that the electric field at time ty 18 B Coq (‘*‘ 43) ,for under thia
condition L

Cos (2T H A $).dt
0. ’ | ie.a mexinue,
G111 ~nd Domaldeon (1931) showed that when the exeitation wae by a field alright
angles to the iong axis of the tube, double minima appear and when the Tield was
along the axis one minimum ‘( that at higher prescure ) disappeaved.

The explanation is seen by considering a clowd of elestrens osoillating in
the gos under the influvence of the flelds At a fixed pressure, 28 the field is
inerecased the rate of ionlsstion inoresges ani when this is just greater than the
rate of lose, due mainly {o diffusion, the glov appearss Now if the pressure is
reduced the elegtrons acquire more emergy from the fiélﬂ owing 4o their increesed

free poth and the eriticel force required for breakdown is less. However as the
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pressure i redweed the smplitude of oseillation of the electron also increasee
and when this becomes of the same order as the distance apart of i walls, rate
of 1oes of electrons ivcreases vepldly onid the breakdown voltsge is inoresseds
The ealeulations of Gill and Donsldeon velating to their conditions of experiments
are in sgreement with mé.r viewss

Breakdown in hyGrogen i’or frequencies 5 to 11 Me/m fm: pxd = 02 10 30 mne oM
of Hge was mtudied by Githens (1940) who at tempmd to correlate the appearsnce of
the minima of ( ? ¢ pxd ) curves with the nosf.tien of the walls of the diachayge
tube relative to the electradess Ho congluded that the brealdown of the hef
discherge cecured through three different procese which he denoted by modes,
Bgbetty cach of which gave rise % a minimum in { vV, o pxd )} cwrve, Similer
resulin were @bserved by Pim { 1948, 1949 ) weinz mall £eps in edr at Pressures
from 50 s to 754 x;m for frequencien ranging from 100 Ho/s to 300 Moo . |

Hale (1948) txied %0 explain his measurements in orgon and menon over the
ranze of frequencies 5 }Esfc,;/a tc 50 I%c/s end at €88 presgure 20-‘-50 microns by
aseuming that the breakdown potentisl foxfx.f. £icld is determined by those
eleoirons in the gas which succeed in acquiving ioni.smm energy in one mean
treca paths tiwre in cc»maiﬁerable divergence of the theoretlecally enlculated
breaslowm voliege with e;{permenm& results in case of lower frequencies, The
velue of the mean froe path of the electron used was that given by Kinetic theory
which can hardly be corrects As is kﬁ{:vm,_' ‘;ﬁquj’mm free path of the elsctron
varieé- with the energy of the el.ec;;’urc’maz‘ﬂ' as the energy of the eleetron varics
between zero and ionising emersy what,is needed is en effective mean free path.
Also the asswnpiion thsb ':be pmbabi;ity of lﬁsm.‘s"g;umamccmes a maximum when the
eloctron sequires the lonising emrgv ia el s@porﬁﬁ by experimental results
because 1% hee been shown by Smith (195(3) thet efﬁcimey of iorsisa"cicm increnses

quite rapidldy with imrms:mg electron enﬂrgies z%lig;:mly s.hove t;he innie.‘mg EHeTEYe
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The extent of the influenoe of the discharze—in the walls and electrodes
upon breckiown mechanies depends wpon thé relative mgn:imaeé of py® and 4 whore
p i tho pressure £ is the frequenoy and d 1o the electrode separation. Llewellym
Jones and Morgen (1951) ghowed that when "IV and "p® are sufficiently high the
amplitude of motion of the electron cloud io omall, and 4% cen be much less than
the Jinear dimencsions of the discharge tubep V@: is independent of the datmve of
elettrode surdace and secondary elestron pmﬁmtm_n at the elaétméi@ puriages does
not appear to play imporéant parte However at very low g_zmzasura; éxpérmen% of
6111 and Von Fngel (1943, 1949 ) ond aleo tiose of Chemot (1948) chow that a
discharge can be started, provided thé frequency is greater than a eritleal value,
at quite 8 low potentiasl which is 1nﬂgpenamt of the precswe of the gas. In this
case Gill and Von Engel have asswmed that a oingle electron strikes the opposite
§lass euri’ace aml releages the secondary elsetrons which move in phase with the
appiied eleetric field ani releaseq further -electmm from the wallge '

Appldeatility of similavity primciple in heZs dimﬁar@c hj\ ‘been studied by |
Tlewellyn Jomes (1951, 1953 ) end hio csaswmx;s;.‘;g Tovmeend. and villdems (1953)
etudied the brealdown condition in air and hy&mgén uging a pedr of gecmotrically
similor electrode pysten and mossurenents were made for valwes of b xd = 15 tme
cme of Hge and froquoncy SMe/socs 1o 70 Mo/sce. Tor £ = 10 Mo/m or more, double
mixﬂ.ma appeared. The firet minimum wes not very eensitive to change of frequency
but the second minimim moved %o higher valuwes of V o and "P" as the fraquam.y is
decreaseds The ‘pimilarity theorem was found 40 be obeyed within the frequergy
range mveetigﬂm&; They have consluled int the multiple minima in (VQ s Pod )
eurvep at high frequency con beklmerpfeteﬁ on te bassq}za of a single breakdown
mochonien dnvolving eleetmn\@mmf;ion by ecoliision with ges molscule and 10:35
by diffusion emi drift tolhe eslsc‘%méeé and to te walle of the diescharge tube.

The firet published resulta for break&:svm in ultra high frequency region,

appear tolt those of Cooper (1947) who mode moasuremento of the breckdown in i~ o
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comnxinl Mncs and wave guddes for gaps boitween Ol and 603 eme B0t gaa ';Qressure 20«760 e
At the two wavelengths (10.7 ome 2nd 341 on ) and the bresirdowm gradieat was fowmd to

be 707 of the dece bmak&em valuee Similer mecsuremcnts Were made by Fosin (1943) who
found that for 3 om. wava, hreakdown volisge for a 0.043 e.m. gap in air wder

am@spﬁeﬁ.@ condition 1s substantiaily independent of pulge dursticn provided thed
duration e.;méeﬂa 4 seess The _natﬁre of spark wechanism in & cavity reasomator at

thene v}avelengthé hes been studied by Prowse and Cooper (1948) and by Frowse snd

Jasingki (1949) using photographie and spectroscopic methodss
Series of investigations on microwave breskdown in gases in cylindrical caviiles

and beiween co-axial cylinders at a wavealeng‘ah of 9.6 cme have been nade bj S.CsErcwn
and s colleagucs ( 1948, 1949, 1954, 1956 )o The gaps e-mzw range from 0.06 1o 76 ome
in 2ir at pressures fm Os1 %0 100 rme Hge The maulw are disecussed in terms of a
new theory for ultra high xrec;mm,;; breakdown, which is based on the criterion that at
the point of br;mkdcwn ionisation rate equals the rate of loss dve fo diffusion. Other
pracesees of removal of elee 'i-:réns, such as aﬁmaimm and recombination, are considered
" to be negligible for the type of the discmrgea atudied; when the gap longth i ewall
eompared with the wavelengthy the ele@*tmn{#yw wmean free path and the anplitude oS
escillation )the breakdown condition is obtuined from coneideration of the contimulty
equations for olecitrons an |

RN v

>t o C eesltat)

when "%" las the electron density, 3) is the net produetion rate of eleotrons. par
electron and denotes the &iffez*enéa betweon *!;he{ionieétion rate and the attachment
ratee [ ‘ropresents the ele¢irun eurrent deusity lost to the walls by diffiwim;.
The threehold for breakdcwn ig c@nsﬁ;defmd 0 oscur vhon %% goes 'chmﬁgh geroe The
brackdown g then the chavesterietic value of the electrie i’ie]@ obtained from the

solution of the equation
von — VI =0
eee{¥e2)
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with the bowumdmyy cordition that the electron denoity venishes &% the caviiy surface.
A high frequency ioni&amisu coefficient can be definesd am

{ = ¥/ve? eos(103)
where D = diffusicn coefficient.
Vaiuss of  have been cmlouluted by Brown andpthers from their breskiown messurenenta
.under parallel plate e@nﬁiﬁmﬁ in eylindricel covity and are expreseed as funotion
| of /P ond PR where N\ i& the wevelengthe The data ove thon used to ealoulats
breakdown voltage 4in alr hetwsen oc-axisl eylinders and resulte are found W be
in close sgrecment with the exporimentelly ﬁ@*’.;ém:lmd valuee I£ the applicd
frequeney 18 greater than the frequenoy of mlmstm mliilm.an and lesp than the
reguorey of elnatic aéliiuﬁen, Holotein (1246) showed thut the energy dletribution
of eleotrons in a hefe fiold 48 closely the some g ﬁm:ﬁ cf electrons in o statie
field equal in magnitude 10 the Temeoe valuwe of hefe FleMde Holstoin deduced the
brezﬁéﬂswm condition that the rate of produetdion of eleciron by donisation nmuet
exgeed the rete of lose duer to diffusion for non atteching goses. In case of a
uniform field beiween parallel plx&«":ea ﬁze,baleu],aﬁad relation between the broakicwn
gredient By ﬁm gop length " d ¥ snd the goe pressure " p v is

2
d 7—- N KTe ,
(F ) 23 (E/p) "C/P 000(104)
A de the TownsondSfiyet ionisation coeffiolonte

In & serdos of theoretical papers eﬁx h.f; discharge, Marganaun and Haptmen (1948)
have discussed methode for determining the éleetmzz ém:@ digtrivution and have
shown how such functions ean be wsed in the caleuviation of the brealiown fields
on the ssgumpiion that the miy mochanion for electron removeal ﬂrfi recombination
with positive iomse The caleulnted wvolues ave appreciably lower thaon the meegured
valuen and the dieovepsiey is explaived by the edﬁei@emt:&an that elegtron nust

als50 be removed by other mochaniso,
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Kihars (1952) asmnﬂ.ng & proper model for colliession pmee-aoa in the moleculer
Kinetic thecry of e].ectx‘ieal d:l.echarge and mditv:lng the Bol’cmm’a 'branaport
eguation obtained expressions for the m&mnﬁal parame ters i.nwlved in ths
diccharge phenowena of gma. Dividing the !mole problem into diffemnt parts
Xihaya obteined abmolute eﬁpmssion for mobility coefficient, (nfmaion coeificient
and electron temperature :I.ntama of qome wolecular constante and some measurable
parcmeters. The proceessby which ihaee molecular constante ‘fs:r different goses and
vapours are tote calculated have glsa been .@@ﬁdea. S‘ﬁm‘tiug fm Bolteman ’ -
distribution of charged particlez in a gas with z:éifoim temperature and preaaﬁw:f

and nonuniform denslty and applied externsl electric field, Kihara (1952) also
' Kle
e

obtained the well knomn relation [éiffus*ﬂ ml?ili'&y]
wieve T, = electron t@peratm amﬂ 'K the Boltmman comntents '
Assuning that the coefficient of elsetie aca‘t%zfi.ng vetwesn gaemolecules and
electron or ion & inversely proporticonal to the relative mpeed between the .
coll:ldiﬁg particles an expression z’ax,f. the diﬁeréme of gae. temperature and
elect;ron t-emparatum indems of applisd field and frequnmy hos besn obtained
by Kiham.,‘ Extending thie 1dea, the ,mgbiuty eoeffigienﬁ of elsgtyon in gases |
is given by — ‘
| Ko = _e/m" NN ees{te5)

wheve .
R e nubey of molecules per Cece amd N\ ioa moleculsy comstant introduced by

‘ Kiham in this theory ( nimensi.on cm3/se }. Kihaz-a accounted for the exsitation
by @1@9‘&2’0& wiih the help of W@l giving eroBs- eecuan cf excitation an
(C, C_) = 7DC3/ Cs s Le€s vhich’ involvea a process suwh that the

speeds of electrons decrease ﬁfm Cott: valuop below c hecam of inelestic
collimionss imre f is a moleoulsr model constant witn fie dimension of evea
Qivided by velaeity. Aeeozﬂmg ‘this model the total croBD- saatmn

Q CCo, Co) = ]DCO - isproportionsl to he speed m‘;’»‘ eolliding electrons.
Yor high frequency field, the elgéqtémi tempsmﬁum is obtained os L



=2 10 g

A -
Te = (w )" 1 _€E

and the dielsciric conatant A
2 .
6:1_' wo/(w"..)&)N%)
The process of ionisation by collision with electron was expluined assuming a

model czﬁss-seetion % C .

Q . (c 4CC_)

where G 48 a molecular comptont with the dimension of area awil (¢ corresponds

I

to electronwloeldy at Lirat lonisotion pomé%iul. Since 2 few eleatrons with
exgaptionally s mrge energlies usually take the main pert of ionisation, Khara
considered tha’ the velocity dlstribution ofblectronsis net aiatiﬁbed by the
lonisation process so that it can be token ag Kaxwellian. From this rvasoning

he obtained the expression for the Lirat Towngend coefiicient oL o
X = Ao €xp (- ®oP/E)

. \/Q_ N Q’Y\/CL /2-
wheze i = —‘\é—-'c (3()\> and Bo T p (3N)

When the goas i exoited by microwaves and the pressure is high the loss of electirons

is gonerally atiribuled to dlffusion but in cose of excitationsby radiofrogusncies
the loss ip due both to mebility and “diffupion and the continuity equetion in
one dimensional tresinent i given by

}2’__" - PN —x—"D.b.;"_;_‘;;—- REOCMUD% BB'I‘%

where K is the wobility coefficiens of aleetmm. The brealdown condition for
Pefs dlsclipge 18 —
' L (L - 2RE/,)2
-TI-'L ' D
4% .
which i explicit f#wffn canle written, on the acsuaption that electron's velccity
distribution is Vaxwellien, ss
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@b (B, P/2E) = APL(1- E//BAP ) e
wheré &1 and caj are two derived molecular constants introduced by Fihara A 4is
the wavelength of the applied v.fo {ield. This theoretienl expression is in
sgreezont vith the experimental observations upto 2 certein Mteﬁ Tange.
Taillot and Frumet (1965) in their eonfevence paper investigeted the Paysicel
mechanien of hﬁ.gh-freqmmg discherges maintained by resonance. It was conoluded That.
vhen 6 radiofrequency dlschorge 1o amited with a frequeney 0‘5/ Q_T gher than
the collieion frequency, V), & vosonane ci@ to the ﬂiapersi‘ivev propertics
of the plasma ean control the aﬁea@y state of the discharge aml dedermine the
value of the elscirondonpity for a given gemixetiy'&mﬂ frequsncy. }

Besides the o general %ype of lose of electrons in high frequewey diecharge
namely mobility and diffusion, there may be a third type of loos mechenism which
‘pecones very prominent in case of gertain gase oBe This is e loss by femtim
of mogative ion. Negzilve icms appeay in gases unﬁev' two aimmstamea {a) they
may be greited infe gas largely through attechment of free electrons to atons
and moleculos ond rarely by dissociation of molecules in a polar phase by
electron impacty (b) they moy be introduned in the gas by interaotion of fés*h
perticles of a‘izﬁmie mass with surf&ezea or by iiberation from hot surfacos.
Attachment of eleetmns cagses loss of the former ag lonising agan‘ms ard leads
to delayed and undeeirable electmnic ionising events in aeymetrieai field
breaskdorm, It may further-act to incrcase the ra'te of loos of camiem by
recombination. | '
'ﬁ'hié loes of eleetron by attachment is a very preaaminw% factor in casse

of certain types of £88 Gefe 02, €0,» 392 . !_lalogens,f. some organic vapowrs atte
which Heve a sirong affinity to eitach the electrons to neutral atoms or molocules
ﬁo form negrtive ion directly or by discelation. The ele;:tmn ig boumd to the |
moleculs with an energy ¢, which i5 called the electron affinity, The phenomenon
of eleotyron attachment 4o nep.tml ntem i a common cccuramce For geses whose outer

eleetvonic shells are nearly £illed. The measure of the sese with which an electron



can u.ttaoh toa mutral atcm oxr mlamne w gwn by the aleetron ai‘ﬁnity ener@
wh.to.h varies from sbtsut 4 volts for 2uses u.ke » anﬂ Gz to nearly zere for those

¥

' gases which exhibit amall atachment and is —Ve for thoso which do mot. Atoms

chavagtorised by closed eleotronic ahenq are imrjs w extra atomic electrons.
Molecules {in a 2— ground. etate are .éharmte.ﬂ.sea by no resulting spin or angulay
noMentiume ihe‘ivf‘eicc‘tmns form cloged gmupa and hence also chow ineriness to |
extra mleou:l.ar elcctmm. Gasen such ag 32 , Hz and CO :tall into this group
and show 10 eleaizran attechments | |
The attmlxnent of electrom in ga;ps was not aleaﬂy pameiveé mm about
1910 uhen the vecwuum tealmiquea am gaaeom purification of games led M and
‘Pohd (1910) to etuly 1on mobilitics in insyt gaaeas and N, and they noted the
" presence of free oleetmm &t highor preamn‘ee. ma otudies of Towmsend (1914)
and his co-workers Tatteys Tizzam (1912) m had led o the Tecognition of the .
'a:d.uteme ox free electrom at lcmer pmaauma in gaaen. m expeximenial wozks
leading to the ultimate discema.ng of elsoctron attachment were studﬁ.ee of the |
variation of carrier mbiuﬁau m oir as & fumticm of praeawe by A.Feloverick
(1910) with the Ruthevford A.Ce method of mobi114y measurenents using photo
: emmm and those of F.%Wezhmh (1915, 1916. 1917) usmg the same mothod
but produsing :lons by - A- partialea from Po in en awnm*y tield below a gauge
ton@w*né, the mtha& of Francke
Obaemtion of Walnach pay be ataﬁad bzieﬂy in the Tollowing words. The
seperation previousl,y eti:’ecteaﬂbeuveen the slectrons and the negative ions in
dxﬁ&ir nt lower pressumé hes been fm‘ther exﬁenﬁed to Cba é{u& H Y} inu these
Wo £asen the olectmm are ralative:ly mOTe NUMETOUS thon in elr at the aomspcming
| precouree A trace of mpurity is enpeﬁiany ei’!ective in reﬂminé, tha mmber of
free electrons when tzhe gos is at z*elzm.mly high presgurci e;t 1oy pressure the
cfxeet of the impurily is less ma:rked. In most ceses a vel::city matax- than
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that arising fmm thermal agitatioﬁ at ordinary temperature éppearn to be necesaary
40 encble the electron to aftéét a pémaae;zﬁ union with an uncharged ‘msieenle of
the ges or impurdly. For the vapour of petm:mn ether, whose ﬁdieeuiea contain
enly atcne of carbonaxl hydmgen. the negative car::lem appear to eoncist
| practically entiraly of free eleetrens; 8 trace of impurity, hmever is sufﬁeient
to effect the production of a considerable mmber of nogative ions. A bzfs.af ‘
mveéﬁgaﬁon nes been made of th;s _mof;on of the fyee electmni throush %2 $

the results do not" indicate that the veloc:.ty of tke electron is proporx‘:&onm to
the applied field, but auag,ostﬁ thm.t the eleetroin may travexrse a considerabls

) dume with moelevama motion before 1te terminal veloedldy is acouwireds In 20
1mtam9 R m ev:tdeme obtaimﬂ or a cnange m the natum af ei‘thar the
poeitive or negamve ion as the pressm of the gea wag mciuaed. The preaant

ze thod wa employed to detormine the values of the lonie mbiuﬁeé for a few
vapmmsmﬁ.:tm results have. been eampaz_'ad with ,pz:‘evicm detem;lmtwns.

Iceb | ( 1921,-‘ 1923, '1,923'3'}; :LrLa seriee of work :lnvasﬁ_.gated the poasﬁ.ble thoordes of
tmeﬁeh of negative fon from eleetron and lmutlral.- moleoules proposed by
3.3 Thonson and by Welllechs Moblities of e carriers formed by photo electrons
libemted tram one plate of parallel pla"lw m:napnaer by a8 bena, cf ultm violet
nght. fccusma on it at a g:laming angle fmm a auartz leng, were determined at
di:i’em'ml pmaswea.:mr sir using the Buthm:oﬁ. A,.,Gq. mamod._ The results in general
¢onzixﬁed'-the vrcsults of previoﬁa ‘observera-,' yielding s eingle olass of e'arxigru
whoae mobiutiee\beamne abmml below 150 mme: pressures The values of those
msbinties %ae also fmmd tuin a fumtim of the frequency oi‘ ccamuta'timn in
agmemen’c with earl'!.er reaulte. ‘ﬁm manmr of intmdwtisn of ultmviolat ldght
into ‘the. ehmer reduced the str;ay ugm effect end 1t wee fownd that the
asyaptotio feet of the curves qbserved below 200 mm pressure wa,m & real and impoyre
tant £psm,of the phénmmn,fﬂ;é n’@f;hematical thooxy 02 JaJsThomeon was _aﬂapﬁ'i;.
to £4% these measurements aml on the, ,ﬁaa:la ‘of the eqmtién 80 deduced the chance

of ion formation " n " ;am detem:t“fm@ from axper:lmn'ﬁ@ ¥ithin the linite of
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agourasy of the method, "n" was fmmd 0 be equal %0 abmx_? 2.5 % 105 for pure dry
air. The current voltage curves computed on the basis of the’ﬁmma theory were
eoépama with the obsexved curves and marked general similaritics were noticed
below 200 rm pms:aﬁmee The agymptotlc feet of the computed and observed curves
lie elose mae'éhar, which is éiggniﬂcant in ao much ag it 1o these portiens of the
observed curves that yield the abnormal values of me zﬁobilifw. Deviations of

the obgssrved ewrves from those computed at the Ligher and lower presoures are
explained. Repetition of the ,"i?ellisch expordments shows that what he’ tormed
"#roc eleetrons® are the carriers of ebnormally high mabintiéa obeerved by the
-earlier workers. It is shown that es the electrons do not attach o N, molsculoa,
and that as the vallmé of "a" obtainod in pure O, and in K, with emall quentities

2

of 0, in it agree with the values found for air on the basis of 1%s oxyszen content,

2 . .
one must conclude that it ia to the 0, molecules in alr that the electrons attach,

2
The value of ?‘n;' for O, moleculos i then 5 = 10%, |
Mozt of the methods of measurencnts of "h",} the attachment probability wore
handicapped due to different reasoms. Beceuse of the very low valweoi"h" in nany
gasepy 6 well aa the ﬁiffs?iéulty of schieving groups of electrons of narrew enerey
spresd in gases of sufficlient density for apprecinble attechment, significant
gtudles on the appearange poientinls of icne and energy of icn formation with
ddentiticntion of ion speciéa formed by mass gg:ecémgraphg m#e not been successful,
until when Hickem ami Fox (1954) applied their retarding potontial differonce
method t0 the study of attechment of electrons t0 SF, combined with mose
gpectrograph rovealing a rew techniqwe of investigation.

An electron that mekes >} impacts per cec and under the sction of the field &'
mOvVOR /ME contimeters per cec. takes 1//ME goconds to go onc contimeter, Starting
with "a" aleetrons, thghmmber A7 out of "n" thet atioch in going dx eentimetors
will depend on "m" 1%//,([—' and on dx . Iz "u" is -ﬁm[pz*oportﬂ.onauw congtant,
then - d% = = Am Ve A%E , ™" 4ecalled the probability of
attachment and is the reciproecd of the average mumber of impacis an electron
mekes to attach and /M 1e the mobility coefficionts Awother quantity " (5 ¥
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way be defined ag the pmbaﬁilii:y of atitochment per ¢ms travel in anslogy ta
ionieation coefficdent "ol " and likewice pfp is a function of E/ P o These

two attachment coefficients are' rolated by A = A/AE/;Jc o Honce another
cosfficient Vs may be defined in mmalogy to °); , donisstion frequency, end
may be called the attachment frequency end it is related to "h "by A = ‘2%)6 .
Taking intc condideration this new mechaniem, the continuity equution for numbex
of electrons/ ciCe may be maéiﬁ.ed by putting [(7)( - ”x).k)‘h,] in place of

( VM )es the frequency of production of electrons, when the breakiown
condition in case of high frequency dischaxge with Haxwellian velocity disirdbution
of electron can be given by %— = —/é—— + %; (75%/?‘:3-@&;;1 where Ecm effective
Ticld, umm average electron ensygy In e.ve The quantities —9%— ) _{%_ and -
Mane 8ve 'a‘.!.'.?. functions of Ee/}; and depend on the onergy distributien
fwﬁctmm Different nuthors measured the 'vm?iaﬁﬂn of "(/ F am (‘)’/ Pl wz.th E /b N
Connidering diffevent posslibillities of enersy ﬁéseipatian of elegtron efter
attacmént 49 the moleeules and atoms and apzilys;ng continulty equation Harrison

and Geballe (1953) obtained the expression for D.Ce current for applied dece voliageE

1 = 1, [p(/d,/g] u@.x{o[(&ﬁ)i] -1, '%C—P ' vee(1a7)

whore

es

d=distance between the elsctrodes. Varietion of de.¢. ourrent with different
electrode seperation for volues of E/ P = €0 to E/ b = 25 volte/om. me OF Hee
were obtalned. Variations of /5/ b with o(/ p were obtained for airy Frecn,

CF SF3  Heasurements of veriation of “h" with E/b were made by Eﬁhradbw
end Tatel (1934) for gmses S0, , N0, Hy S, NWy , H,0, Ha, A,
and differont mixtures of atisching gases. Bﬁuh and Goballe (1957) meusured the
variation of /5/ P with E/ b of oxygon. Messurements of eross section of atiachment
of halogens .d),z s Q)Yg s Tz. for different ensrgy of itle elegivon by Heeloy (1938)
show o macimum near 2 volts of energy of electrons for all ih:me gages. These are

vari Firn  of E ooy F 19,
the some of the observations of. p veriation with / P e ' & '

S
~

KNI K
it S

'I‘t%esﬂe.g mésummente of variation of (5/!J axy& o / p with L:/ p helpg to QQMBMRY

>

1 5 JAN 1975 " X g
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the breckdown volitage data obaserved ﬁ,h high frequeney discharge of atiaching gases
taking the effuctive high frequency Tield as the epplicd D.Co ficlds Horlin and
Brown (1948) measured the breakdown voltage in air at 3000 Mo/eec with the distance
varying from 04635 om to 0,158 en and the pressure varying from 70 mm Hge to 2 mm Hge
Similar messurements were done by Pim (1949) at 2000 Me/sec. with the gap length
veryipg from 0.03 cme 10 0,05 ctme @nd the pressure va:c:y:mg from 760 mme Hze t0
160 o Hge The diacrfpgmy between these observations ani themritical plot of
brockdown curve, obtsined by teking help of measurcments of Healeér and heed (1941)
for average electron energy os a funetion of E/p was of the omei of 103 .
However with increased purity of alr = by taking evoxy cbservation with freeh air
after exhausting all air of the previous observation = the experimental curvae
shows much better agrecment with the[theorﬁical curve. The data of microwave

bmake.fmwn nzeaéuremnta in oxygen at 3000 Me/see with gap lenzih 0e635 cme over a
range of pressures from 70 to 2 mm. Hg.: :; in good agreement with the theorltical
value calculated with the help of messurements of O(/]L and (5/ b for o:wéen fron
the work of Harrison and Geballe (1953) end teking the velue of = OO X’O?-l”
obtained from mobility measuremsnte of Nielsen of Bradbury (1937 ) emd tmvxl'el;tion
for the ae.c. mobility, Jg-?e get the value of E. given by

) . o

El — _E_L ) Vo © eee{1s8)
e ) RICINY

whare
EF QX}: (S oo£> 1e the applied field { high frequency ) and ), is the collison
frequency. .
Brealkdcwn in presemce of magnetic field.

Breakdown of a high frequency discharge din o ges in presemee of magnetle
field haa beéﬁ s tudied previously by some workers. Townsend and Gi1l (1937)
caloulated the effect of a magnetic Tield on the breakdown potential of o gaw
under refe excitation onéd showed thot the nmbilﬂ_.’cy of the electrons in the

wew

@irection of the electric field is reduced and is.by the eguation
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Ko 7 OTF ot ren(1e0)

where Oy = Q H/ MmC  4he eyclotron frequancy,
© L o
and I 12 the time between successilie gollisionse The diffusion coefficient D is

reduced in 2 d4rection perpﬁendieular 'ﬁo. e magnotic £field in the ratio

- D

\DH - 1 + wHQ_(,r?__ ’ ooe(’o'!(l})

From these considerationg, thoy observed that if the eleetriv and magnetio i.;ic-alﬁe
are parallel, the diffwiozi pemwendicular w0 the field 1is reduced and Herce 4
spaller breakdowm field m nacecearye If the ﬁélds are perperdicular, not only
the breekdown voltage ie veduced but for certain velued of ths magnetioc fieixi

and the applieé frequency resonange will o2cur when

,ﬁ = < H/Q-T”mc ese{1411)
They carrvied out experiments im air for two frequencics nomely 48 Mo/mec and
%0 ¥e/wece and the range of pressvre varying fm*;’éﬂam 24 mn of Hge. A decrease
of the starting potential wae noted for values of press&ﬁfe legs then the mindeuas
without field and inecresse of starting potential for velues of prescure greé'ber
then thet at which the breskdown veltege becomes minimum when the magnetic field
ie applieds The values of the magnetic field were so chosen that tie resonance
coniition was satisficd. The work has furtler been extended by Frown (1940) to
the case of hydvogen who cbiained slmost similar results,

iax, AlMe and Erown (1950) carrded out experiments on the breakdown voltage
of a gag emited by o microwave field in preserwe of a transverse magnetic Piold.
The goe used was heliuan containing a gmall admixture of lig vapowr and they
obtelnnd breawdown curven for different values of pressure. The breakdown mlt_aga
-becomes a ninimm for a nagneidde field (1125 gausa) for nll velwe of the pressurc,

the effect of resonunce being most mazked &t low voluse of presgure,



w: 12 2=

Ferritti and Veryonesi (1955) performed experiments in air for frequencies
ranging from 10 Me/pec to 30 Me/sqc. in air, the magnetic ;field varying from
0 %o 600 gauss. They used cylindrieai electrodes ond 6bserved a lowering of
breakdovm potential in presence of magnetic field.

Hoat of the workdre in this lins were done in resonence megnetic £ield sueh
that  the fregquency of the applied Tield and the mgnitu;ﬂe of the megnetic field
%\p@ S ;S‘T l,jn ¢ was satisfied. So far practically

1ittle work has been dore in which the magmetic field is far removed from the

are of such & value that

resonence value. Sen and CGhosh (1963_) studied the breakdown in alr ond nitrogen
in crossed mﬁmasnant magwtic field sz:plyiné the radiofrequoncy voltage of
frequency 8.1 Mo/sece and T.15 Me/sec. respectively in the pressure renge of a
fow mierons Hge to 500 micyon Hge They obtaimed & family of curves for different
pteady magnetic fields whose value lies within 100 .ga‘wss.' I% was observed t:-iat
each curve for & steady crossed mage tic £ield has got a mindmun “ureakdm voltage
at a certain pressure which shifts to higher prescure as the magnetic ficld ig

- increased. An increase of brealdcwn voltage was also cheerved on the application
of tronsverse zﬁﬁgm"ic Field within the range of pmsautre for which the measurementa
were taken. Following the theory of Kihara (1952) for brealkdowm of gases by
rad:‘.ofmquemy “ field and equivalont pressure concept introduced by Blevin

and Haydon (1958) with e variation offobility and diffusion coefficient in a
magnetic ficld, an expreseion for the breakdown voltage of gases by r.f. ?leld
vas developed to explain thoir expﬁﬂmenﬁai resulto. It was obsorved that the
theoretical results are in fairly good ngreoment with experiﬁiental results.

The ﬂisergpgmy was attributed to wncertainitics in the values of molscular
congtants introduced by Kihara in his theory'“'. 'l‘hey also considered the effect

of attachment 1oss to He breakiown condition and obtained the modification in

their bmakdmvn voltage expression as

= (Ea)_ b + =2 C_I—L-’_) coelfaiz)

2 K where
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b _[')DC’;; ")a I/L:__ 0(/P " /5/*’ :‘/2-

”; / — | amd. X = mobllity coefficients
b ,

L = length of the gaps (O = applied frequency.
B o bmamm voltage w;thout ccnzidezfatiou of attachment.
E;'- breakdown voltage with consideration of attachment.

Thie new modification with the consideration of attachment loss sghowed a betier
agreament betwedn theoretical end experimenta) breskdcwn voltage.

Beganll and Baydon (1965) atudied the pre=breckdown ionisation in molsculy
nitz-oeen o establiah whether the influsnce of a tranoverse magnetic fisld is
‘equivalent to an increase in the gne pressure from " b " o Fe "(1 + j),_)/y'
where " | D" 18 electron cyclotron frequencyy and o) a congtzmt, which ig the
effective olectron moledule collieion frequencys When the value of E/lae lien
within the[mnf;a 150 < E/}: <250 Ver! fod s Yhen & constant value eounl

0 83 x 10° b %c' but when E/ Pe. <‘ 50, V/P must decrease with decreéning

E'/ Pe for sctisfactory agreement to be maintained. The possibility of extsnding

the cbnca_?t o account for the changes in mOtﬂary ionisation and the breakdcwn
potenticl in nitrogen are also discussed. Considering the different complex
situations of bre-br_ea)ﬁcv)n lonisation a{; alfferent ranze.of LC /pc y they
obscrved that the complex situation isnot restricted to mitrogen so that an
epproach to the probiem of breakdown in teime of an equivalent increase in gas
presasure is by no means simple ‘a'.ud at least for nltrogen the equivalent

pressure ccneept is velid within o limited yange of E/ be walues.

(8) PADIOPHEQUENCY BREAKDOWN IN A  SUPERIMFOSED D. C»  FIELD
The first report of this “type of work was made by f.nrchner (1925, 1§4’I)
who measured the r.f, potentiale necessary for the initiation and maintainance 6: a
dicchargs in presence of s dsce; £ie1d 1n different geses. He found that the
application of a d'.:;c.- pofénﬁial of 60 volts to a Tefe diﬁchaa:ge. mainmimd by
an a.¢. potential of 60 volte ,caused, the discharge to disappear completelye |
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He explained that the effeet is dwe to the fact that when a.0. field 1o alore preseﬁ.t
aispméementl of the eleatrons during one pericd of the osclllation io of the same
order of napgnituvie és, or ig smeller than the digtance between ﬁm eloetrodon, and
that therefore these electrons een Qécimt@ between the olectredes and give rice
to & cumuiative generation of ions ¢ Yhen @ de0. mltage{cf the aem’fa magnstude is
puperinposed on the a.c. voltage, during 'one half of the complete eycls the voliage
beeomen veerly equal to zero and the continous oscillation of electrons for
pmdwtian of ione ad electrons mmea due to thiz effective m\lliﬁcaﬁon of
accelorating vollage and hence the dischare,e aiaappem.

AcAJVarcla (1947} superimpasaé a deco f£ield, lecs then that reqm.red to
initinte the discharge on & r.f. potentiel (120 le/s ) ina disoharge tube with the
dden of mwnlng the discharge and obtaining 8 éhort d@ionissétion time, It woo
aleo hoped thot the intonsity of the discharge should be incresscd by the direet

currenty but contrary to thio it was observed that %m &;Spncaﬁ.cn of 8 @
| pomntial gr@atly m@éﬁ"=the 'foimation of ﬁiecharge and higher vodio frequency
potentinl wop required for initiation of the alsscharge amd also the eﬂmi%ame

of the discharge was fom(i ¥ be lowey when the bias wae applicd. Becovew )
eqmewhat more rapid as had been expected, 1% was obseawed that mm.naﬁog Hoours
through o emall angle a$ the voltage peak of the radiofrequency eyele when the
voltage 1o above the iomigmtion ﬂzgesholdg the remaining period being utilised for
removal of the ions; eo when a dece bﬁ;&e\ of about the same value as the remess of -
the alternating rpotential was applied the field cxveeded the donisation

thmeham far only one pericd in each cycle and the ratic of icnisation time 1o
deﬁ.@f;ﬁimﬁmn time willbe conpiderably reduced. The incresse in ionisation rate due
4o highey potential aum.ng the ionisation period is not sulficlent to oﬁ?:t’se't
thefinorease in aeiohimation time snd 5o higher Tee gaitaée 18 rvequlred
initiate the d:i.semrgea the came effeeta are wesenb during the disghorge snd deCe

bizs produces & reduetion in imenslty. The exper:immw were conducted at a
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Lrequency of 120 ¥o/b with 5 microsec, pulses at a rate of 60 persec. The discharge
tubes haa AL. eleétrodee in an atmosphere of about 5 em of hydrogen with 207 Argon.
Fo quantitative theory was formulated to -explain thece effeotes Varnerin and Brown |
(1950) obtained the : equality in exémanions for eleotron energy distribution
funetion end ionisation coefficients for both a.c. and d.c. discharge on he
aammption that the collision frequency is constant at constant pressurc which is -
specially true in case of hyavogen and heliun. Taking the total electric £ield

E = E’".DC +\/_ EAC vmere tn_c‘mprenms the d.oe field, EA.C_the
TekleBe Value of the 8.0e field and ! () ' the redisn frequency, and with ihe help
of Doltzman trensport equation the expressionsfor all the pammetera in both the
casen were obiained. An effective £ield was defined by E ED c. ;)—*_t—):; A_?;
when both decs and aace Tields are presents The different parameters so cbiained
are found to be identicel in Both the cases and the effective nature of the dics
ard a.ce fields are saxe in the ﬁmceea-- of ionisations This similarity mokes 1t
possible to modify the .c. distribution function theory for breskdown to take
account of the am*rpo'aitien of a2 d.¢e field érﬂ t predict the behaviour of
brealiiowm with bath filelds acting simultaneansly.

'l'he gas in a cavity w:i.ll breckiown when lnnses of elactrom %o the walls of
the cavity are replaced by ionigation in the body of the gas. ?v'hen the a,¢e fiald
alone is applied, electrons are lcsst by diffusion. Yhen & small d.¢e smweeping
field 13 applied, eleatrons are 1651: both by diffusion and mobllity. The
breakdown coxxiitien can ba fommf,ea mathemetically by consideration of thomse
processes, Theequation

2 ED._C.'B‘Y\; 4+ YN =o
<~ . oY >z ,

’0 ..(1‘13)
represents the balancing comditdon éxpreaaod' above when de.c. field is directed
along the Z=- axis (N = mmber of electmns/g,cq D= diffusion éoofﬁ.eient,

—

K = mobility coefficienty ) = fonisntion frequency ) The solution of. this
equation for the case ' of & cylinder of axial height L and axial co=ordinate 2,
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radive R and radial co-ordinate “r' will yield the breakdown condition. Regorous

boundery condiiions require the concentration to be small at a boundary and extrapo=
lates to gero out oide the boumdary at a distance of the oxder of a mean free path,
In the range of pressures to be considered, the mean free path is very small ecaparved
40 the cavity dimensions and tho comiitian of zero comcentration on the eylinder
walls igimposeds The solution is

n = [ tostadt . Ty (R [[4en (TL)Z | b (- R EncZ/o3)
where R, = 2,404/R and Jo is the zero order Bessel function. This solution is

subject to the condition "))/j) = 1/ AL

where /\'D.C. ,

defines o modified diffusion length given by the relation 9.
2 | 2D
|//\}>.¢. = V/p + [E‘D.c./ T]

| _ 2> PIRY S
whore - = (’TT/,_) + (2 LIO‘//R) oheve Az Chavackerioht i funion Length .
Thqém]y difference between the brealdown condition in the ae.ec = d.ce Case ond pure

8.0 case 1o the substitution of a modifled diffupion length s AN o It will be

noted thet the modified diffusion length of a cavity is emaller than the charscteriptiec
diffusion lengthe. A cavity whose eleeiron loses are imprensed by a 'd.o.- gweeping

field 18 equivalent to 2 emsller cavity without a sweeping field. Using the proper
distribution function theory %0 caloulate breakdown and thqﬁn;:ﬁiﬁad diffusion

length presented herey a theoretical reakdown cwxve for an Q;“:/ P)p coi‘ 12 volts/om
has been obtalned. The relative increase of a.e¢. breakiown f£ield with a;xyl.erampaaed |
dece field for oir at a prossure of 38 mm. Hge heo been obtained upto .y =200
volts/eme Yma%to and Okuda (1955) mede some study of high frequercy discharge

with a de.cs voltage applied perperdicular to high :l.’m.quemy field. The dischérge

tubes were £111d with alr snd fitted with internal electrodes made of several
nateriale. A high freguency {roltage of 77 ¥e/soc. was applied % two parallel
slectrodes from out side the tubej perpendicular to the high frequency flelid,

a strong deces field is applied to a set qf parallel eleotrodes placed inside the

tubes The d.ce. source has the maximum voltage of ‘20 K¥ and maxima current

of 20 mA. During the experiment, the presvure wes varied from 10 mm Hg. to

o - :
Y0 mm. Hg. Keeping the high frequenpy field constant, the dees voliage-current
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chﬁxmtariatic curves waere obtained, The wain interating observation was that
in thie systen turee types of discharge cen exiot, elansified rmm the -tw
point of dece conductign. The first is like dec. glow diecharge type wh#o the
propertica of the dece discharge is prominent with additional icnisation by hef.
field. The eecond 1s epace charge 1ims ted type, the éame as the conduetion in
the floating double probe ine plaama produced by high frequency field, And the
third type ie an intem‘ﬂiate l'cage bemeen the Mret and second types which
may be referred to ae transition type between the above two ma. According
to the zuthora' analysis of -the traﬁs;ltion tyre at 10)& pressure, the value of V|
the Townsend's gecond coefficient in high electiric. field con be deduced £rom
the measurenent, L ‘ .

Rasquin (1965) studied the breakdown bshaviour of.. m wnder the influence
of a dircet inhomogenous electric field with a esuserimposed ailternnting field.
With an electrode configuration wh:tch produeen an 1nbomogenoun field, breakdown
vin a:l.r can occur even if the applied 40 electrie field is much sualler than
the decs breciiown voltage, i€ a high treemy altemaﬁng ﬁ.eld is euperimposed
vhoae peak value, howevar, 18 atill small compared with the d.c. reference fiela,
For ms breakﬂawn to occur,y the d.c. field mus't be applied 60 that the electrode
o:t grcoter ourvature .is more ponitive than the othere A poasible explanation is
that negative apace chdrge neay the irmer oylinder prevventa breakdewn frm
. develogin,_,. thia eomects.on 11; should be noted that the density of the
F mgat-ive space cherge takes a deﬁnite valm dep@ndent on the appued voltogee
Under atationery conditions, the zzegative ayace charcre :i.l mther groater than rhat
is neoeesary for the establishment ot an . If the voltage c;m the eleotrode
is chonged, the space char'ge,' can not follow iﬁe ,ﬁ_smge for an aﬁiitrerily
high rate of change.. Thus for part of the time the apa_c'ev charge i8 less than
the equilibrim value and dwiing this time breakdown can ocouwry,
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(C) IoV PRESSUNE DIGIECTRIC BREAKIOWE OF GASES BY HIGH FREQUENCY URIFORK
FIEID (o) VINIOU? VAGNPTIC FIEID (p) WITH .o IRANSVERSE MAGNRTIC FIDID.

¥hen the pressure is low enough so that loss mechaniem is not governed by

diffusion exd mobility, the pnenﬁmamn of brealkdowsn can be explainad by pecondary .
electron resonance. In the high pressure region the dlecherge is controlled by
diffusion and mobility, but &t pressure of the order of 10" £, ﬁgf‘fﬁs&;t}m
mechanisw is dlifferent. Fere the initiation of discherge by high frequensy ﬁeld‘
ie mwh easier than that by dace Deld, ¥any workers have studied ihe case with
Bish nigh frequency field and have chown that the secondary emission of electrons
by dizect bombardment of the walls can cause a breakdown to cceur. The differeat
'ahaemtiom ghow that the brealdown phenoumenon in this case ﬁepénﬂe ot only
oh the magnitude of the elecirie field applied; but 2lso on the phase of the.
eleetron potion with respeet 0 the fiem,‘ Under optimm conditions the
elsctron motion mus‘el bo in phase with the applied fleld. Tor the expected
mochanien ¢o ogcur, the general _ass@ptidm made by Damlelsson (1943), G2
end Von Sngel (1948), Hatch and VAlMen (1953, 1954, 1958 ) and other vorkers,
for the simple theory of meaémme breckdowny ¢canle sptated briefly aes bolow,.
The fundementdl hypothesis for thie thés;w is the oxistance of the secondary
eleciron recononce mechanism. In order that this mechenism can be operative
it is necessary 1o agsume that tho electron mean free path and the wavaiehgth_
of the opplied hiéh frequeney Seld are both mrge compared to the elaqtmég :

~ meperation. Theloan free path of electron in H, at 9;0. and 1 /4» Hge pressuve
16 of the order of 80 om and for K, 1t 15 40 om. For mathematical eimplicity
it is comvenlent %o assume that all electrons have half oycle treméit Himee.
It is sosumed that the ratic of the electron aerrival to emission\wloeity is .
a congtant ‘an»ﬂ ﬁhe electron ommission velocitics are noroal % the aleetrode
surfaces, though this a&énmptimn is not an accurate representation of secondazy
emieslion Jahmteriatiea but ie very useful in getting a simple .a'cmulmion ,
of the problome It is further mnmetl that the eleetrie field beﬁ;veen t‘.%m
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: »eleatmau is m:!.rom m spece, that apace charge effects are neg‘.ugible. thet
electron arrival encrgice emeed the 1onination potenﬁsl of the gas, and that a
few olectrons. are prodmed randomly mv«een the eleotmdea by natural processees.
The extent to which many of these aeemptiona ccmpenaah in an uetornined marner
for the other processes in this bwakﬂm mechaniem ienot clear. ,
kn electron starting ecross the ga¢ between the walls should collide with

the opposite walle of the vae§e1 and re_leasa aeeandary electrons just ag the
| electric field passes through mﬁd. "Ihe.mv_emed eloatric fie;_e&f accaleratos the
secondary electrons back across the gape The aeccneiaxyv elecmﬁs go formed by

the ihibi_al électmn lmcme primé;v eleatyons for the next hel?f cycle to form
-another group of seccndary electrons, with "tha optimum eonﬁit?.ozm' -again reguiring
that the secondarics hbe formod St;aﬁ 88 %he Picld reverses iis diractlon. iiowever,
" as was observed an? ic ales obvious tha% a breakdown does not require the optimu
conditions to occur, and there s a fairly broad regimi of 730145 and Zrequenocies
over which such a pheméimn may Abes observeds It is clear from the mechaniem of
m@ type of breal@down that the type of ges hoe got nothingto do with the
elsctron multi.plicati@n e0 thet bresﬁ:éown Tield 1o independent of Elm nature .
of the gas, but depends much on: tha surface constitution of the wall of the
. vessel which 1s the only source of eecanﬁary electmx#.
| | A]most all the workers reliod fcr thnir explanaﬁon of the cbservation on a
aimple the,oxy. The theory explaing. the -ganeral trend of the obsgervations with the
he;,p of somo empirically detemine& csnsmtsé The émt valuei of these
paraneters nre vory dﬂ,fﬁemi to obmin theorotically as the aotusl mechanisn
‘1o mot knowne As the paromesers heve got -#ery flexible aifimfaiaﬁ, 8o sultable
valuos oould be plsced for them and reeulis followed. Diffevent observers

_aspumed different velwns of"zha. parame terie
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For the quantitetive description, the motion of eleetron asted on by n
sinusoidally varying electric Pield of peak value Fpamd radian frequeancy "W
in described by the equation : :

M %—f = @ F Sun (wh + Q)

. eeo{1a14)
where CP is the phase angle of the secondary emdsoion electrqns. Heglecting

collision of electrons with gas atoms and asswming the ratio of emersing velseity
0 :!.mz}zngmg veloelty & constant for all secondary emisaion T.e. %D = X

= gonstent, the expression of Epfw a tube Jength L em is

Ee = w*L 7 om/e

'o-o<1.15)4
wheyre é - K__]

writing the veloeity inerme of the elsctron arrivel energy L given by
27 P —;:mw?" the frequency " £ ¥ ie ¢iven by

3

{ = %(Quﬁm)ﬁ 1...(1.16)

Derioting & critionl valve of é by @u fec. maximieing @,t&m eritical

- valws of " £ " eni By are obtained which are. termed as velues ai cut off
4.2, boyond this point the bmaﬁdam voltaze rises sharply to infinity so
thet beyond %helczitiaal value of froquency, the {tube will appear to any
emount of high volinge ae an insulator. The goveraing expmssions at this
point are  fco. = AL | amd Veoo = B

where both the constents A aud B are quantities which may be determined
emplyically. The voltage at cut=0ff is imdependent of electirode separation
and applied frequoncy. The obéewmians 80 far veported shows that Ax79 im
the valm which fits some of the ohserved data,
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LA good number of workers report;d obgervations which have 8 fair amount
‘of self consistency. Early mvaatigétione of Bmam;!own field 'atmixgtha in gasen
at low pressuves ani highfrequencies from 1 to 100 dMe/s were carvied out by .the
Guttons (1924, 1928, 1930) and Kirschner (1925, 1930) uoing external and internal

elecirodes respecitively. Their pximipal obgervation wag that the breakiown field
strength decreased with decrcasing frequency to values as :luw as M0v /en wntil
a out=off frequency was reached below which breakdown could be obtained only
with high field etrength or not at alle A ht'aer investigation dy Dackmark and
Bongston (1941) J.a# to a theoreticel ana.'lyais by Dantesloson (1943 )s Assuming

the sero electron emission enerzy Hemeberg, Orthuber end Stn}zﬁel (1936)
calculated the value of b to be lying between OF and 32,5° Danielsson (1943)
asoumed K w C Lo 1%, =0and b varying hotween 02 and 90° and obtained the
electron arrival energy to £it his obsexvation ag WL = 8O e.v. foi' aluninium
electrodes at varicus sepexations at frequency 05 Me/s. Gill and Von Enge) (1948)
however tried to vaméf the different possibilitics of source of ccourance of

the secondary electrons and thoir dependence on various factorss. With the help
of obscrvations made by Lueller (1945), Salow (1940) end Kalkhorr (1933) for

trhe emiesion of secondary electrons from 'the; surface of glass, they were able

t0 explain successfully their obserations for eleotrona of 40 ¢y and above
impsct enorgys but no result is available for slower primaries. They observed
that the etarting field strvength for high frequency uniform field (wniformity

dzlength belween electrodes , Y=vadivs of elecivodes.

18 observed by keeping 2 = 3.d, the dimension of the tubey at micron Hg.
pressure for gaeea 1like He, Hgy Hz and air is 1ndependent of the gas and only
slightly depends on its pressurﬁ. By incressing the wavelength { Y4 ) the
ltarting; £iold varies first inversely with the wavelangth, then becomes

coxutant and at a eritical value rices disconbinomly probably - to mﬁmw.

The cut-off wav'e].ength ie pmpo_rtioml to the diameter of the ap;lere and length

'ot the, cyuudﬁcal vesael‘ respectivelys The dependence of the production of
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electrons on the aecondsxy emission was verified by ‘matmg the inmer glass wall
with & poor secordary emlttery the starting I'figld 15 increased while the cubeofs
wavelenzth decressesg the reverss 1o observed when elear pyrex gloss ie exchanged
for soda glass, Waich agrees with the larger velue of the coefficient of the
secomfiary emlssion of the later. | |

Hateh and W1liems(1954) meapured the field strength in tai‘.t“&t‘ﬂ hydrogen at
prossuves of the order of 1 micvon Hg and froquensies from 25 to 00 Vo/ses
batween flat metal electrodes at seperations from 1 to 4 eme By suddenly
Bpplying & high voltage and then lowering 1t slowly an ‘upper breekdown curve
hee been obseyveds 'l‘his; new ewrve was combined with the lower breakdown curve -
cbtained by Guitonp Gill and Von Engei to form the boundaries of a breakdown
region in the frequency-field sitvength domg:/m. masmants Qf breakdoem f£ield
strength vee frequercy for 7.5 cm dlameter méchixied alelad eleciroden 8% a
geperation of 3 en weg{made in dry oxygen. Ixistance of very low breskdown
fieldd strengths and a eut-o:f:é froqueney was showne It n;ias found impomeible
in thie case o get & brealdown below 34 Wo/s. The meagurements dlstinetly
showed ‘58 trarphes of brecisdown curve joining at cuteof? fraquency and almost
othemise parallel within the pointe of obscrvaticon which was restricted o
50 te/s for wrper curve dus 1o nefe voltage limitation of the eaxperimental
arrongement. The lower breakdown curve upto 100 Mo/s was also obiained.
Attempts were made €0 find expér&msnﬁany the smoothness of the curve at the
| vieinity of eut-nffs. Fxperiments with silver coprer slectrodes in hydrogen showed |
hat in the inmedinte vieinily of cut-off, breukdown was evidencedonly by the
appearance of & faint glow, %hém was ao usual drop of ref. voliage which
appears to tvdicate the existance of g defindte obscrvable elosure of the two
breakdown eurves. Dependence of breakdown on the secondary emission charscteristics
of the electrode surface was mlso obsexrved with an appropriately modified

apparatus using alelad eleeirodes at & seperation of J«% cm and a frequency of
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50 Ho/as Prom the same guthor (1953) edditional confirmation of the exigtence of
the socondary resonance mschanism has been obtained in the measurexent of
electron arrival emergics and tho obpervation suggeats that a sljort of electron
bunching ocours, Anothexr obuﬁation hag been thnt of electron resonance

without any visible diacharge or attemmtion 0f applied voltage at pressures

of ths order of 0,05 }Hg. For a fixed frequency and el ctrode peperation,
elsciron resonance has been obsexrved continouely within a f£ield strength range
approxixately tha esme es that within whioh visible bmakﬂum; occura at high
Pressurcs,

Hatoh ani Willisms (1952) extended their work with internal electrodes from
conventional half cyele dode to higher order modes, A semitheordtical plot of
breakiown voltage versus the prodwet of frequoncy times elegtrode sepsration -
uping representative fitting parameters is given for the half through 9/2
oycls modes, In adaiition to the customaxy helf oyele ocut-off, the theory
predicts a modified out-orf in each of the pode transition reogiona. The buic )
oquation of undemped electmn‘ with refs voltage of frequancy "9 gives ths fivat
arrival velooity of electyon et the opposits elso‘l?mde ag

\% — __E‘E_l__ (2€E/fnq,) de) -00(1!17)

where O 1s the time phmse engle at which mecondsry electrons ere emitted and
eorresponding braakdown voltage by

VT ke
o (Q/m) @% PI

@% = (2%'9 l‘:—+l‘ Con P +25md

. -
Tor mayiomm volus of éh/ the limiting phaae angle 1s given by

- = K-l A . ses(7e79)
d’}_ — ‘l:aw'. [_K'H Wj{ o

Finally combining the expreseion for electron arrival enargy at an elastrode the

relation
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cut=0ff portion o revalwma W, These equations are fitted to observations
and different conptents inoluiing 1L are caloulated within reasoncble valued.
Attempte were made for fitting the observations aesuning that aifferent cut-of?
points are abserved depending upon the modes which ave initie$ing the mechenism.
* Bagh mode represents & close ourve with e cub=off point axxi aspuning 211 tha
modes are opem’tiﬁe, the eut~0ff points of all the modes are fitted en the
obeervation cuxrve 1o m:pﬁ,ain the meehmism as dependent on multiplication by
aiffervent modess: An aiteompt was mode 50 .mmxy 'the theory by mtmm the
cbesermtions of Cuttong G411 and ch Enzely am Hoover and Smither ote. The
Hoover, and Smither's (19‘.:35) data represent multipacting in & heavy particle ref.
linesy aceedeyator i'at. o then in o é*gsﬁem dopigned eipeeially for besie
hbealﬁiqwn stmies'.% Ml tipaskting breakdown was obgerved in a 50 Lfc/semﬂm-
entrant ay?.iuamcai copper 1ined eavity{ Preekdown ocowrred at '76 volio in a
2.,54 om gaps Me€favent asg}acta of this mechanisn also were atwiet} by different
authors from tinme to ma. Franeis and Yon Fogel (1953) did extensive work on
' the growth of the owrrents in this fype of diseherge. Tevin and Tubin (1961),
Miller evd Villdems: (1962), Pouret and Gulllenard {1960), Hatch \(1951)'%1
Pasehlte (1261 ) ete ave some of irlze auﬁiéré who investizated in variocus
é!;amc%rieﬁie phemmm sozonioted with this type of dischorse malnly indtiated
'b:,r hizhfrequency :f’ielv:}o |
. Recently Chandralmy end Von Fngel (19‘5‘5) atuited the ri.ng discharze at vory

Jm' and mcci@mmly high pressuve xespeetivezy. A ﬁheory based on the secomdary
alectron regonamee brsakmm mechanian m explain the: e:i rend mamma of -
| ring discharge at very 1low prespure hes been pub xox‘wazﬁ.=' ‘.i’m‘» uffects of éﬁide
ﬁal,s on the breokdown pechanisk of very low pz-egmm disohares have been |

treated in mme dei;ail.
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¥ller énd Willisms (1962) made recent observations of mulitipacting
discharzes subject to a:d.al mognatic fields of a few hundred gause which
indleated that very large perviodic pulsatiun iu the electron current may occur
in an spparently steady state disohargee Such pulsations occur with freoquencies
of the order of a few hurdred Kc/sec and have been ehown o be eimultancous
| with 'bhe pulest mm in the 1light intensityo The experdmental discharge chember
was of (] em- internal diameter pyrax c:ylinﬁer sealed to brose end plates. The
eleetrode seperation wes adjusteble from O to 645 cme A polr of Helmholtz coll
supplies the magnetic field. Pmping‘ia déxzé with oll diffupion and liquid I?a
or oolid icestrap. R.F. power was supplied at 40 Mo/s from 600 w transmitter
wﬁ%s Mc/é fyom 60 w transmitter. Fleotron ewrrents were sampled throuvgh
Ge025 ém.—dia.hole in the centre of one of the electyodes el observed by
?ektmnii—meigscillomopea Blectron czmmntpulsaﬁons wore obseyrved with
ref. vxcitation at both 40 amd 55 Mo/B but the freqmy?;ulsatian was not
noticeably sersitive tc the exgitation fmquemy. On the other hend, the
pulsation fmqwemywaa found to be approximately luversely proportional to the
axiel mogmetic ficld etrenmgth in the renge of 200-600 gauss and nearly
proportional to the inverse square of the peak applied refs voliage. Pressure

variations between 5 x ‘l(:t"4 and 1 x ‘IO'3

“torr, étmng]y effected the frequency
of the current pulsations, but no useful data weve cbtained in thie corusetion.
In gemeral the frequency appears to inorcase with increaging ges prespuree.
Seveorul types of gases were fed int the discharge chéanber by é continwus
bleeding pméesa,_ but again thé{pulea‘bioﬂ rate did ot seem to change noticeably
for different kinds of gases. Argon, hRydrggen, helium ( 11 industriel 5:5&9 )
and air werc wed. Extensive alterations were made inhe extermlh‘oimmit%m
and errengencnt in omer %o deteot any extornal influence cavsing pulhtion,
Pulsation did not stop andieonoiuted thut 4% lies in the discharge. FPus
Pulsation could be stopped by at 1eést two wayses First if the rof. pcawér wao

wincreesed above some eritical valuzy 8 transition into the hich frequency
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plasmoid wode occured and the pulsations ceaged. Second, a4 dec. biap of 20 to

50 v placed between the two electrodes also stopped ithe puleations without an
appreciable change in the visual appearance of the discharge even with ref.
voltoge upto 1 XeVe (pesk) applied between the electrodes. Paschke (1961)

in & note on the mechaniem of the multipactoer effect vbaséd his analysis on the
Pollowing premises (a) the fielde and ourrents are one dimensional () etfecta
of spxe charge are igngored exsept for cne partlicular case (¢) the applied f4eld
is sinuecidal (d) at the onsst of the breakiown, it ie only one perticulsr
velocity ¢lass which ief\;“reacname ard thus resgonsible for breakdown.

' . T
Integration of forcc equation dy _ N E St @vew veloeity

W= Y (M) (e ek - Con tho )
and pesitign

2=~ (E/ ) ($wm ook = Siuobs ) 4o @E/ )W) Cos ko +(tR)
where 7 is charge to mnes ryatlo of an electron which io emitted from X=0 ata
time "E," with & veloeity = (27LVs)% | 1f the particle impinges on an
electrofe at x = 4 at a time given by W (k—/co) :7T) the gecordary elsotrons of
velocity class |9, released from the electrode will see the same fieM along
their path as did the primary electron. With sufficient sccondary yield the
charges will svalanche wntil bregkiown ovcurse. From above the regonance condition
is derdved as

[(wws)/nE (wi/ﬁo ~-TT — 9 Sm (wko) + T Coo ko

. oo.(1t20}
which relates the. starting phase Wk, with the brealkdown Tield sirength and

the impinging velocity at resonance (2 7'LV¢>'/2‘ = Ci"?, E/ao) Con ko +1

The minimnm electyde fleld for breakdown 40 occur is
|
= () (wd)/ws —T‘/”"L_(Ll w2 )2
" ees{1e21)

with sturting phase Ok, m 32, 5¢, E> Em,ia 2 necesgsary but not sufficient

Em.

condition for the breakdown to cccure The secondary yleld has to have a cortain
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mintrum value to get the avalanche procese agarted. The continuity equation
T=1, (&J“/ ou ) ‘ relates the current Io" enitted at X =‘0" ina

time interval d.t, to the current I errdving at a position X over a time

toterval dt. ¥ ’ Mo/g,kl > 1 electrons are emitted in an

wlkt-t)=T 14, o
inteyval d’c - arownd the proper otarting phase i, « If ‘ / J.t \

w(t-t.)=T

the emitted electrons will move o non resonant etate, The ﬂzaoretical Sml
encloa:lng the breakdown region agrecs mmarkably well with the exporimente of
Hatch end Williams,. The concluaion to be dravm @{{ (1) ‘I'he emimsion velocity
distribution of the secondaries is important for low zmqmmieo (2) The unper
limit of the breekdomn field 1s csused by space charge enhanced reccmbination '
of particles with tie emitting surfaces (3) The eut'-_-off tmqueucy is determined
by the secondary yield at the field ntmng{:h where recombination aterte,

Hatch (1961) described the salient features of the multipacting bunching
and are illustrated by plots of electron trajectorice for transit times of 3,
l3/2 and 5/2 eycla. The way in whic?z the secondary emiasion charscteristics of
the electrodes influence nultipactingﬂbmghing 18 aleo d:tnouaneﬂ briefly.
Electron bunching in the mmtipacting mechanism of low pieasm h':lg&__ mqmmy
discharge, also known as the eqcanﬁa;;r o;eetron weonance mochaniem is analyeed
by an exteqeion of simple n\;ltipagting theérj. “v'Ihe buching ranse is assumed
to be that range in the electrical phase angle ¢ within which aeemﬁéry _
electrons emitted fxom one glectrode con gueaéasmny,tmatmraq thg.intereleetrodo
gap in hal? cycle ond arzdve at the dpposite olectrode with émr&r eqml 0 op
gmatar them tmiaswn energye, At the 1ower voltage Zumitg the mn‘,e is narmwed
to — 90 £ P £ - 40 « Typicel oxsmples ot mldpoeting
bunohing, :mcluding hicgher order moﬁea. are’ 13.3.ustmted with graphiaal mjeo“ka-
riea. ‘.l‘he effects of seoauﬁwj esdagion ohar’*ete*iancs on bmching are also
dieoussed. Francis and Von Bngel (1953) treated growth of e dtechergo in dotail,



ws 34 e

the caloulations being based on known atomic data onlye Fhen secondary oleetro:is
leave an end wall a positive wall charge is left behind, which retarde thc '
electrclms,. This 1o important only near *the .cut=0ff wavelength. These wall

charges cause the phase at one wéll o becano increasingly negativé wntil

finally the electrons would fail to e;seaape, and the nultiplication would cease,
which is contrary to experience. lowever the growth can be explained by considering
the velocity dietribution of the secondary electirons. Then e distribution i

' phese ensuse, which must geé repeated in successive half eycles for an avalsnche %o
develope. During this first stage the current is therefore eesentially controlled
by aecoxﬂz}r:;' emicnion andi grows exponentlally with time. At these low pressures |
electrons rarely coliide with gas molecules. Thus the electron must make ;%T
transits across the vessel to form a im'ge, number of positive ions. The ions
renain aluost stationary in the gesy they sve ncarly uniformly distributed
although elightly comcentrated at the centre of the vsiael. A second etoge in

the growth of the discharge ,%egina when the ion apsce charge first apprecisbly
affects the motion of the electronse Although electrons are still produced

mainly at the end walls, the rate ptoadily deoreeses ss the ion space charge
grows. 'me rate of preduction of lons ond élec'eram in the gas also decrsasos

and losecs of bo*!;h ions :md electrons due to self repulsion become important.

The cwrent thus rises more slowly than it would if space chargea gid not

. develop wntil 1t veaches a constoent valmf. It i= showa that et very low pmaéuma.
thie second stage may not be resched, because self repuleion of the electpns
stops ‘the development earlier. The final equlibrium stste ﬁor large precsures is
not included in this treatment. Thie theory predicts the dependence of the .tgrowth
on the material of the walls, on the nature of the s and 1ta presaure, and

the e:ffe,ct of the Lisld greater than the etartin,«; :i'ield. A mow gzperlmental
teehnique haa been employed to measure the ourrent actually ﬂcming acroos the
external electrodes by a br:ldgc mathod, the bridge beeoming unbalanced when a
currvent flows through the gase.
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© KarTas (1965) stml:!.ed radiofrequency breakiown in Perming gecmetries with
nonlinear {ields, R.I.". breakdomm in air withcin the pressure range of 10" > to 10-6
torr. is studied snalytically and expsrimentally for iwo elecirode configurations
wﬁich lesd to nonlineer Mathieu like differential equations for the confined
electron motion. Expertmentsl data are identified with two energy gain mechanizme
which are duocribed as the collisional and resonance modes. Freekdown volizages are
predicted from etability plots which show several resonance minima where the
obmserved radiofrequency breakdown voltagéa ere very lows Hesonence minima predicted
by a lincor analysis sre shifted by nonlinsar effects, from which it ie shown |
that the collisional mode is appareixtly triggered by excitation of the 7.7 eve level
of the mitrogen molecule with subsequent eléct_rén emission from the cathode
surface, The resonznce mode is found to be largely surfece independents

Tﬁcugh a subgtantial amomnt of m;rk on the secomdury resonsnce. has been done,
yet very litile is reported asbout the influonce of externsl fieldsv on tis type of
broskioms The works of Kossel and Krebe (1954) and Huber, Oraki and Kleider
(Ninth  gasesuo elechomiss Confownce,Pitlburg) ere worth mentioning sh this
respects It has been found that augérimposing e d;c. eleciric field parsllel to the
high frequency f:!.eld, storting can be made more difficults, A smail statie magnetie
fleld perpendicular to the hi.gh :tmqwamy electr:le field, causce a general inerecase
in breakdown field ard & lowering of the cut-off mquemy, but leaves the general
ahape of the electyie fleld va. wmlength curve vmaltered-c- In lorge mognetic
fields, the starting potential is almost inﬁependent ot frequemy. ‘A dlecharge at
very low pressura, say at 10"5 w Hg, once. startadg can be put out by eithar _
increasing the electric field or decreasing the magmtle Tieldy Tdttle Uight
was thrown on the meehanimi of the piocaaaés undey the chenged experimental oetup.

‘Deb and Goswani (1964) :l.nvestigate& theoreticany zhe[pmblem ot secondary
eleatranbbmname breckdown in the pre:sence of a eteady transverae magnetic field

following the method of Von Engel fox- eimilar diecharge wit;hgut amhlﬁeld. Curves
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| glving the breakdown field as a function of wavelenzth with " o " the retio of the
oyclotron frequency to the frequency of the applied field, have been dm. It was
shown thet with incvease of " o{ " the breakdown field tends to increase and

the nain region of the curve ie dieploced towards longer waovelengthse, The

snerease in breakdown field with a given change in " X " is found to de more
pronounced with the higher order medeq of discharge. The effect of anzle of arrival
at the end walle of the charged cexriet on the broskdown mechanisn hes also baen
considexred. Hesults‘ indicete that the effect should counteract appreciably the

| aforssid tendency of the breskdown field to inérease in the presemce pr a magnetic
tields The so duilgé cut~off value incresses with inoreese in " ol " and in
eontrast to the situstion in the ebsemce of A magnetic field, might define either

" a long or short wavelength limit of discharge depending upon the value of "oC ",
(D) . . RADIATION FROM GIOR DISCHARGES.

The radiatioh- emiited by gas molecules efter excitation by collisicn has been
the paramount sowree of existing knowledge sbout the internal structure of the &es
molecules, asbout the enviroment in which the gas molecules exist, and about the
stimulating collisions themselves. Radiatiqn from gas discherges has supplied
means of measuring atomic abundences, identities and chemical recction ratese

- An imderatsmding of the radiation from gas. dischergen rests on the elucidation of
two seperate stogss in the process (1) the relecase of energy as radintion by the
gos molecules and (2) the delivery of emargy to tie gas molscules. Each atcm.c or
gzoleculer species radiates a cheracterietic eet of frequancies which ore governed
by the Flanck relation ,g\ 1) .:, E,,' —EL - ”.<1‘22)

The pmbability per unlt time that awh a uana!.ﬁ.on will ocour -pontaneous]y m

an atom excited to ths jth nta‘w 1o gvendy 2
A = LU e* Vs | 253
DY P RE o

ose{1423)

h
where - (zxw‘)
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1 the matrix element of the dipole moment for the transition from E; t E._ .

Most cmonly ocowring mdiations are dipole radiations, but tmnsitiaun which are
forbmdcn m dipole radintion by the identical venishing of X j¢ con

some times ba observed weakly in quaﬂmpole or magnetic dipole radiation with a

" probobdlity which 18 mughly in the mtio of ( 5/ AN )2 to that of an
allowed zmnaitd.on. Hers a; im the orbital radius o:f.’ the upper states Fx’cramom

':tielda can permit forbidden tranaitiona alsos ‘ )

Ir thc probebility per unit time of spontaneous emission of frequency VD by
a lingle radiator in lmawn. it e in principla poasi’ole to compute the intensity
of radieation. Iow px-essum gan diwhergea, despite the renl complexity of their
- energy transfer pmccssen, are amph to analyae when compared with the vastly 0oYe
complex ﬂituation :!.n]fzemetriul high pressure dischargea or in stellar atmospheres
whether ot high or Tow prensmee, these last being complicated by their vast exitension '
over apsces A working criterian for a lmr praaawz'e gal disoharge, from the optical
point of v:l.ew,a ean te tha,t it ahoul_d. mt; appreciablynreabnorb :11:9. rediations or in
other words that Bpontanecws emiasion ia :!.ts sole radiation proeoes. :

For those transitions whioh pass tmhiudered throug,h ths faas, t.ha analysis of
mdiatoﬂ intensity is atraight fovward. If N; rofera to the population of the Jth
excited state of the radiatory then "bhe oeaential changes in thispopulation will be
brought about by radiative tranlition ) 1ower atatesg radiativa transitions from
upper stetosy absorpction of blockaded @-ound -tate radiations, and calluaion

interactions with other particleac Then a uyetam or equatione govazm the omr@

level populationse. R . I
D N; _ P:D v N +%0) §N° ZAJ‘L . 4 AK) ( 1)
ot | o K=5'+| : ”

~ where ])) is the diffueion coefficient for state _} radiators. mn'a is one of
those lt&ten which radiate o the ground ctaﬁe. then austming that the diffusion
treatment oé blockaded radiation is aﬁequate, l seeond set o:l.’ equation is modedd

vl . \
%g_ — TD)) A4 JD +X\7))°LA50N) —-'.': BQJ‘ f NO] - ;.‘-.(1\.25)



wiere D 15 & photon diffusion coeZficient defined as ¢/3g where "C" is the
veloeity of 1ight and R 4is photon ebsorption coafficlente Blinminating the
absorption term botween the last two equationé ‘and agsuning that the gae denally is

large enough that the photons spend much less time in the free state than in the

wl _ye f("’)J L} :rrr\\n\nL\\Yo’ho\\l\'c ~adiant

N > %b | emevyy denatls -

J . ¥ = ‘v‘roiud—“w /%u-ne%'w-

radiators

one set of equations can be obitained a9

3= o
" : + L
a% 1=l k=) 000(1026)

Elatation 18 the primordisl souwrce of all radiation from gés discharges. Rediators
in ancy state mafy absorb the kinetle energy of impinging particles amd go over into
higher encrgy states with a minimum of restriction by selection between states
for vhich the reverse radiative transition i allowede

Experimental measurements of the ¢ross sections which gas molecules offer to
electrons for variows exeiting transitions .have been earried out along two general
linen. Firsty electrical meaewemanté' have been made of the fraction of electroms
which have lost diecre'be ammm'i;é of erergye Second, optical meepurvements have ﬁeen
nade of the nunber of photona of a given spseilen eme'rging from a gas through ;
which a Mn charge has passede .Both me thode are difficult and the reaulﬁé‘ have
proved quantitatively discordant with each other =mmd with ;i;hecry whar;ver quantita=
tive moasurements have been possibles

There are different processes of expitation where the higher enexrgy levels are
populated. The elegtron impasts of the first kinﬁ%where electrons collide with
other particles to give iis excim'tzieﬁ energy and the pmcéaa is gqveﬁed by the
relation |
ese{1.27)

&N :'fN\NfZ-'—Lz
A

where 2@’1 and l‘?a are concentrations of colliding giamticles of béth species,
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w theirfesn relative veloolty end’ %g—: is the rate of production of the
altered moleouler states Hxcitation by massive perticle impects have got
rediation effeciencies axtrem)y low §o_mpawd o ttet of electron m:ﬁ it is
eany to eet up subsidisry procesuces invblving impacts of free eleotrons which
will mask the deairved effects. | | |

In the process of excitation by absorpition of phwtons 4% ie found as In
the emiseion of radiation, the seleqtion rules appear o govern ite absorption
‘rigorously. Apparant deviations have alwaye resulted in the discovery of
aubaidiarj process involving otlier systenss The i'ale of volwme recombination
into e:mi'haﬁ states proved as having very ainor effect both elea’cric_zal_ly and
and in the prodwetion of radistion at low prassures. Volume vecombination of an
electron, +Ue 1on and photon syaiem and positive ion negative ion system may be
looked upon se potentislly lesding to radistion. Voltﬁe recombination in sny
of ite forms, while incenspiowous in active dischaz*gas, is the pmmihent a:od
migue eaums of raliation from low precsure after glowe, In complete generality,
the problmn c:f the £lux of papu]ation of aw one state must be dealt with by
Linding the fluxes for all stntes. In restpicted cuse_s howevery it is possible
to define a casoading coefrficient ﬁh;;.ch inakea the general sclution unnecesparye.
The reetriction ie fulfillsd by (1) electron excitation frow the ground state
(2) reccmbinaﬁion process (3) collisions of the eecond kind between foveign
radlators end ground state partialg:»s, where the necesedty fh@t the ordiginal
population of sach stale be derived from a source which is indepondent of the
individual excited stote populetions is fulfilled. The process of casosding ie
inportant to epontensous transition from the upper étatea of a radiator to the
lower staids which furnishes a significant portion, although npt a major portion
o:_t’ population of each si&‘ce@._ ‘

b'Ihe chief process of depcpulating Jevels is a]mast invarichly apontaneous
emission. camaiona of the saoonﬁ kind arve alaa 8 depopulating process as well |
as a populating process. Sometimes the result of the colligion is an exchange of
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o_tateé in which both populating and depopulating processes figure. Roseler and
Schonherr (1938) etudied the radiation of Hg ( R - §I So Yas a

function of pressure and current and identificd both presoure and current
dependent losses which they attr:lbu,tedl 1o eollisions 01" the second kind with
neutrals and eiectrons respectively; At large danaifiea meny workers have
.observed thnt a maorked decrease sets in.the dntensity of rediations from
discharges. This is specially trus of fho inert gases. In helium this decrease

~ sets in at approximately 2.5 mm. Hge Meyerott (1944) opened the way to an
mﬂerstandin; of this process by the sug’gestion that the population éf le and
sz and bresmably other moleculer ions might be larger than previously estimated.
Batos (1950) sugzested that the larée‘micrdwave recombination coefficients could be
vnderstood as dissociative recombination with HE Phelps and Brown (1952) isola=
ted large quantities of Hs from helium discharges at 5 mme Hg. proscure but

found 1ittle at 1 mme Hge Fornbeck end Molnar (1951) suggested thet the appesrence
potentials of molecular ions in noble gases could only be explained by the
existence of a collision process of the second kind in which excited heliwm

atoms formed molecular 1065 upon collision with neutral atomss. Fowler anmd
Duffendack (1949) had proposed an unidetificd process of the second kind as .one
ponaible cause of the inténmty decrease but discounted 'the posoibility because
of the suppoaition thet 1t would require dugraﬂation of the entire excitation
energy in the kinetic form, in defiance of the Franck-Condon primiple:.
dependence of the intensity of the spectral lines upon the tube current wae
investigated at both high and low gae densities holding tubs potential constant.
The relationehip wag found to be linesr within the exper;mental erroxr between

the extremes of 1.4 X 10" ana 2,5x 10 16 atons/ceCo ’.mia mlaﬁonahip wap
.observad for all typem of tranaitiona and over a cument range from one to one
hindred mi. Ths.s has been further extended by the work of Iees who vaports a -
linear dependenee existing as low as 0.2 nA for a11 tmnaiticns. Spee:!al
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intennitien as a function of gae density of particles por unit volwmc were
13

investigated over a wide ranze of density extending frem 2 x 107 w0 1 x 1013
mo:.eculeé Jeece holding tube curront snd potential constante A11 the density
ve. intensity curves have essentially the same formg rate of decsy and location
of ‘the moximume One outstanding exception is found in the 2°p - 3D
transition which had 2 brosder maximum ard slower rate of decay than the others.
The maximum was located at about 15 mme Hge pressure asbout five times the value
found for other trangitions. Since this transition corresponis o S875 ;, the
anomaly leads 40 & pronowuneed color c“éuge in the discharge between high and low
pressuress the hilgh pressure discharge being yellow, while the low pressure
discharge io blu?z‘kgreen. Heaswrements hove beén made of the intensity of
radiation from the low volbage am in héliun as a Tunetion of gas‘ density,
tube curmnt‘mxi tube potentiale The expe‘rimem;si resulis indicetes that the
radietion is the result of a primary eleciron process. This process has been
generally assumed to be direct exeitation. Swh an explanation is not fully in
accord with the phenomens observed and €0 possibility of an wmrecognised
procees hag been sugresiede

I1ttle or nothing hao been reporied about the radiation from Townsend
discharge. Cragge and Jotfé (1947) 4indirectly showed the mresence of high energy
photons in thisjyye of discharges If f; 1o the mmber of emitation to state J

per unit lengih of electron path defined as

NOSQCO/' W P (W du

J
o

USDC u:)’ cp(bt) dw ch(“oﬁe)'

° v .
wheve \} ia the drift velocity for electrons in the electric field present, and
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¢ (W iskhe electron distribution compatible with the field, then the energy

of radiation in a transition '>>)‘ > is given by
. o X
LTIy
per svalanche of length X o From this basic expression the power radiated can

be caleulated in the various eventualities which may drdse.
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The raﬂia"bion property of the momoenergetic electron diechaz\e wag studled
and utilised for different purpose of meesurements. Maxwell ( 1928, 1930, 1931,
1932) foem'd that 1t wes poseible to détect the 1ife times of fonic excited states
by sinevwme shift of their radiations in the applied electric cross field.
Intensity variation of the spark lines duc 10 the motion of the positive icons wase
the main problem of obl;tmﬁon o Spark lnes due 10 singly and doubly cherged
ions show a variation of intensity along their length in sweh a manmer that it ie
possible o distinguish t'ém from the arc lines. I% is aleo possible to differentiate
beiween thellines of the first and sscond spark spectrume Eleetrons in mémmmy
vapour wlith velocities grecter than %he ionisation potential were confined into
a beam by e magnetie field. The ght pmdﬁeed wag projected on the slit of &
gpectroscope with the direction of the besm at right angle to the slit.
- Perperdicular to the beem an electric field withtdrew positive ilons before they
recombined. The intensity of the are lines was found to be independent of the
electric field which indicates thaot recombination contributes very little to the
formation of these lines, Two sets of exposures of different spectral lincs with
ard without cross field wore taken amd compémd. I¥ i@ noticed that the are
- ddnes 'arii the lines of the firet sparlk spectrum are uneffected by the field
while the lipes due to the doubly charged long show g change in thelr intensity
distributions

Dui‘.felnﬁack and Foppius (1929) exsmining the radiation from negative glow
found that intensiiles of the :tzsmilj' of transitions ending with e3P étates
dncrecoped according o an expomntial‘ gaturation cuwrve with mercury concentration
and increased linsarly with tube currente Assuming in stesdy state of diseharge,
the intonsity of a speotral line due to tho transition from gtate J to state X
of the atom will be proportional to the coneentration §; o of atoms in the
state 3, the probability of transitionP ik and the magnitude of the lignt
quantm AD Le.

1.5 oc Nj; Aj R
)

and in terms of the current 1, pessing throuwch the discharge, 4t was
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written: | - | » | | |
. : LR
I'z),- - A 1 ( 1 - /7\\E P 000(10?9)
where "2* 45 a multiplicative constanty * b " is the praasure in e Hg, "d" is

distance between electrodes and 7\”; = average mean :’:ee path for the

excitation of the mercury atom at uslt pressure ..

TR, ‘
Ne - ‘7\\E' eee{1:36)

(o,;c and 1 moe Hge ) and when mercury end other Meign atom ispresent the

roxmula was modiﬂ.ed t0

. _ i ‘/?\\_, (1 _ \DoL/’M\)P
vy

e ¥ e oee(1s31)
whexe 7\‘\ ic the a&ara@e aean free pa*ch of an sleciron for excitation of a
foreian atome N i8 the avem@e magan free path of an eieciron for excitation
of either a mercury or a foreign atom. At the deweitles studled no veversal
whatsoaver. was observed. In admixtures of argon, in sdditfion to the same saturation
-bdhsvio"i-, excitation was found {o b apportioned between mercury and argon in
the propbrtions of their relative abundunces. Lverything observed was in complete
eccord with ths hypothesis thaet monbenergetic primary electrons in o fixed finite
mmbers were experded in single colllaions to the exteat to which the abundance
of obstrﬁcting molecules pemitbez?. Asswning moﬁoemraotie atrem of electrone
heving & particle current density%ﬁo nunber of losses from a'unit erca of the

boem 14 o distance dx A0

i .
éé—— = - ( % N" . &,9( or-(?‘oBz)
am ir equal to the chan:s of particle current density. Integrating
. . -0 Ny X .
T = 7’0 € ' ' 000(1033)

is the oquation of decrement of the pmary electron atremn,_ The cress section &
15 the crose section for all aimrieant encrgy lossesy ionisotion plus excitation
of all k:lndu. The power vadiated per unit voluma in any transition excited by the

oleotmn amem is now glven by
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Integrated over the whole stream fron éathﬁde to annde the power radiated 1w

: T —~ G Ny X
6.. . /& '>>') . f-’___ .o (] - e )
I UL : 5 2

OJK-Q‘IC * &" T ERAGNN B %&Mm(%—\'w ?Wﬂhah\‘h'-\—"m.
Yhile the theoritical dependence conforms well with the experimental resulty .

the totol elatation orose section § required by Duffendack and Koppi%a (%)
£it their curves is surprieingly large. In the radistions etinmulated by
nonosnergetic electronn, general opinion favors direct electron excitation as
the chlef mechaniem of population rather then recombination. |

The themial electron discharges are poeliive colums of glowe, arce and
lnparka, high mqwm:y digcliarges and anode zlowas. Analysis of the radiation
from thermal dlscharges must be mede on 2 bagis of electron conceniration and
its velocity distribution. Pischarges sre never and con never be in true thomal
equilibrivme Experiment shows and theory suggests that it ie reasonsbly socurate
10 congider the electirom %Emmtm) which governs the velocity distribution,
constant cver large regions of the dischargs. This $o bescouze the electron
temperature ie almost dlrectly proporticnal to the elecirostatic field in the
g€as andi the electrostatic field is tangentially constant at lcast from its
conservative properticss Further more, in the sbsence of space charges which ave
usually gmell in]ﬁgions where thermal elatation predominstes, thore can be o
chenge in the normal component either thus eotablishing the conditiona fer
conptancy of s#leciron ;empemtme, A falrly gensral theory of thie type can be
based on an assumption of s’eparabiiity of space and velocity dependences of the

electron distribution to give the number of primary electrons

AN  af X, Y, % bavingweloeity U, Wy, Uz

as

AN, SN- (7 ) de dy dz. (U wytts). dite d Uy dus.

The preduction function can now be writien fo;* elatations of- a type governed by
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the oross-gection oj (W) per unit voluss por unit time

PJ‘ :\4TFN~ 4( W ({J’ CPOQ,UL RS
U i
w = (wzr + ugjL + U )VZ

and electroniwlocity is sssumed much larger than molecular velocity. Since the
major portion of discherge current density is given by the expression 1 = €N U
for the electron current density at least in gases which do not attach electrons,
the(pmdmtion is directly proportional.to current densityy end 1f radiation ie
ma}bhief encrgy loss mechoniem, the radietion must be proportionsl to the current,

Much qualitetive and some truly quantitative knowledge exist concerning the
radiation from the glow discharges A »large part of this applies to the positive
column which is by far the most speetpacular vogion of the discharge. Angstroom
found that the radiation reaching & bolometer from the positive column was only a
few percent of the energy supplied to the column electrienlly probably becsuse the
tube walls failed to transmit the bulk of ths radiation of the discharpze. Penning
(1958) has made an analysis of the energy losses by the thermal electrons swarme
He finda that when an electron curvent moves through a gas, the onersgy received
from the electric {ield ie partly lost in collisions with the gas moleculea. An
infinitely small eleetron current " 1% fiows in a herogenous electric Fleld
E which cese occurs in- the storting of a glow diecharge between large parallel
plates et not too high pressures, Irem thebbservations it is clear that only
for veyry low values of E/P the energy tramsfer in elastie collinions in
inportant which may be treated to a certain extent with the c¢lassicel lews for
wechanicd ecllisionss At higher values of E/P Mver the conduction of
electrieﬁty through the gas is governed wholly by the lews of quantised onergy
4ransfer between electirons, nmolecules and egeited molecules.

Vodges ond Michels {1928) examined the preceure dependemce of radiations

from posltive columan of helium discharge. The abaolute and relative iniensities
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* of thirteen lines of the henm_ pe etening throus the vistbls reglons
hisve basn messured by & mﬁiﬂ
 and Doxgelo (1925). s e

kmm emiasian fm l

a;bion of the mﬁhoﬁ devalomﬁ by Omntein (1925)

57

o canaiated in comparing esch 1ine dmaﬂy with tht

,..mgetan ﬁlmzw, operateﬁ under aonstam eon&iuau.

m reau‘us tor ? fAscharge s.n a capinary tube s with pressuros frcm 1,92 10 34¢3 m.lf,

show. that "h'ahaalmm int:emus.en inorease ranmly to a mex:mm for pressures in

- the neighbour ot 2 to 4 zm, below which thsy tend toward 2006 me relative
intensi ties of ein.gle\‘. systen ave favoursd by lowered prescurce, and the bigher
menbors of the t.r.tple'e eyem are likewide favoured over tue lowey membem. \vhun

~ the relmive mmmieiee vmsmn the smglat series show 1little effect of yreaawe. -

 ‘« Following obuervation o Dymunﬂ (1925 that the ezﬁeiemy of exoitation of a

given initial Bt&ﬁe is greatunt when the enersy o:t‘ the emit:ng eleetron is only

| Olighﬂ.v greater ﬁwn 'ehat meded to amito that ltata , they obtained 'bhe probabznty'

rulation from kimtie theory canuidaratﬁ.on as " '

L=V 'y"'Vz. k |
_   € /3& e /aaL

a mm :t‘or 8 given a*tme nith amr@ v. wﬂl be ozeited in moet oaew bs' eleomna
N whieh have, at the time of mpact, an unergy bﬂmen mat meosaary for
A onimtion of this nta’m anfz?. that ot’ the neRt higher state V. "g" 1o the
V petentia!. g;radimi: in the tuba "y" :ta the ol.actron mean free pathe M
" reletion though desnot aerce quantitatinly yet gives the general tyya/ ot ourve’
‘obtained. The indicat :ume m that the two pmaasea (1) aiesooiatife recombination
o molee\nar helivm fona am (2) celusim o:r emimﬁ staten wi’ch neutrals ave
aet,tva here alﬂ@. The enhmmnt o:ﬂ thc upper t:dpz.et statea is emtandablc _ |
4L pmcaun (2) 1e active, since the amr&y aoﬁcﬁ.emy betneen comspomung
singles and triplet levels is lase for the hi@mr :mnm o t o
| Parkimon (1951) observed interesting behﬁviour :'.n a 15 &: al)tommg
}emm glow aiecharge in air amd noble gaaee, szsrl espeeially in heum, where
) : the moleoular don seemn to play an mportant m‘.!.e.r G‘bsemM the light in fremt
- 62 one emtroﬂe which ie altemately a éathode am an amﬂe ; Ps

N that the mutrﬂ molecular hm:d 'peetrm was a*brom during the amde p@riud
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 and abﬁent durdng. the cat}mﬁe periode At the sume time atomic radiations were
observed which diapmed the same a.ﬂm- alow dooaw behaviour as the nolleuler
bands duriag the anode cyclie, but foliowed the dischargo current wave form
Quring the octhode ‘cycles Tow level einglet trinsitions showed @ perponderance of
cathode eycls current aovem:ﬁ qmn'u‘a cvey anode oyols after glow, but hish ,
level tripiets hove conplately e Teverse bebaviour. Paridnson fourd thet ell
decayp ocoured with the emme tims conetant ( 35:480.) « Be found also. that ihe
1n’oem1ty of the molecular end atomic atter 3lows deoreasea very rap:ldly with
pz-eaauzje, as v_uould be e:peoted 12 the $he threo body px-oce_na of mleﬂuler don
formation were the contributory cases The 1ight from the eleotrodes of an g, glow
~ discharge in helium is found to be partioulerly rich in the He, specirum. This
| light cooura at an unusual phase of the voltage oycle. The process which forms
emuédv x}:oleculab also gives riem to excited atonge Purther wore the process ie
‘iphebited by tha presence of an eleciric fielde There are indicatione that the
process 1e one of recomdination beiween elecirons and atomic positive ions,. It i
a well kmm phemmnon that the 11@11; from near the anode of a dece glow
dieeharge extends only as far as the front f.ece of the a:}ode being free of any
luminositye In an @.c. discharge the regions mmn tho two eledtrodes appear the
seme to the -eye. If mntigat‘ed:.withﬁ 8 photomultiplior tube and cecilloscope
it is found that the situation is really thn scme a8 in the d.,e.. cage. The output
" ot ight 1s 'conﬁnmi to e time during which the electrode is a cathode. There
ie o light output during the anode half eycle except from. the positive eoimm,
which .eﬁ:témé vtmn’: & point a few li-,_:l(,iln front-of the front facd of the electrode
slong the tuba o the other electrode, Further more the 1ight from the electrode
dum..ng the caﬂndo half oyale is directly proportional to the current which 4taelf
is ﬂ.rectly proportional to anifin phase with uhﬂ voliage. Thus if the current is
& sine \vm, the wave fydn of the ugmt output is like the output of & hal? weve
uouﬂer. This appne- upto about 100 !c. ‘mo above eomiderationa havo beon
| Lourdd %o ho applied to dlscharges in air, neon. ergon and krypton at all preszsures
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and $0 hellum below sbout 5 mme The preesure dependence of holeeuler lzht and
moleculer component of atomic light show an increase with pressure in the lower
pressure region upto 35 mm and 15 mm aﬂer vhich for nigher pressure the intensity
| decroanas,: :éut the norual component of atomio nghf intensity show:gradual increase
an the. prescure io lowersde The intensity of moleculer ng»;'i{ is governed by two
independent faotorse Ona is the- pmsezﬁce of th eleotric fields The other faotor
causes an approximatsly exponentisl decrcase in molecular light with a time conatant
of 35 /M sece This time constfs.a Mepezﬂent of prcez;um. 1t 1s evidently 61_:
to a decrease in the concentration of some participant in the process which forme
mhcﬁi'et-o, & ﬁeem unlikely thet this can represent the fall in the concentration
of metastable atoms, The ratefﬁecrém found herve is resonsble for the concentre~
. %ion o;‘c foaiﬁ.n atomic ione. The atomic speotrum of the negative glow during
ihe anode half oycle 1e suggestive of‘a recombination spectrum. The different
' considerations puiﬁt to a i‘ecmﬁinatﬂ.on process in which an exeited molecule
and an excited atom are fomd- |

Microweve and high frequency discharges heve almoot identical, cmieeion and
temperature charagteristics with steady glow discharges of the same power density.
In a polat to point comparison Beck. {1935) foum a etoady Zlow discherce in
mmmy indietinguiehable fmu 100 B!o/e dieemrgo. Mergensu and Hortnann (1940)
have shown that the ﬁxeoryof mrwave discherges leads to. this some conelwwion
of eimilarity. barring the apaco chargo otfao*ta \vhich are poasible in sieady
| asnolargess: Corlias, Boman and Vestfall (1953) £ind that an electrodeless
digschargs at 300 ie/s wi.ll omite the pure zetal apecirm of involatile metols
which: hava bsen introduced as pum handet.r Km atom:lo spectm oi' high melting
point metals can be exeited in eleatrodeleme lmpa 5.! a volaﬁh salt of the
aetal is introduwced into the lmxp mgether mth a wble gas at a prassu:ee of a
fow tx, Hge The lamps are simply prepared- :tmm lengtha of pyrex or vycor tuding,
axaitad with microwaves am pmﬁu:e shoerp. apoetral nnes rmc fz-m salf
reversal, Iaempa have been prepmd which emit atomiu epeotra ot Bo.? '1‘1, u,m,
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Cuy ¥o ond U « Rolative intensities 'é'fAcopperl 1ine wavelength X 5155.24, 5218,20,
- 5105:54y: 5782.13 and 5700+24 from dece arce and a Cucl, lsmp are messured. |
Frdsch and Schreiden (1949) proposed a sinilsr diecharge mchmin for quantitative
spectrographic snnlysis of gas nizturgu. ' '

RoMlin (1939 ) observed the effest of e magnetic ficld on the radistion from
e mrcury vapour disohsrge aYV\W '
. \° ’.‘" 10—3m.M-“8 s 'L' - I's | o 4 Aﬂa.

He uaed two solonoids spaced a fow cme spart, the magnetic fields eould be

~ coincident, giving an almost uniform field between them or oppostie giving a
dintored field having sirong radial components. The image of a dismeter section
was oboerved in a upeetroseope ond the intensitdes of the 1050 A ana 2537- X
TOSONRNGE MaAmaammeﬁ by the brightness oi’n flourescent probe ploced in e
tubse Fith coincident fieclds the diecharge 1s visidly costricted into e cordy

at Dirst rapidly and then more slowly with increasing He At higher pressures or
currenis the effect is leas marked emd finally cesses to be noticeables The

cord follows the linee of magnetic force end cmfe moved about by displacing the
solenoid eoils or by the presence of a magnotic field. "At the centre of the

| %u;c the vardation of mlativa intensity of maml lines like 5791 ﬁ 39&65 m
first a maxima near K = 100 oersted and &Imost oo change at higher magnetic’ field,
The Yine 3704k graduelly decreases in relative intensity with magnetic field with
almost no change for magnetic field of the oxder of 200 cersted. The fall in
1ntem1t5f is pronownced in .Iines from high excitation levelo, 1ndicatmg a
decrease in mumber of fast c‘.'ectmma '.Eha naximm is due to two oppo-ing

effectsy the increesed concemration of eleatrons at. contre and the- daerease in .
thelr energy. Hokhlin ocomes O the ganeral conclusicn that the oomm.otion of

tho discharge 15 due to the radial components of the magnetic field bn the oajhode
#ide of the plamma: the longitudinal part of the field however, d1d not extend
far encugh for a proper aszessment of its otz‘oetg‘ | ' |
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Experiments have been made on %;ié offect of mogetiec flelds on the radiation
from the column of @ constricted discharge in a cepillary tube in transverse
megnetic fielde Kulkerni (1944) studying discharges in Fey Ne and N, found that
+he intermity of & spectrun lino resches a naximum and then deeresascs quiekly
with mmaéing mgetdo fleld He The value of H at the intensity maximm depends
on the wavelength of the une @ the presence of any foreign gas. For a glven
discherge voltage V there is a oritical H cbove which the discharge goes out and

Juet below which 1t throbss In these conditians. the rare gesee show the
| molecular mpectrun in regions near the eleeﬁeﬁeno' The applied potential for
maintainance of ddecharge if of the oxder of 10 KV to 15 RV and H of the oxder
of 10 Eilo ceratsd without any specification ofpressurs. In the Zeeman efﬁeﬁ
experiment usually performed in- the lsboratory with a neon tube, it is observed
that the magne tis ﬁemq besides producting the well known apllttmg of the lines,
effects 1o a marked extent the intemgity of the glow in the dischavge tubse It wes
thought that & detailed spectroecopie investigation of the effect of the magnetie
£i014 on the variation in the intensity dietribution axngst the speotral 1ines,
would zive useful information about the collision processes s.nvolved in the |
machanien of discharge of electricliy in rarefiecd gases. Prclﬂminary omrimema
with helius, neon and hydrogen have revealed some mtematmg foots. The
experiments wore performed with the ordinary espilixy ﬁimharge tubes placed
between the polee of an electromagnet capeble of giving a fleld upto »16,9(70 |
Gausse The tubes were worked betwsen 10 and 15 X volts. The resulte of observations
msy be sumarised as follows s= (1) The :lntenéit;; of lines inoreasce with the
maéaetm fiold, reaches a maximum and then decreases, the dgcreaaa being more
rapid then the inoroase. Tuis igehown in spectrm of helium with magnetic ficlde
4y 642 and 7.8 K Geusse (2) The 1614 at which a Mne vosches 1te meximun
intenslity, the conditions of prescure and exﬁiﬁation remaining the sane, dependa

on two factors (a) wavelength end (b) the presence of foreign gas.. The dependence
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on wavelength wap best exhibited with the Balmer gerdes of hydrogens " Hé "

appearod e & weck 1ime in zero field, resched & meximm intonsity at 4000 Gause,

afier vhich the intensity £all vapidly end the line was not excited at all at

nigher fielde ¥ H_;’ roophed its mm:!mm intensity at 609 gaussy whereas ‘H o srd-
H, é?’nmed a eontinous increase in intensity .mren upto 10000 Gausa, the maxinum

‘$ield obtainoble in the experiments The effect of forelgn gos on the intensity

of the 11!158 is shown vhich givea the s_pee‘tm of a nixture of heliwm and heou. |

The gpectrma wore obialved for magnetic flolds of atrength 4.9, 7 and 8.2 Kilo

~ Gauss respectivelye It 45 0 be noted here that in contrest with the case of

(1) tuollines contidbusly inerease in intensity ui-bhout'shgﬁing e maximum,

Toe effect of the foreign meon gas geemp o be o incrosse the field trength

at vhieh the helium lines will have their maximum intanéii;y,( 3 ) Tor & given

?}ippn@a potential at thé teminals there is whet nay be c2lled a “ex*iﬂéal" field

at wilch the diecharge stops almge%r and the tube becomos mmonﬂmtiné; As

thio eriticel field is approsched and just before what may be called the

throbbing atate of the tubs, the intensity in the capillary portions which is

kept in the magnetic field ie consideradbly reduwed and the mtewﬂy of the

glow in the wider portions of the tube near she olectrodes, io coi'réaéonﬁingly |

inoreaseds A specim of heliun from thie wider portions 48 shown under thie

condition without mgnetic field and with 6e2K Goues magne tio fielde It 18

observed thet without the field only weak aMo epectrua isproduced, while

with the field on, not only is the intensity of the atomie linee inoressed

but the molecular spectrum of helium i fully bmught‘ out.. Tue spectra from

the wider portions of the tube for lower values of the field at the capillary,

showed only the stomic linesy It is 1o be inforred that the exeitation of the

heliua mlecuﬁxnbande is a pudden proceso ocauéing within a navrow range of

the ield strength mear about the throbbing fields Moot of the He molecular

bands are identified with the triplet elec'tmnio atates and they involve only
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o lowoot gtates

3 +

2 prr® Ty amd, > ¢ } .
Davies (1953 ) made measurements of the intensity distribution in the vecombination
spectimm, the relstive densities of the eleotrons cnd their velocity distribution
in the positive column of a ee’azﬁaiw: discharce as determined in the presence of a
I.Ongitugiﬂal magnetic fielde The offect of a longitudinal megnetic field was
investigated for both decs and rofo diccharges. In both cases, ag the intensity
of the magnetm ficld wes increased, the glow corrounding aseh of the electrodes
was comparessed towarde tho electrode, but no visible effect was produwed ia the
positive colurme Tue spectrographic¢ determination of the distributicon of intensity
in tlée recombination continuum ﬂma that there was & Maxwelllen dietribution
of elsctron specds in all dlscharges inveatigated, within the exporimental STTOTs
An drdtiel swvey was carried out over the aveilable range of dlscharge preasur§
with the rofs dicchavge current maintained st 0e98 Avpemesy. In this case the

elsgtron temperaturs ?1. wvas evaluated uvaing equation

)Lea i DY T@)} = = R e ceo{e34)

KT,
where T(3) is the intensity of the 6P recombination radietion of frequency ) .

An additionsl exporiment with rofe excitation wes carried out with a mean
cwrrent densidy of SA em’z at a frequoncy of 6.55 Ho/fa. At é prescure of
_ 0.0?8 mae Hge the value of T, wag imrhasad\i%'i‘j b2 100.K by a mage tic Iiem
‘ of mtensﬁ.ty Hao 1450 Caussg, jer its Inttial velue of 4000,X for Ha 0 o This

amm wes determined using equm:iom

Nla/Nu,_ = [ «(3))/3—5 LQ)} (T / > Ql\: [j\j) (_Tm | T‘:)AKJ
Le. | : | ' S
L | 27084 <10 | (T - T )
4 Uﬁgij s )| = T = T

v . |

where N,:a, ard N, are the mmber of elsotrons /aece in atate "a" and "o
;vebpaaumly. ' | “



In 8l1 tha asperinents .1n which the vdischarge was excited by rof. energyy the
application of & longitudinel magnetic ficld produmeed no measurable change in the
axzial v&ﬂﬁs_ of the electron deneity H.‘ D It is eatinated that 8 chenge m the
valve of N, of %% or more would have baen detected. Hessurements wers alsc made
o2 tha. change prodwced in the value of the total pétential drop across the
diecherge tubs when 1t was aubjee;: 0 a lougitudmai megnetic fieldo In all cases
the chanse in potontial difference seross the tube wee less thon 37 for a value
of tho L£ieldd H = 1500 Gaumse In g&uﬁarﬁ. the potentisl difference was‘ incrcased by
a magoetio field.of this valuey but ﬂl&{iﬁcmm wes not alwoys a monmotonie
- Sumetion of H. " ‘

Beb‘n-, Sewhirter, Qriffin and Joneo (1961) atudied both experimentany and
ﬁmor:ﬁ‘izieally the teaporal veriation of the m%mify m’.’ ‘lim mdiaticn m e |
ultmvmlet from inpurities in the geta diechargz;eo The ccmarieou between
computed emd obperved :mm:mitﬁ.es :u) discuseed in terms of simple ionisation
meunb;métion and excitation pmceaseé end used to eétabliah the adequaoy of the
icndgation coefficients employeds If the spectrum emiiied by zota discharge le
exiired 4% 10 found o coptein lines of various impurity elememtss Furtior
exemination showe that the line intonsities vary in time-during the period of the
dimchargs .in o growsly z:épmﬁmi’bla mennes. The intensity vaviation of the
impuridy epectral lines from the impuritice nitrogen, carbon, oxygen has been
observed from the meta dischrrge. The dato was obtaived using a graming
inoiderce veauun monoohromater with an effeotive wavelength range of 100 & to
1500 Re Mhe line intensitice weve moasured by a photemuliiplier with a sodiun
saliocyiate phosphor and wore recorded by photographing ksn oscilloucépo ’emee.v

Differents autmra:utiuéed the absolute intencity of a 1ine and relative
intenaity of a fanily of linse 0 mouswe the cleotron densiiys elegtron

tenperature etle ‘me sbgodute intznelty I of a speciral ldne by a transition
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from an upper state "S" to @ lower sf:a.ﬁo "y 45 given by Pesxcs (1958)

% n e B/ Aoy A, sssita35)
U ()

where suffixes "3" and "" indicaie the upper aud lower gtutes respectively and

-

s = statisiicel wolght of the upper state
M = total number of atoma/c.ce OFf the lement concerned
C: = energy of the upper state in ergs
K = Doltzen's constante.
T = dbsolute tempevature °K § A = Dinstein's transition probability from
wper to lower level
h = Planok's constants D, = gsntrel MQ&my of the 1line
- UiDw partition fimoction of the atome
~ 3¢nn (1961) utildeed several metiods for determining the temperature of & plasma
Jet derived from argon containing 5% hydrogen bassd on the absolute intensity of H,
or Hp lins, the relative intonsity of H, and Hy 1inee and the profile of Hp
Jine. Intensity macsurements wore mode photoelsctricallye |
Redvos A Parktnson (1951) aleo measured ho pesk brightuess temperature
-and speetrél‘ enexgy Gistribution of flash discharges of Iymeny co-axial and
cepillary types for the wavelength renge from 2580 A to 4520 & by measuring the
intenpity of llmee and utilising the derived emisslon ccefficient for low
radiation density for the frequendy independent region ap

(oo Bamt et o (7as)t NeNi
TR G (K™= ass)
and for frequency dependent region ' y
‘ Y :
(= 32wk C ) NeNi . € &/KT

> —_ 35 CBCZW )3/?_ &KT)VL (ERDT‘(T "'\) ee(’oS?)

where Ne = electvon concontration, e = elsctron charge, Ni = inn comcentration,
2 = atomic mmber end 745 = efi‘eemw aﬁmic m;nber in which

' LH




when F4 = ionisation energy n = principle quentum number, Bn = excitation oreTEy
Eiy = ionisation energy of hydrogen. Using Wien's law for the efendard

iemp end Plenck's for the €lash tube, the brighinees vemperature of the

stendard capiliary dischaz-gé wes obtained from the relationship

: “Cf/NS e | |
I _ Cz./?\- SkL
SL/IFL = € | <é - — 1) e{1:36)

when S = brightness tempeiatm of the sﬁéndam lgapy Sg = brightness tomperatwre
of f£lash éoums, C, = 1,438 cm deg.;‘.' gL = zecorded eignal for flosh source,

I, = z'ecozﬁeﬁ e:tgnal for stendard lmnp. |

| G@lmt, Krivoezmv and Tachnev (1966) investigated the pzasma par&netera for
& etatlonmy ultrahigh frequemy di&charge in argon = theiy depenﬂeme on
magnatic field intensitys The UsHePs de 3150 Mo/se It 1o obecrved that the charged
particle densities end tota]. :u.ght intengities are m&xﬂmm near the sceond amd
tm::ﬁ hmnonics of the electron cyclotron !mqmmy C.e.

e ‘i 20y, 30w

Xo. mama are observad g tha electron c:yelo%ron reaoname tmqmmyo i‘s‘hen
tho u.a.r. powar dnput 1e epproximately 10 watt # en> . the magnetdc ﬁ.eld 500

-oerataaa and pressure of ergon apprammataly 1x 10 azzmo Hg. denaitiea in

axnoes of 1012 Gm--B

are chtaineds

Purlasscehi and Fratesi (1566) mparted the onhenced emission of the
3aa9 4 (3P~ 23s )anasmsﬁ (3 P ~ 2'S ) 1inac of He Auring the
initiel trensient of a pulsed r.fe. discharge with oselllator frequency at
24 ¥o/o. Very strons overshoots heve boen obguyved in the 3869 & ana 5016 &
nmswmnﬂmdalongmmotﬂm tube, bothinpmﬂaanim-m_
mixture. The overohoots of the 3889 £ and 5016 & nce have been intorpreted
‘a9 due to the low 25 metsgteble densities end hence 1ow sbsorption of these

1ines durinz the initial transient, A masmment of the 'e%dr'pticn prasent
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mﬂer pulaed com:!.tions”has been attempted ror tne 3639 .3\ end 5916 3 nma.

The pmasum dependence of the 5016 & output 18 ehown for both Hs and He Koo

‘i?ha fun ei@ml :i.ntensit.y 19 plotted. The thimm vsi.ma of presszme for oteady
utate ana overeh@t outpute results :tmn & baldnce between the mereaeimg atoms

éensity on one eide anﬁ the inereaainu loen mechmﬁaas and the falung eleotron
tampemm on the other side. Hoemxbsmml d&:ffcmme has been found Emtmmn
the ems sf pure g&e and Ho - !19 mixture,. thouga in the l.atter caae the raue |
Baﬂeen peak and smady stato valms is bigger anrl the emias:lon mniebes at ).

highar pmesure.
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ECOPE AND OUIJECT . GF THB PI‘J&SMY'A‘ WORK

Though the various sepects of the phenomena of electrical discharge have
been explained by the exhioting theories there are ‘certain problems which require
more sxhiwiive theoreticel and experimental treatwent and the present work
wnder-taktes to investigate some of these problemss

(a) BHEARICWN OF GASES BY A RADIOFREQUENCY BILECTRIC FIBLD.

The condition for the breakdown of a gos exeited by high frequency |
electrouagnetic waves depends mainly upon factors such as the pressure of the gas,
the dimmién of the discharge tuvbe aml the r;eqmmy of excitation, The o
dominent foctore by which electrons are lost are diffusion end mobility and 12
the gas is an elsctron attaching one, *hen by electron attachment elscs The
A'cleatrona are assumed to be produced na:l.nly by ionisation collision, Hamed on
theoe assusptions Herlin & Brown (194? ) devaloped the theory of high frequency
breckdown where the dominent osuse for electron removal process is diffusions
Starting fron & molecukr model end eseuning sultoble crosssections for
fonigation end excitation procecees Kihare (1952) has developed a phenomenologloal
theory of elécmai d!.ncharan phancmena, In hi.o theory he has ssoumed both dirm-
sion and mob:utw as olectmn\moval prouessea. In crdez' t0 ascertain whieh
pmeeaa :li don:imnt undey certain conditions ap the cause of elsctron ramoving
process it is mecessary to carty out experinents with discharge tubes of
different dimensions and the pressure varying within wide limits, Oonsequnntly
'bma!ndovm experinents have been performed with diacharge tubes of different
dimnaiem while the rressure is varied :fxm Y :cw miemna of Hg. t0 a few ‘
n:l.umt-r- of Hge and with different frequencies of exeitation. It will also be
of interest {0 see whethor the oxpermental Tesults can be oxp:laimd by Kihara's
rtheory Because no systematic oxpurim:antal verification ot the theory hes @0 far
Been earﬂ.od out. Elentmn attachment 1a a:uao another process by which electrons
are lost in electron n-,ttuqhing ge.ses and thia faotor has to be incorporated in the
genoral equetion of breakiowns Attampt willls made to teke into consideration the
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eifoct of attachment and to soe vhether the experdmental results suppert the
modified thecxye , ' -

4 The breakdown of a gas excited by a radiofrequency volinge in presence of &
tronsversy mognetic field has beon studied iiy pmv:iousa workers emd theoretical
interpretetion of the experimentel resulie hes boen advanced. Zoth longliudinal
snd t;amverse nagneic fieldo hove been used snd the frequency of exeitation and
tho valm/of the magnotic field have béen ediuvsted in such 2 way that the relation

w= € H/MC is 'Qatiaﬁea where @ 10 the frequeney of the applied field
aleH/mc i3 the ¢yclotron frequoneye It will Le of intorest to see how e
breaiidown voltage a8 well as the pmss'm at xvh‘i;eh the breakdown voltazs
bacomes a minimun ohange when the mopnetic field iz far MOwd Trom the
Yegonante valuse The pmceduz‘e- 0 afopt in suoh a case is 1o modily the
breakiown eguation teking into sccount the effsct of mngoetic fielde It ip
proposed o mrry ous such ealoulation in case of both Brown's end Kihara's 'c:,vzéory _
and verify the theoretical deductions with the experimental ohs&vaaﬁiam. hie
study ié expected to give we infomaltlon regarding the interastion of the

magnetic field with ioniced gamese

(b) GAS BREARDOWH IN A RADIOFAEQUENCY YIEID 1IN PRESENCE OF
A SUPERIMPOSED DeC. FIELD. |

It wae ob;saezyea by Verele (1947) end Kirclmer (1947) that the breckdown
potentiel of a gas exvited by a radiofrequency fleld increased when a d.Ce 21014
is supcrimposed scross the discharge tube. It wes expected howevar that the
presence of the d.c. fiold would hasten ionigation and a smeller bﬁeak&om
voltage would be neceszary, but the resulis were contrary 't«_a what was expeoteds.
‘Vornarin and Brown (1950) caloulated theoretically the distribution funetion of
elscirons in en ionised gas in pressnce of both vadiofroquency and dece ields
and they auggée'ted thot vhen the radiofrequoncy £ield 4s only proseat, the

I3
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. electrons are lost mainly bzi* diffusion but when in ndditicn & dece Pield 1o
applied the eleotrons ave oot by mobility elsbe. This inorecse in loss cen be
compeneated by the inerease in genorasion of olestrons and consequently the
value of the radiofrequorncy bmakémm voltage incresoses. The thoory was verified
b;:%: (0\1;50) in case of aif at @ pressure 38 mme of Hge where e d.cs flold
upto 200 volts/em was applicd. Fo systemntic study of the breakdown of gases
vnder the simultancous action of the asce and dece flolds have so far been
' made and 4% 4s expected that this stuly will throw move 1ight 4n the meohenien
" of breckdown. Ap Kiheva's theory (19%2) i@ s general ome 1% will be 1ntema’tsing‘
{0 oo how the theory can be further modified by taking into consideration the
insrensed looe due to mobility end to corioborate 1t with the findings of the
experinental rosultes Further Vérniin end Brown (1950) in deduwoing thoir
theoxry only considered the effects of increoased loss dun to moblllty and
diffusion but did not take inte account the contribution made by incrsased
lonization dus to d.0s ficlds This foctor may be emall when the epplied dece
field is emell but it hag to be taoen into consideration when the dece field
becomes comparable with the radiofrequency voltsge applied. Consequently the
genoral theory hes to e modified by 'samng into considemtion this inorease in
the eleeotron goneration process éma it :19 expeeted that'at- a certein value of
the de0o :tield the breakdovn voltage will ehow a naxdimem and wim the further
increase of the applied d.covol'bage, the radiofmqwncy brecidowm voltage will
.hm a deoraace, because at hig‘nsr d.ee voltagae ionizaticen by t’ne de0s £ield
will be coneiderable. The objoet of thw part of the wcrk is thus to pee \vhethar
the bmskdown phenomens will follmi thia pmcess and whethor the exporimental
recults e.g,'éw Witk the theory devezloﬂea. The atudy of the effeet of attaetment in

this type of guas dreakdown in oome alectr@n.attaching gaaes will alzo b stuﬂied. A
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(c) SECONDARY ELEQTRON RESONANCE BREAKDOR '. mmxmﬁ .,

The theory | of mhanium or bmakﬂown of a gaa at pressures le-a than a tew
- microns and exclted by a radiomqmmy field has been provided by Gill and
‘Yo Zngel (1948) end Hatoh end ¥illiexs (1953, 1954)s It has now been ewtablished
that bfa-akamm_‘- is caused by the increase of eleotron ty the resomnc; 61
seoondary electrons with the electric fields A few electrons present initially
by matural cauaea were aoeelerstod ta ons end electrode where they produced
wecondary electrans by impact. These secondariee wicre enitted in @ reverss
olea%ric f:lelﬂ which carried ﬂmm to the opposite Qloctmde in apyroximntely
haelf a eyolo to produce another group of secondnries. If secondsyy emiesion
© yield im grenter than unity,eleotrons are multiplied to & very largs quantity
in a very short duration end this reeulta in a bnekdmm of the ges. Hatoh am
¥illians extended the theory by asa_miw higher modes besides the conventional
half cycle omes The theory of G411 and Von Fngel predists aml cut off law
relating out off frequency end elsotrode separations Taovgh the above theory
‘can explain most of the exparimentéi obsezvationo. it i1s worth whih, to
inves{lgate some of the aonaequencaa of the theory with resard to variation of
-tarfﬁ.ng mltago arnd the cut off fnqmwy with the length of the discharge mbc.
‘The effect of super imposing an external field upon this type of diecharge

was investigoted. by Fossel and Krebs '(1954) but no quentitative explanation of
the cboerved resulis was provided. It has been found that superimposing a d.e.
2ield parﬂ.lol to hisgh frequency field starting cen be made more ditﬂ.ault.

A small static magnetic field perpendiculer to high freqmmy eleetric field
causes & general increase intreskdown potential and a lowering of the cut off
Lrequency withaut changing the nature of tha {E =N ) curve where E s the
‘starting field and 7\ is the wanlength of the radiofrequency fledd Deb and’
Goewant (1964) made a theoretical approach % the problem when a steady magnotic
-ﬁe‘.ld in plmed perpendicular to the high froquency ﬁcm.
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No pyotemantic obsorvation of the phenomenn of the secopdury electron
resonance undey the ection of &n externcl mognetic f£ield hes so far bsen wdertolen.
The object of this part of investigation is to etwdy the effect of a transverse
magnetie ficld on the breammu potential in dischorges oéntrolled by the
phenomena of sscondary electron resonance and sleo the effect it produces on the
eut off frequercy, It is evident that the theory of the provious workers hso to
be modified to take incto complderation the effects produced by the magnetie
ficld end 1t is presumoed ﬁh&t these investigations may throw eoms light on the
 mechenism of such disehavgse | | |

(d) LIGHT INTENSIT | OF GILOWDISCGRANGES IH A OTEADY MoGHETIC FINID,

The vedietion property of glow discharges excited by d.c. elestric ficld has
boen ctudied previcusly and ¥he different processes econiributing to the imiensity
have been iMentificde Rossler and Schonharr (1538) identified both presswe end
“eurrront dopendent losses of the radieition of Hge ( 63 R - 6' So ) em
attributed them to the collisions of the second kind with ncutrale and elecirons
vecpectively. Powler end Duffendeck (1949) found the depernderse of the intensity of
spectral lines upon the tube current ond observed that the variadion is lirsar
within the experimental eryor for all fypes of transitions and over a current
renge of helf a millerpeto one hundred milld empovs o Tie effect of en extornal
magmotic fleld ou% intensity of glow discharse wep studied by Rolhiin (19359)
who obosrved mexima of come of the resonmnee iines of mereury vepour by &pplying &
longitudinal magnetic field. Kulkarni (1944) studied dischavges in some genes,
inelwding some roye géeea in a {rongvorse maznetic fleld and foumd thot the
intensity of mmofthe linos chows o maxiom ot different megnetic field in*?;@mity
and the megoetic Ticld at which the ma;ima ooours ﬁeﬁsemﬁa upen the wavelength end
the presemce of the forelgn e, Ho mathern tical theory was however prescnted to
axplain quantitatively the cbmerved experimensal resultss Tough the factors which

contyibute to the 1ine intenaity in a glow dizcharge have bcen identifiedy yot ™0
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systematic theory hes so far been developod to explain bow the intensity will
change _when the pressure or the tube current changos or am external perturbing
foreo is supsrinpoesd wpon the glow dischorge. The nature of the exsiting field
to produce the glow discharge hae also not been investigated systematically . ‘
Beck (1935) however in e point to point comparison found steady glow dlscharge
1n moroury indiétinguieheble from a 100 Us/ese diccharge ond the nature of the
radiation property vas aléa foubﬁ ok :lden'tiéal.

In view of the above conslideration 4% heg boen deoclded to study the
intemsity offiines in glow discharge in various goses when the exoiting field is
sither a doC. sowrce or o Hadiofrequsmey one. Thefinfluence of a troneverce
magretic field on the intenmeity of the lines will be studied and an a"é%émp‘zs
will be made to develop & theory which can explain the ‘experimontal cbeervations
e gtudy is imbortgnt ot only to explain how exiernsl periturbing foreccs
affect the fastors contributing o intensity %gut will adzo help in botier
mﬂéatammg of the procesces involved in the emission ad zbmrptmn of
speatral lgnaé,,, |

In the present scheme of work, the ebove problens will be studied
experivontally and attempt will be mode ﬁt:aa edvance theories which can
explain the observed experimentsl focis. The aubéeef; of Elestricsl ddscherae
phencmena is recelving more attention now & dayes becouse of the avadlability
of new experimental techniques with whie&‘; it conle investigated and almo

because it provides basic dates for the soience of Plasma Phyeicss |
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_ SUMMARY OF THE PRESBNL WORE,
A, DIELECTRIC BREAKDOWN OF GASES BY RADIOFREQUINCY UNIFORM rmm(m‘ﬁ&m@)

(o) WITHOU? SUPERIMPOSED MAGNETIC PIDID (p) WITH NOB-RESONANY EXTERNAL
d.co MAGHETIC FIEID TRANVERSE 10 BISCTRIC FIZLD.

Ths work has been dome in two pm-ts ot two different pressuve ranges amd
with different geses as dleleotric medivme In the first part mecsurements of
breakdomm volmges have been garrisd out in mulecular in gnsce such ag -
kmfdmg;on. a:l.r, cz;-/gen and cerborfii-oxide at pressures varying from 1 meme 10 6 mem.
of memuryg %hﬂer the em:!.tation of a radiotrequsmy voltage of frmmmy 176 Yo/cec,
The iength of the diecharge tube ie 0s4 cmo and redius 1.4 om, Meaeurements
h'-ve been taken in precence of a ;&ransverae magmt:-.c field varying from
zero to 1800 gausce It has boen observed that 4f ( E/P ) 18 plotted against
" f’/\ " where "BY ig the dreakdowm voltage per omey "PY the pmaam'ami
" A % the diffusion length, then ( l:—-/ P ) gradually decreases with increcsing
valves of " PA " for all the gases studied. The sxperinental conditions ‘v
indicate that electrons are lost by diffusion and the results have been
aought to be explatned by the theories of Herlin and brown (1947) and
Kihara (1952) after modification dve to the efchts produced by electron
attachment and mogne tie field. Tha theoreticel exprecsions thus deduced can
explain the obsazved results quantitatively for low values of megnetic field emd
hﬂ.@l pressure and the expressions defuced fwom Herlin end Brown's theory
are in befter agreensnt with expeyimental results than those deduced froa
Kihara's theory. At higher magmetic fielde there 1s divergence between the
theoreticnl and expérimental repults which has been atiributied to the
inadequoy of the equivelent pressure concept at high (H/e ) vélma whera I ig
the megnetic field and aleo to the wwertalnity in thdvalues of moleculer
eonatm to introduced by Kihara in hie theory.
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In the secomd part of the work, the preéaum ranaa ldes be,ﬁ'ean e fow
micions to 15 mme 0f mercury and some rare gases eucix es heliun, neon nnd argon
have bcen used, Steady dGeCe no.@euo field plwud tr@veme to high m@m:icy
-lectrio field ( frequency lies betmen 4 ¥o/mc to 12 ¥e/sec ) is varied
from ux-o ) 120 gousse The discharge tuba 1¢ngth is 10 cme and tha radius of the
olootrodo 18 5 cn. The bmahlm 'volta;l haa been found t0 be grcater than
when no nagmtie field ie present for all values of pressure and the proaaure
at which the breakdown voltage becoma minimum :moreasea ws.th the morean of
the na@netic ﬁ.em. The oxpcrmntal rouults indicate that tho najor difhmion
and nobnity losses ke place along the axis u which the electric field u |
applied. Tho thcory of Xihara (1992) ngarding the breakiown of & gas when
1t is excited by radiomqmmy voltegb asoribed the loas of electrons to
diffusion and nobility and ‘Sen and Groeh (1963) modified thie theory by
“thn mmdmtion of the effectn dun tn the magnetic ﬁeld and deduced & new | .
cxprean:lon ibr tha brelndown volta@a am! also the pressure at wmoh the break=
?down 'mltago becomec minimn. This work has been mdertakon 10 supplement
'bhc veriﬁcation of this thoery and extend 1t to tha case of vare gases
under unntical conditions of breakdown 1n 8 nonresonsnt trcasverse magnetic
ﬁ.eld. In order to confora with tho expsrimental set up, three dmmsinnal
mamnt or the problen ba. been cerr!.ed out but 1t is obsemd thut one
d:menlional treatnent shows botter agreement witb the - expor!mental ruultu;

'me diwrtpbmy with'the experimentedl reeults for higher values. of maamt:lc
ﬁold hae been attributed to the 1dent1eal causes &s in the earuar ezpement.

-30,, DIEIEG"'RIC BRbAKIXJ\‘JB OP GASES. BY BADIOFREQUEK}Y EI&'G"‘RZG FIEH) IN "‘HE
' PRESEH"E QF PARAIJE’L SUPFRINPOSED Q.c, FIhI-D. '

'Results of high froguency (10 Ho/aca,x) breakdown voltage w:.f.h superimposed
‘4404 eleotric field have been obtained/\hcnm, neon argon and the moleouler
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gas oxygen, keeping the prescure of the gas constant st 10mms 0f merourys

The veriation of spplied d.ce volinge along the length of the tube is from
zero volts/em to 70 volts/om o It 1o found in all the cases studied that the
high mqmnéy breskiom voltoge 18 highér when both the fields are preassnt
than when the gases are excited by the rodiofrequensy field slone and the
breakdown voltage gradually ;hc:ema with the increase of the applied d.c.
fields The varistion of breakdown field with dece Tisld 18 0f the some .nature
in a1l of the gases stulied. A theoretical expression for the breakiown
voltage in premsmce of both Pefe 54 decs f101ds has been deduced from the
theory of electrionl diechsrge by Kihave (1952) together with the éxpmasion
of equivalent longth as deduced by Varncxin and Brown (1550), The theoretioal
expression could not explain satisfactorily the experimental results, epd the
rate of rise of breakiown voltage in the d.ca Tield e obtaired frem theory is |
saller than that obtained from the experimental results. The discrepancy has
been mz*ibgd partly to the wcertainity in the valuas of the nmeri«;al
constants introdused by Kihara (1952) and also to the increcse of diffusion
caused by '"-:m precemnge of pomtive.ions-a fagtor which has not been taken At
consideration in this treatmente. 4 _

This work has been further extended by measuring the brealdown voltage in
moleculer gy like adry lwdrogen,,_} oxygen and carbonii-oxide at diffevent
pressures with the dece field u&pawing from gero to 240 volte/ome Idke zthe
earlier part of this work, here elpo it is found that the broa:nﬂawn voltago
imcreases when decs field i small and when the fisld :lo further mremd
it shows a mu:imm and tzhm gradualay £alls for all the gasen atuﬂied,, the
nximn occw.-ing at a QQCQ voltege wahich is different for differont gasos
and io also difforent for dif!emnt pz*eeauma. It hap boen shown that, v&wn
the dege tield is omall, the dominant factor ie the loss of electrons by
diffusion as well as by mobllity which causes the b;eakdm vcltage td.
Ancreasd’, but whon the dsce £1614-1s increased,. contribution due o dats

B
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dordsation has also 0 be token into concideration. This dec. 3.onisatian

a cozxtributes to total ianimtion and oauaemdecmaae in the radiofrequenty
voltage necessary for breskicw:ie A mathematicel expression hos been dedweed
which explains satisfactorily thé cbserved experimental resuliss In the
exprespion deduced the effect of secondary ionisation as well es that of electron

sttachment have been token into considerations

Ce Hﬁi‘i PRESSURE BRUAKDOWR IN GASHE IN A UNIFCRM HIGH FREGURNCY BILECTRIC TILLD
(1) VITHOUT MAGNETIC FIELD (11) WIsH A STRADY TRANSVERSE WACNETIC FICLD.
Dielectric broskdown of 2ir under the estion of & high frequenny wniforn .
elestric £1c14 has boenetvdied at o pmseu'm‘of 1e5 M of mercury in three
cylindrical discherge tubes of length 5 omy Tem ond 15 an {Glometer = 3.5 em
‘ench tuba ) with externcl olectrodes. Simce at this low proscure range, the
starting voltage should be independent of the nsture of the gas, B0 storting
voltoges for air and hydrogen hove baen obtained in the same discharge tube
(length = 15 em) o The expiting frequency range is limited by the oseillator
voltage outputs The breskdcwm wolinge against frecuency of the applied field
curve ‘!l'hma identical netwre for both sir and hydrogen. The breakdown veltoges
8t different frequencies are obtalned for other two discherge tubes amd
rosults obtained are eommma with these of the provious workerses It is found
that the breskdown voltage, 19 higher in tubes of shorter lengih and the
cut=off wavelength incresses with the length of the discharge tubs. A new velue
of the conatant appesring in the Qut=off law ispbtained empiriea:tiy which is
found 1o satiefy the exporimental resul?s for cylindricel discherge Subes of
length larger thon 2 cme Tha bma!ﬁiom wnder the pregent gzpeﬂme_m’aal set up
is due 1o secondery elwtzon;eéame. and following th@ 'ﬁhworg of Gill and
Von Enzel (1548 ), Hateh end 711liems (19544 1958 ) the phese angls $ end the
émﬁc energy of the oseillating electron at the opposite Aem have been

ealculated whieh ere in egreement with resulis abtainea péeviduelsq,.
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Starting potentials are alwso measured in presence of a siealdy trensverse
magnetic fleld varying from 18 gauss to 45 ‘gam in the dischorge tubs of
length S om. only and in the frequency range permitted by output voltege
limitation of the oscilletor. It 16 observed that in presence of stesdy
transverge msgnetic field the brealdown voltage as well as thé cut=of?
wavelength increose with the magnetic field. The thadry of breckdown in
precance of stsady megnetic field has been developed following Deb and
Gowmeat ( 196 4 ) and the effect of the angle of arrival at the end wall
on the breckdown mechanism hag been considered. The cbservations with magnetic
field and the subssquent fitting of these observations with the theory have
yielded the values of the phese angle and the effective kinetic emergy of the
arrival of the electron with faixr amount of ascuwracy speoislly for magzzet;tc
fields smaller than 30 gausa,” The probability of electrons colliding with' the
side walls has been coneidered and it has been shown that unler the pz:gmét
- experimental aatup najor;it,i of electrons with energy sufficient to cause
breckdown ere freely tramitﬁd between the wo ends of the discharge tube.
The validity of the a:.mpnm Vaaamptionl mede in the theory Las been

dlocussed.

b+ VARIA'“IOH OP LIGHT INTENSITY 0P GIOW nmmaw IN YRARSVERSE STRADY
MAGNETIC FIELD.

The intensity of light from the glow discharge colimns of rare gases like
neon, argon and helium excited by a mifom rediofrequency electric field
has been studied when the columms are placad in a steady magnotie Tield,
transverss to high frequency eleciric field. The pregsure of the zas was fixed
at 10 ms of ~mmu1£y.» The totsl :mtenn'ity of the vipible :u.ght.* &8 meagpured
by & photo voltaic surface placed arbitrarny at any ponition mar the columns
shows a steaﬂg 1mmaso with the mcreale of the magxet:tc ﬁeld., The observations



w3 T4 te

were 1imited by the meximum vslue of magnetic field ( 2000 gauwes ) as the
present setup eculd '_not supply himr mamuo fisld. Bpectra have alaso been
photographed for these tﬁms gases ot diffavent magnetic ﬂ'eids and the |
intenaity profiles of the spectral 1ines have been obtained, The profiles
elearly indicate that the overell imcrease of total intensity of radiaiion 1is
alwaye assoclated with it the increase of intensities of all the spectral lines.
The lines show inoresse of intensity at different vote 1.e. the intensity of
soze of the limes of the column are not seriously effected by the preﬁemn
of tranﬁém nzgmetic field. However in the present setup no detadled
obpexrvation wﬁh.um spectra 1o madé and 0 no Quantitative approsch hes been
u@.‘do for explaining the phencmenon. Assuming that the total inteneity of
radiation is proportional to the totsl production ratf of exclited levels of
atoms, an expresaion for the inteneity of radistion has been obtained. The
effect of magnotie field on the intensity hos besn introdwed through the
squivalent pressure concept of Belevin and Hayden ( 1952 ) and the vmauon
of different pavaneters in the ebove exprecaion that ave known to be effected
in presence of transverse magnetic Ifield sre eonlidaréd. An exprossion for
Tn/y,  1e obtained where 1, i» the total intensity of raitation in
procence of transverse megnetic field snd l,4s that without magnetic field.
The theoreticsl results agree quite satiafactorily with the experinentelly
ol;tained em& o I, /I° against the magnetic field for all the three gzases
atudied. The deviation of the Mmﬁcal values from ozperimhtal results
at vcry high magnetic field has baen attributed to the failure of equivalent
preseure concept at high values of ( H / P ) where P is the prossure of the gas.
The uncertainities in the valuom of the ﬂit‘femnt paremeters contributed to.a
gertain extent towards the ldmitatfon in the sgreement between theoretical
and oxpertnental values, A brosd field of future work hes been pointed outs
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A. Todiofrequency brealkdown messurcments (a) without megmetic f£ield (b) with

eronsed stecdy megmetic field.

Apparatws i
(1) Re¥e Osctlintor (2) Bleotromsgmot (3) Pireni Fenning Gauge (4) Bemwy Bavome ter
(5) Gow gemaration end purification eyeten (6) Dzhaust Puxpe Bofore the sotunl
experiment 18 started, it 1o nscessary o calibrate the Qoﬁi Oaciilator and
 the Electromegnete The rediofroquoncy oseilltor is & tuned plate tuned grdd
opolilator desiged for gemevailon of voltoges in the s:wiﬁbut Tange 02 £requonoy
4 ¥o/o to 40 Yo/ in thwee stagess Tho oscillstor tube waed was of the type B1%,
The plate volisge of the oscillator tube 1o eupplied m & full wave rectifier
oiroult uging tube of the tyoe SR40Y, The input of the reatifier clreult i
made variebls by means of & varice comnectsd between the mainsam input |
terninals of the transformor used in tho rectifier circulte By this arrangement
the plate voltaze of the RF. opcillator con be veried from zeyo and hence the
RoF. outpute The ccmposite @mm'é in 1ts simplost form is given in fig. (1) .
To calibrat the cseillator for frequency, the abeorpiion waveneter &6 well as
the communieation receiver hove.bion igeds Prelimindry measuremcnts of frequency
wers made with the absorption wavemstere Then using the veceiver the finsl
measurcments wore taken for frequency eorvect wpto 0¢1 Vo/a. The two dlsls
@t‘ the condonsers are ggiveu identlcal maris ond io solibrated in terne aﬁ’
the frequencys A curve is plotted for diel resiing agelnst frequency fige {2 ).'
The electvomagnet is callbrated wsing two different methods vize (1)
by ueing geues meter and (2) by using a bexl‘._lé\mtie galvenometer. 0 calibrate 1%
by using a baéllétstic galvammeﬁe“am search coll, the galverwmeter constent “
16 determined firet wding & etondard solenoid rig. (3 Yo Then the secondexy
0f the ptanderd solencid 18 comueoted to the gelvancmeter, he instantaneous
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current through the golvencmeter when ourrent U 4s estsblished 4n primary,
produces & deflection " dy " given by

LR m, n, W
(R+G). 1o

where K = . a eonatant of galvancmeter

i

Koy

000";30?)

N =  mmber of primary twms / om

fng_h m‘-bal mumber of secondary furns

T, = radius of the secondary coll in cme

1 = current through the }arima@y of the solennid sxpressed in smpe

G = Galvancmeter reaietame in am.

K = resistence of the meo:ﬁary ofreult ingluding ﬂm aeamh ooll.
The meietame of the search coll ie a8 fow olmse which 1% small ecepared to the
toial resistonce of the aacemiaxw circuit which 1o fow fhmwanﬂ chnme, If now a
wmfom mgmatm field H 13 dmlapad through thia eearch coil, {then Lflux .
linkea with the search eoil is L,Trv% T L and 47 this changm of ﬂm

produces an cobserved throw " _oL,_ " 4n galvamtgr, then

L : :
4 My Yy = kd, where ¥, » mmber of turns of serch
(R-i— CL) L - godd
Co T, = moan redius of cesrch coil
turns
Hence H = 2Ty M2 B .<——-‘LL
T o KEASEY 'Y'.-_,,?'

C.O(.d'ihf

m sets of obhoervations weve mw‘le with two aeamh eoils of different mumbey of
turne andit was esoumed that the resistance of the sﬂeandary oiroult mmaim
weffected dus to the small changs of ﬁw soorch co:ll ms.
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Reeultz ¢t Iength of primm' coll = 50 cme
Total number of primary coil tums = 250
Diemater of the primary coil = Te2 cme (average )
Iength of the secomiary coil = 9 Cize
Dismetsr of the secondary coil = 8,5 cm.
Totel mmber of eecondary coil twn = 1000

izt sat
Meon yudivs of search coll = 07 oaie
Total mmber of scarch coil turns = 90
Prinory ocurrent eémp. | Deflection of Galvenome texr Average Meaix deflection
{ome) |deflection of gelvenometer
ON OrF per oope &pe

2 21,5 21 10,6 »
1 10,5 1 10,7 10,6
05 5 505 10.5
Current through ths Deflection of galvanometor (cm) otie fleld
electronagnet {semp. ) oF OFF Gamg) |
425 12 | 3 3044
4 | 1.8 12,6 2957
325 10,6 " 2630
2.5 1 %8 2272
2,25 85 8.9 210
2 X3 79 1895
1.5 6 66 1520

0uT5 345 3.9 o aor
%s | 203 | 26 550




: -t 80 t=
ond_est,

Hean radius of search coll = 0eB cho \
Total number of ae‘mh ecil turns = 100.
Current through the 7 Deflsction of galvammte;z' (em) tie field
electromagnet (ampe ) oF ~ owp m?fms)
'y 1743 1B 1 =s
35 16 7 | 2160
3 148 15,2 2515
2.5 131 , 3.6 | em0
2 RiE- R L FY 1900
w9 | 9.8 1575
1 I SRR, X | 1153
25 3ed $e7 . 507
0025 ) 1.7 1.9 | 304

- The calibration isjopeated by means of & gausemeters The gaussmetor consists of -
s ne'tangulerv coil rotated along the axic passing through 1t8 plane b;} 8 |
synchronous wt@r' of 50 e/e.\ Yhen this rotating coil is placed perpendiculer to
en uniform megnetic ficld,the induced Be0e eomefs 16 generated in the coll
which 1e#wasumd ‘by the O,ER.:O-.‘;,._ The Oéﬁ.c.{- is ealibrated previously by small
8.Ce Voltage of 50 ¢/s applicd from 8 cource attaohed o the CeR.Os Ltself,

The output induced voliage from the gauss meter for magnetic field otrength of
one gause ie taken fron the data supplied by the menufeeturers During
measurensnts the eurrent through the electromegnet ¢oil e gra&uemy inerecsed
until the omplitwle of the output aco. voltege showa a dlscrete value.: The
curvent then ie noted and the correpponding maémetm ficld from the G.B.b. :
caliémtion of emplitude length / volt 4c obtaimd.
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Results: t=
Anplitude of the output s.¢. voliamge / gaues éi’ the goausemeter supplied by the
manufacturer " Rewson Elestrical Instrument Coo G&t}ﬂmo Uagsep UsSeA.

= 0,18 mv / gauss.,

Calibration of osgclilloscope scrsen 3o

" Applied voltege (50 of) | Amplitude of wave Amplitude /volte | Mean smplitude
to CoRe0o plate along | form (ems) volts
y axie (volt), ‘
0e5 ol 12 2044
02 . B 3¢9 L 19.5 ' 13,96
01 L2 . 20

Calibration of electromagnet s=

. Current through the coil of Aépl:lttﬂe of the wave form Kegnetio field
" the magmet (ampe ) (o) (gauss).
0e2 1 278
05 2 556
0T | ST 3 854
1. 4 1112
1e3. 5 1390
1.6 6 1688
201 7 1946
| 29 8 2224
3 9 2502
346 10 amo -




=3 B2 =

A calibration curve is drawn of the :ﬁagaatie field against cwrrent in the ecoil
of the eloctromagnet fige (4 )e |

The measurcmenis of the breakdown potentlal of the & in rediofrequency
field have been dome following the procedure of Gill and Von Engel (1948) end
Sen and Ghosh (1963) « The errengement is shown in fig (:'5)s The R.¥e voltege
is directly applied from the source to the electrodes by mu}s ‘of Hhiel ded
cablese The TeMeSe value of the voliage is measured with the help of a V.T.V;M.
conatructed in the laboratory using a (6 SN 7) tube o The renge of the VeT.V.M,
i3 500 volis remeBe The plate voltage of the oseillator is graduelly increased
and hence the r.f. applied voltage to the vessel mlso increcases, At the point
of breakdown of the gas the V.T,V.M. reading shows an abrupt £all of few volts
and gimultameously a glow appesrs in the dischorge tubse This point is 4aken as
| the breakdown point and the corresponding remeSe valus of toltege indicated by
voltmeter 6f VoToVels igltoken as the breakdown vbltage._ %-lee experirent ie
pérfomed in tvoe ranges of prescure. The measurement of pressure in the renge
0¢5 mmes Hge 1o higher pressure is done with the help of a meroury manome ters
The menometer is connected to the system and its vapour is pmveﬁted from
entex;ing the discharge vessel by sorroumding its passage by a cold ice trape
The mercury level is-meaemd by a tt%.lescope Pitted with a vertical scale,
This arrengenent messured the presgsure very accurately from & few nillimeters
of mercury upto OeS mme of Hg. TFor pressures Below 0.5 mm. Hg. to a few
nﬂcrons. the pirani portion of the Pirani Penning gauge euppliéci by Baward
High Vecum Itd. Crawlay, Sussex, Pnglénd, ishsed along with their calibration
curves of the pirani meter for different goces. Penning gau%e bor_‘bion is also
kept commected to the discharge veosel system to test the Jaak of the oystem.
During investigetion diﬁ’emnt gases are used as dievlee-tﬂe medivm like air,~
oxyzen, mdmgeﬁ! carbon-di-oxide,. neon,,téelﬁ:m, avgone The last three gases
have been supplied by the Dritish Oxygen Co. in gless cylinders. These gasee

.ave directly connected to the discherge tube via a stop cocky Air is pessed
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through & serifes of gold water vessel to remove dust em orgenic matiers and
dried by ei’iioa gel and phcephorous pentoxide and is stored in a highly
evsouateid and clean glasc vessels Pure oxygen is prepared by the electrolysis
of = concentrated solution of barius hydroxide with nickel electrodes in hard
glass U tube. Oxygen is evolved at the anode. The gem is pa:lud over red hot
platinm t0 remove traces of hydrogen and dried by paseing over pure
phosphorouspentoxide and stored like air, Pure hydrogen is mlnd at the cathode
in the 6hcmlynis, with n:l.clml electrodes, of a warm comentra-tedl soluticn

of barium mdroxide in a hard glau ] tube. ™e gas 1s puacd over hea‘bad plati-
nm gauge to bnm out any oxygen and is dried by paea:lng over broken pieeu '
of potassiwm mﬁam:d.d‘e, followed by purified phosphorouspentoxide which hoo been
sublined in oxygens Stlring is done in the previous manner. Pure carbon dioxide '
is obtained by the ection of duute sulphuric acm, boi‘wl 'bu free it trau

air. on pure sodium oarbonata. The ges is paseed through com water 0 ryemove
traces of acid and dried by pusiug over li.ltca g8l anfl phonphomw pentoxide
and nored in the evacuated glaas oontainer lauping 11:0 mouﬁz upward.

The whole arrvangement of gas preparations in the 1aboratoxw :la nhoﬁ in
- ;ﬁg; (6-2.%,¢,d. )y In a1l these preparations the whole system 1s connected
to exhmust pusp (Ieybold pump )i The maximum poseible portion of the system is
' vcvaouated properly before any ges is allowed to pass through the system from
- .the point of generations: mzore meldng the final collection, & continbus
| oparation or gos preparation am ite ezhmﬂtion through the syatem u
" continued for a aufﬁciently long hours to ensure a conphts atmosphere of
the gas inside the nyotsl. A1l the gas eontainers are eeparately conneeted %
the discharge vescel via stopoock dux-ins the ov:ervation. 'lmought the
| upermant t.he onbom :mtsda Qxhauzat punp 1- und. |
Before ltazﬁ% the meapurementsy the dieeharge vossol eyutm is continbuely

q ‘ovacwud end properly baﬁbed %0 mmove occ:l.uaed 21 2 ’Ihe oporm;ion procesds

' '2oz~ a considerable period, after which the experimental gas 1- #ntrodmod in
| the systen. The systenm ieflashed a mibnr of times with the ge- fron the
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éontaimr 10 ensure the gas atmoephere inside the discharge vessels Keeping
the pressure fized by pmber mapipulation of otop coclty the breakiown vo:.tége ie
meagured by the VeTeVeMs { Internal impedence 20 X ohm ) an stated earliers
Ohservation at diffexent mseuréa is ropeatesd for several times and Iﬂm ©naon
values of breakdown potonfial is noted agninet the corrcaponding pressure, N
The meen velug éotm noi deviate more then # 2 volts for all the observed values
at the corresponding presgures

The seme process is repeatsd for ell the gases montionsd eaviicr and the
respeotive broakdown potential date are noted for different pressurcts Brna!:dmm
potential meamuenonts above the pressure 0,5 mme. Hge are acmA with alr, oxycen,
hydxogen end corbondioxide using a single diecharge veseolo And for prossures
below 0.5 mms lHge another dimh@g@ vessel ( both of cylindricel shepe butlef
different dimension ) 16 used, In this low pressure rangé the gases necn, helium
and argon are used as dislecirie mediwm,

Heasurements with cxose ptesdy mogmetic field o The above mentioned
procedure has again been repeated for all the gases in crossed magnedic field,
The uniforz magnetic field which was ealibrated ot the beginins of the g:mezi.aenta
is placed perpendicular o ReFe @lectric fislds. The current of the coil of
eloctromagznet ie supplied from o metal yectifier fiited with proper Lilter
clrould 8. Keeping the magnetic field at a fized valm,)_v the pressure is ;raﬂually
changed and the corresponding breckdown potentials ave noteds. ’ﬁzé seme procedure
is vepeated for d1f2erent values of the magnetic fields The process is repented
seversal times and mean breskiown potentials are taken. Brealdown petentiale
corresponiing to the saﬁm magnetie field but &1fferent presoures then constitute
one set of readinge In thie way different sets arve oblained for different
descyats valuss of magnotic Fields Fepeation of the process hes 'been made ;with

all the gasee mentioned as dieleet;ﬁg medime,
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B, ReFe Breskdowmn in swperimposed D.Co Field.

Appsratup $e

(1) R.F. olectricel excitation source (2) DeCe voltage source (3) Gas
gemmtion and purification system (4) ﬁgﬁmmt pump (5) Mercury mencmeter
{6) Diacharge tubes £illed with rare geees. The whole experimental arrangement
1e shown in fige (7 )o The r.f. excitation source used in this experiment
wes the one descrided in the provious errangemente The ref. vollege is applied
to the highly polished and clean vpamllel sleotrodes fitted in 8 thick glass
- eylindrienl vessel, through two !pil filled condensers each of 10ureapacity
and capable of suetéining a potential diff@mm? of 3 K.V, m@ two
condensers oot as blooking condenser to the applisd dece voltage. As the
impodence of these two eondensors in rediofreqvency ie very amell (<< 1 )
B0 the VeTeVells torminals are comnected towends the refs gourcs 6id of the
gcondensers an precautionary mecgure o protect the iralve of the VeTe¥oMe
The VeDyVells that 1o used in this experiment has been deceribed in the
previocus ex@ezﬁmeixtai érmngememt. The source of de.c. voltoge ié 2 packags . .
of Gry batierice commscted in sories and ocepabls of change of voltaege by
atepa of 90 volta, The de.c. sowrce is conueots#d to the electzodes of the
Gischerge vescel vio some refs chokog conncoted in seriess A high value
renistance is connected in aeﬁesf‘ég Zg;;g;;l the current when the ves.%i
bagomos condueting, A switeh syetem disconnecis the decs SOUXCE from the
veessele The experiment is performed in two ranges of d.ce volis/ome The
whole experiment ie parformed in the rence of pressure 0.5 mme Fge t0 &
few mme lige The meesurement of this preossure where necesssry is done by

the mercury monometer iR the sams mamner o despribed in previouva arrangenent.
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Fofora mtarting the octunl exporiment with variedble presoure and high d.Ce
volt/em the whnlé syaten of dischavrge %essel 13 exhauated by the Ieybold oil
oxhoust punp am gimultancously balked for a convidersble pericds After that
the system ie flmched several times by ¥he exporimental goe to cnsure the
atmogphere of this gas only ﬁmu@‘x’% thﬁ.a‘sy;swme The game procefure ie
£0llowed for all the gesges stullede The d.a. voltage 1é aeppiied to the
eloetrodes and the Trefe -v‘éltage is gradually imzﬁ?asad‘mﬁl the gos of the
conteiner chows signs of breekdown. At thio moment the d.co sowvrce 15
ddeconnected to prevent the damoge of the polish of the electrode surfaces.
By chenging the applied does voltage 1@" steps of 90 volté the corresponding
roFe breckdown potentisle are meesured. The exporiment is vepeated sevaxjal
#imes and moan velwee of the breakAown potentisls are takens The whole
experiment is performed for scveral diserete valuss of pressures

Identical procedurey as deseribed abovey ie followsd for different
experimental goees and the eorresponding obgervations made at differert
premm.réa: The gases used in this experiment sa ddelsctric mediun are dry puve
air, oxygen, hydzogen, carbon=di-oxide, heliwm, neon =md argon. The preparetions
and a%&rmg of the first four gases have been desoribed previously. Heliuns
neon end srgon heve beon. cupplied by the mamufeoturing compeny in Geleler tube
 Bitted with alwnimmi electrodes Theoe tubes sre directly used as discharge
vesselge The pressures of the geses inwide the tube are @.veﬁ by meinufeoturer.
The é@erimen*{; with tms@ vesuels give resulic for emell superimposed dede
volis por eme At constant pressure ince hore the length of the discharge
eolwnn was large. Other gases are treated in o small dischirge vesesl to

gat the result at high spplied deSe vOlt/em and at differont Prooouvess
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¢, Iow pzﬁs&m gap breokdown by secondary electron resonance {a) Vitout magnetic

f1e1d (b) Vith magnetic field |

Apparatus 8=

(1) R.¥. source of varisble frequency (2) Diffusion punp with rotary ezhauss
. pump (3) Gas prepsration and purification system (4) Plectromegnet (5) rirant
Penning Gauge (6) Discharge tubes. The diffusion pump used in the present
experiment 16 an oil diffunion pump mede of lesk proc#slmetal body. The Iaybold
ozhanst punp decribed esrlier sots .m fore pumnp stage of thp diffusion punpe
Stllecreoil e used in the diffusion punp. The RePe excitation source and the
Vef.v,ﬁ. to messure the Y8, value of the voltage of excitation ave the some
desgoribed m the previo;x,s errengenente The sacme i8 the cose for elsctromagned
and Hraxu;?enning gaugee The Pirani section of' the gauge can resd pressure
upto few microns of Hae for different guses 2nd penning géﬂ?éc‘sion-haa the range

down D 10’5

mma Hge for precsure measurement. During the experiment the
dﬂﬂcmrge contednersused ere all of sylindrical geometry having different
dimension of length and game radive ond mede ¢f pyrex glass., All mensuvements
wore mode s%vith parallel external electrode gysisme plaeed perpendicular o
the axie of cylindrical vesse]‘.q Befors wsing the disghsvge vesasels, they ave

i thoroughly cleened by concenirated acids end alkali solutions end bakeei wder
evocuated condition for pome time to remwe-a;ll‘contmimtmm‘ The euperimental

~ eontainer 1s connected to the diffusion pump end their juneiion‘is sorrounded by
#0lid ice to prevent oil vapour to enter the disoharge vessels An "Y" connection
18 joined heve with the discharge tube. The other ends of the comections ere |
fitted to perming head and ges systen respeciivelye. For the present experiment
on:l& hydrosen el alr aﬁe used, the preparations and storage of these tmo .gaaeé
heve boen discussed in tho previows chapterse The meroury cup stopeock controlo
the gee flowe The whole experimentsl arranzement is shown in fiéo (8 )
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Bofore starting the original exporiment, 4t 19 necessary to test the
exhaust eapéeﬂ.ty of the dufusion pumpe For this purpose the diocherge tube
systen i dicmentled and dnstesd Perming head is directly conntected €to the
&iffusion puspe The rm of rotaly pwp for o fow hours Jowers the pressure of
the aystem to about 10}%13. presaure, The diffusion pump is then started by
switching the heating coll and running 20ld water through the cooling pipes of
the diffusion pumpe After about five to six houvs the prescure reeding in the
Penning gauge ehows a steady vawe of 5 x 10“5 o Iige which 4o then maximum
exhewstion capacity of this diffusion pumpe However by commecting the whole
discharge tube system during the sctusl experiment, the prossuve oould be
lowered to o steady valus upta:i:oq mme Hge at best by proparlab,aking the
eycten end operating the diffusion pumps for about tien houra. At this otage
of prescure tho whole exporimont ie performed keeping the exhauet systim in
operation throughout .ﬁhe eﬁﬁawzaﬁiom

Dm*:!,ng the experiment 4t ie proposed firat to see thot the meomm.m of

mccndm'y electron resonance breckdown is epev'ative in the prosent aetup-

Mecsuremenis without mazmetic field t=

he most distingulshing cimrscéeriaﬁ.e of the mmmm elegiron resonance
brecklomn machanism io that %he‘ breakdown voltage must be Mepenéent of the
nature of the ges in the seme vensels Hydmgen and air are used as two different
geses for this purposgs Starting the experiment, the whole eystem ie
econtinously tla_shed Zor pometime by the experimentel gos with the help Qf
rotary exheust punp 40 create ﬁze atmcsphare of tﬁe gas in the ﬂischérge veesele
Then the actusl operatzon of exhauetion 1s started in the manwer atated earlier
Whan tha penning gauge showe the etcady pressure Qé.i&kifn cne micron mmuﬁy,
the vessel is set for teiing observationa, Xeeping the whole exhaust systen in
the xuny the refe b:makdown voltage of the diel ectric mediwm of the veesel ig

measmced, which is maiaated only %hrouem a.ppwame or glow. in’ the vessels buy
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no £all of voltage generally teken place as stated eax-liar; By varying the
frequeney of the oseilatory the breakdevm voltoge meosuremenis 4g repeated
until the cut-off frequency ie obtaineds At frequencies lower tham the out of2
frequency, the dielectric medium Dehoves like en imsulator to any emount of
refe voltages The whole experiment is rvepoated for hydrocen and aire The iwo
curves obtaired by drawing breekdcmm poientiols ageingt frequency for two gesce
ghould be ldeittical £ the secondary electron vesonenee mechonicm is oporatives
Cace his 1o vardfied, the later part of the oxperiment is perfommed using only
air as dielectric medivme
Using the cylindrieal chaped ﬁi@éharge ‘ubes of differont lengths and am§
" padius and each one properly treated for ¢leoning es deseribed ecrlier, the
broakdown potentisal measurement 18 mede for all tutes one after enothér for
differcnt frequencies availeble in the present setupe The measummen'&s_ém
lirdtod by rofs cubput wz.ta@a: in the kighest frequency end which 12 approximately
40 Mo/5. In each case the megsmmeuts/am continued upio the frequency sii@atly
lowor then the respeetive cut-off freguencies which are different for difforent
Jengthe of the diachmrée iubes. The eylindriccl vessels used are all of pame
dimmeter (dicmeter 3.5 oms) and lengthe emy 5 ey T cmeand 15 ome The
oseillator frequency and corresponding limited output voltage a}lewe only to
mossure the lineay portion of frequoncy Y. breakdown potential curves for all
the Aischarge tﬁhes montioned atoves It wmﬁ omy poacible to get one or two
peinte beyord the cut-nff frequency z;egion dve to limited rofe output ﬁlmge.
However ths glow at brealkdowmn in this region is vexy faint and only appears on
the glase surfoce unlile the nommal atam'w”nere glow appecyrs in the contral
portion of the discharge waa&el_% ‘
Eporiment with maametic field s-; The !m:tifom magnetic fisld 48 ploeced
perpendicular to the axis of the eylindricel vessel of length 5 epeand coverdng
the whole longth of the tube in ‘the wiform iinee of forcei-.‘_i The arx-éngeman’c

nokes the megnetic field perpendicular to Pefe elesotrical ewiﬁa'&ion fﬂ.@m&;
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Ag the dimensions of the pole foces of the megnet are 7.5 om. X 4'5cm. and
the length of the discharge tubes 15 5 ome, the tube lies entively within the
pole fages. To investigate the effeet 0f mifom magnetic f£ield on the breckidown
potential end corresponding cut=off frequency in the secondary electron |
reaonﬁme breakdown mecharndiem, the pingle discharge vesesl mentioned above ie
chosen for the whole experiment. Keeping the megnetie field stecdy at some
valug, the same procedures o5 adopted in the messurements without megnetic
field, 1o followed cnd fregquency versus brekdowm potential curvé plightly
beyond the cute@ £f frequency io obtained, By inereasing the mognetic field by
some diserets amounty different smhlcuwea are obtaineds It io obeerved that
with the inevecss of magnetic field, the breckdovm potential ab iﬁenﬁcaﬂ:
fmqmmy.immaeee and corvespondingly the cute-off fréqmm;f isg shilfted ’
towerds the lower frequency valus, but curves are Adenticel in naltuve smong
themoclves and also with the eurve without magnedie field., The obgervations
were made oni higher and highey magmmitic £leld wntil further obgervations
could not be token due to limitation in the output power of the tube;. It i to
ba noted that every obaeyvation of breskdown potential whethoy without ma@atio
Tield or with maognetic field is reprated several timesy and the meen veluwa is
token, It is ob?emd_ that the brakdern pétan%ial nover deviates more then
+ 2 volts (remese ) £ofm ecch other in rep&qa Csarvolicns,

Leght _ .
Effect of magmtic ﬁelﬁ on uhez\ini;ena:.ty of refe Gisoharge columne

Apparatus e
(1) RoPe excitation sowve {2) Dlecharge tube £illed with rare gams (%) Speetroe
graph (4) Thotoswtace (5) Morcameter (6) Electroamagnete The RePs elcotrical
excitation source is the save as bufore, ‘mw dlocharge tubes are oylindrical
tubes f:l.tted with electrodes and £illed vi*:,h yare goses such &8 neon, AYgon,
holium at pressures of 10 zme Sige A coxwtam, deviation mctmphm%er with

arrengenent 0 measure the wavelength of the apeotral lines directly hes been
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usede mmfzezixomewem@ 6ell euﬁapiiec‘i by cerveses g pim%ca&rfaee which yielde
photo eleetmac‘;% exposure to light. Tizia 18 used t0 measurs the dirsod |
Antensd ty of the beem by the amount of current that flowss Vo ezternal vollags
i8 nscoesary o collset the pmmzecmmg Yhen the two eleemdes are
eonrseted through a m@manma:mrg current flowis deperding upon. thelintonoity of
m’-ngﬁt:.; In the prasént expoTimcnt the surfoce 1o éhvays exposed o the
whole : discharge tube amd
: @ bema from the e@wmm@mmwn of
intensitics a,q%m&e without and with e magnetic fiolde The ceme elecismag,mt
deserdbed earlier is used herase The whe)le exp@rimem;al arrangenent is shown in
f1ge (A s | |
The experimeat is performed m w0 wayne The discharge tubes ore excited by
ot elaeiries.l exnitation source epplying power direcily %o ealeetmaees. The
tubog are used s éawse to the épeem@aph. Tae negnetic field is placed
perpendiculsr o the axis of the tubes and BO perpend&wlar 0 the refe eloctric
‘ﬁelﬁa Viewlag through the telemap@, come linee are @haeen serielly from tho
speotrun and their wavelengihe ave abtaimca from the calibration in the spec tro=
mﬁem‘_ Repleping the e:mpieée by & photographie emé&a,_‘ eprsums are tékem 6:1
[} @hﬁ%gmanhm nfi;sfe of thoée spegtval 3.1:39@. The . ma@étie field is ﬁhezi
estabLaned 0 gome ﬂimm’ta valuge amd in emh cate the apeemm of the seme
' Z!.imsa arg *samn expﬂsm@; the phu%mpbic pla‘m by ﬂw s&m mnmmt of time a8
oefnrs. A...l the exposures were daken in tlie same rhotogreaphie plate %o ensure
wnifora developing of a‘.ﬁ the sma*m teken at &iffamm magnetic ficldes The
plates -were scoamed by memphomﬁmr o gc:t the m@mmw pms’f‘i les of all the
Alres . at diffevens maagzmt;c i‘:ielﬁ mzﬂiﬁiotxo Same imanse lines, vhich were
photosraphed ag very dark lines _m' all the specirgy could not bo spanned for
chatige of iatensity by the present éémm@%eg.. Besiﬁexa theogy dn 21l other, lines

there is & marked increase of intensity niﬁz'immmé of ma@m;wﬁmlr;,
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" fn the noxs port of the experivent, the epecirograph ie removed end the
photo uurféca is ploced before the dicchorge tubea "ﬁm ReFe exeitation is
put off and megnotic field io increased to inmveetigate 12 there 1o sny effect
of the magnetic £ield on the photosurfece. So eush effect wom fowdo The
| tube ie exoited nnd the megnetie field is increamede The photocurvent shmé a
gradusi inovease with meguetic fields Dy chenging the ponition of the rhotosurfoce
with respect o dilecharge tube and magnetic field the same result ie obtaineds
Hence keepinz-the photosurface at the same position obgervations were made
for three diwhaige tuées in the manrer desoribed abo;m, Have the photocurrent
yield in token prﬁportional to the intensity of light, It is necessary to
montion here that on application of magnetic Tield in the seid menner, -the
whole discharge column 18 fomnd 0 .be visibly constrfiqted, This wed gamml

in ecase of &il the gomes studied.
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BERCDRICH oAl

INTRODUCTIORN,

The condition for vtha breakdown of a gos excited by high frequency electromsgnetic
waves deperds mainly upon factors ewch se the pressuce of the gasy the dimension
oi‘ the discharge tube and the frequency of expitation. 'Pbe two dominsnt fectors
by which electrons are lost ave diffusion aend mobility and if the gae io an
electron attaching oney then by electron ettechrent alsos It has been found that
whén the prosoure of the ges i of the order of a fow microns and the length of
. the‘ dischorge tube is large compared to the mean frec pmth 91’ the electronp,
both tho mobility and diffusion are the dominent fectors by which clectrons are
loote (m the other hendy when the ges preseure 48 high and the frequency of
excitation lles in the microwave region, the electrons arve lost mainly by
dlffusicns The experimental valuee of the brealcdown voltoge are ecnsm_tent

wﬁ_.‘i:h thoge caloulated theoretlcally teking the above eleetron remgval processes
into considerations The method of caloulating i:he’ brealdown voltage from
theoretieal conoideration hos been developed by Herlin amd Drown (1947?) in the
case of high pressure exd high frequency whove the dominent cause for the
electron removal process ie diffusions Starting from a moleculay model.-an

" alternative method of ealoulation has been developed by Xihara (1952) ¢ Ye has
congiderad both the moblliiy end diffusion as elestiron removal prozcopes end

in & mmber of papers published from this laboratory, (Sen & Ghoech '1953,

Sen & Mattacherjee 1965, 1966, 1967 ) experiuontal results obtained have been
compexed with the theory developed by Fiharss It has been foumd thai when the
pmaaure is of the order of & few mi>yons ani the frequency of exoltation

is of the order of a faw megacycloo/sec) both the diffusion and mobilidy ore
e majér elsctron removing pm%eaaes. The discr;péoz;oy observed 'hgatween the
experinentsl resulls and those aeleuﬁ%’ed from Kihaora's theory has been
attributed to the uncertsinty in the values of the molecular conbtente

introduoed by Kibara. As the mochanism of breekiown depends upon the prossure



“t 95 t=

as well as upon the frequemy of excitation, it is worthwhile to investizate which
process is mainly vesponsible for elsctron retoval under the preeent experizental
setup. !unher in thie paper sn attempt wﬂl be made to :mctéporate the effect
of attachment in Kihara‘p theorys

. The breakdown of a ges excited by a radiofrequency voltage in presence of a
magnetic field either longitudinel or transverse has been stulied previously.
Hention may be mede of the work by Townsemd and G411 (1937) who carried out
experméntn in sir for two frequencies nemely 48 and 30 Me/sec amd the range of
preseure varying from a few microns t0.%24 meme of aemu)g. Iax, Allis and Erown
(1950) performed experizents on the breakdovn voltage of & gas in & microwave
£ield in preosence o:r a transverse magnetic £leld. The gas used ﬁaﬂ helim
containing a emell admixture of mercury vapour and thoy obtahed breakdm
curves for different valuce of the pressure, Derritti ond Verpmai (1955)
performed experiments for frequencies ranging from 10 to 30 !ah/m in air, the -
nmagnetic field varying from 0 to 600 gauss. They used cylindricel electrodes
and observed a lowering of breakdown potenticl in presence of the magnetic field,
The breskiown of & discharge in sir and nitrogen excited by & radiofrequency
voltage of frequency tetween 7 to 10 Me/sec and the. presasure verying fran
10 to 300 /V- in presence of a transverse megretic fiem varylng from O to 80 gam
hag been stuiied by Sen and Ghosh (1963)s Aeeuning that mobility ond a122vaton
are both responsible for removal of elecu'ons and utilising K;lham's theoxy, the
authore have found good agmement with experimen 5al mmm.h:-ln the pmsent
paper the effect of a higher magmtic field »rrom 300 to‘ 1800 'g.aues applied
transversely hag been]studied and the Paper reporis the resulta in case of
hyarogen, eir, oxyzen am earbonﬂioxide. Attempt will :r:lrot be mada to. e:pmn
the resulte with the theory develaped by Herlin aur! Brown (1947) and then to
compare the resulte with Kihara! a theory (1952) a:tter in‘broducing !.n the thaory
the effects produced b,y the. magnetic ﬁ.em. s o
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BXPERIMENTAL ARRANGCEMBENT,

The method of neasurement of breakdown voliage has been deecribed in ehapterIII.
The diecharge tube is cyl:mdrieal, of length 0s4 cn and redius 1.4 em fitted
with two external elecirodes axd distance between the #wo electrodes being(ed cam.
for a1l the geses studleds The mdiofre«iwmy voltege has been supplied fm &
tuned plate tuned grid oseillator the frequency of the oseillator varying frm
10 Mo/sec to 30 h’c/sec, the frequency used to excite the diecharge boing 17.6 Mo/secy
and the output of the oscilltor canbe continuously varledfrom O to 500 voltse
’l‘tm{r.m;.. output voltage has been measured with & vacuun :tube ‘volimeter. The
pressure of the gae has been meagured with a mercury manomstere The magnetic
fi0ld hap bsen swpplicd by en eleciromagned, tﬁe linesof force being pez';mnd;eular
' to the length of the discherge tube and the mmgmtm‘field hes been moasured
acourately with o calidbrated fluxmetera Keéping the magnetic field at a constant
value, the pressure of the gas hes been i:eried azﬁ breskdown voltage detéxmined
for various valﬁes of the g68 preasures ’.Im oxperinents have been repeated a
layge numter of times and the resulte heve been found toj be conasiatent.
Prepovation of gages |
Hydm@;en wes prepared by the electrolysis of a wam concentrated solution of
bariﬁn hydroxide in & hard glass U tube fitted with nickel elcetrodes in which
hydrogen|was liberated at the eathodes The gas is dried by passing over brolen
pleces of potassium hydrozide followed by purified phosphorous pentoxide. |

Pure oxycen is evelved a% tae enode in the electrolysie of barium hydroxide
solutione It ig pasmed over red hot pletimm to remove traces of hydrogen amd
dried with pure phosphorous pentoxides: '

Ture carbon dicxide has been obtained by the setion of dilute culphurde seid,
bolled to free it from air, on pure zodium carbonatee The ovolved zas isg Pirst
pasged through water toc remove traces of acld and is then dried by pasasing

throwgh silica gel and phosphores penwxideg.
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RESUYLTLS AND DISCUSSION

mhe (E/p) values for different genes have been plotted against PA in figure (10 )
for hydrogen, in figure (11 ) for air, in figuwe (12 ) for oxygen and in

figure (13 ) for carbondioxide where A is the diffusion lengthe The curves '
jndieate thot the valuos of ( E/p ) gradually decresse with increaoing values
of PA within the range of pressure inveetizatede In order to escertain which
process ic dominant under the present experimental setup as the cause of
electron removal, the following points have been taken into considerations

(a) As hep been oiated by Brown (1959) the validity of the diffusion heory
ascunes that the measwrements of breskdown are always talken in vessals whose
dinensions sre ciall compared to the wavelength of the oxc.iting povwer becouse
in that case the uniZorm field easumption is elways valid. In‘our present
experimental setupy the wavelength of the exciting radiation is 17.04 meters and
 the length of the diccharge tubs igloed em amd radtus l.4om. Consequently the
wniforn field a:-nmﬁption whiph is necessary for the diffusion theory to be valid
is satiefieds | |

(b) The values of mean free path of electrons _fcr various gases have been

glven by Townsend (1947) and are entered in teble I.;

TABLE I,

Gas ) L tnem. -
T

Hydrogen ' W02 =04

alr ) | «03

oxygen 03 = 406

Carbondioxide «004 - _;Oﬁ
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Vhere D donotei the electronic mean free path at a pressure of 1 me.ms The values
of Ne, the elsctronic mean free path win be smeller at bigher pressures. Since
the length of the di-chargu tube isj0.4 cmy and rad:l.ul w 1.4 cm 1t is observed
that Neld A or 7 where d 18 the length and v 18 the Tadius of the
ddascharge tube. .
(c) The collieion frequenmoy ), = Y /7\e where . 16 the ranica velooity.
Prom the messurements made in this leboratory on the radiofrequency conductivity
of ionised zases, (Gupta & Mandal 1967) the ramdom velocity of electrons is of
the order of 103 ca/sce for most of the gases studied here and hence for a
pressure of 1 m.ms of meroury the coiuaion frequency will be of the order of
109 and ag the frequency of the applied field is 17.6 ¥e/sec, the eollision
frequency is groater than the applied frequency and at higher pressure it will
be -ﬁn greater. Within the limits of expsrimental conditions in which
diffusion theory edequately explains the breakdom behevior, one of the
phenonenvlogical chengaes that ccours ia the transition from many collisions per
oscillation to many oscillations per collision, Within our present expsrimsntal
setup for the range of pressuve imvestigated . »» O where O 19 the

angulsr frequency of the applied r.f. field. Hence we shall cnly desl with
| the case in which the electron suffers large mmber of collisions per oscillation.
(a) The emplitule of Qloc'éron oscillation when collision is taken into
consideration is given by
- - = | e E,

e C eesl4et)

where BP is tho electric field mtensity. Putting an everage valwe of E. P
and ) 1tis obsorved thot the amplitude of oscillation is of the order of
o32 em at a pressure of 1 m.me and for higher pressures the amplitude will be

still sxaller,
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Under the above comditions, it is thus appavent that the .eleetmnra nake
many oscillations of emell axplitude because the motion is resiricted by
collioions, cnd the cloul of electrons appears stationary ( there being uo drift
motion ) spreading outwarde only by diffusion. Hence in the presecnt case, the
lose due to drift can be negleoteds New chorged particles are formed due 40
ionigation collipions end only the loss due to diffusion predominates. The
cace is similar to that occuring In the case of microwiave breaakdcwn of gases

al hence
. OLQ_%

d >

i
o

»y.m + D.

000(4.2)
QL\QYI N = eledtvm dg(h\&u‘r& , P= ‘g"‘f"-ﬁu‘-"‘“ar Of tmination 3 , Do Ju{»{»umo—y. (ma{-}tcte-,&
gia the length of the dischorge tube is emall ccmpamd to ite diameter Ty ONE

dimcnaionel treatment is valid and the solution of the equation with the uoual
boundary condition M = 0 at X = % d/, where d. denotes the length of the

discharge tubs, ims given by

1//\"

1l

>/ >

see{4a3)
where A is the aiffusion lenzth amd for a cylinder of length d and radius " ie

given by

2. . 2.
7'\T - <%T~—) * (21355) cealded)

As etated shove, wnder the present experimental setup ond the renge of pressure
inveetignted, the collielon frequency ie much larger then the frequency of the .
epplied radlofrequency field and thoe electron suffers many colllsions per ‘
oseillation of the £ields As has been stated by Brown (1959), with the rise of
pressure the clectronic mean free path decroases snd the energy g2in per mean

free path is proportlonsl to the mean froe reth at constent E fiold. Fence %o
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cause brecikdown the field muat increase inversely pfoportionally to the mean

free path or directly proportionel to pressures He hee thus concluded that at

.m@ pressures where the electrons malke many collisions per cscillution, their

| behaviour is the seme cos in the case of dece diecharges Hence putting )=+ KE

in equation (4¢3) where o{ 18 the first Townsend coefficient and K the mobildty coefficiet

we get
£ K E _ .| /,\7_
D AR ese{de5)
K_e |
as’ = = KT where @,. is the electron temperature
IWG gets .- (ﬁ.—) Ee P = _\/]\7" . | 000(406)
4 KTZ | .

and from Townsend's equation

(4/) = Ao ek ™)

| BP Y e o,
h,exh (B ) B & P e

In case of low deusi.w plapmas/an 4oomtez-ed in low current elecizic diecherges,

the electzon temperature To 4o :SZ ( E/ P ). The. thezmal energy of en electron is
determined by the difference beiween »the work done by the electric field end the

omr@ losses due to colliaién betmén electrons and atomss It 10 evident that

at highor ﬂeid' pimngth the eleetron will gain gﬁgﬂo'z' sncunt of encrgy between

succesnive collisions. However with the increass of presure there is an |

' Mmase in energ,y 1oaeua due to col:u.u:!.onn am! therefore the electron

| tempera‘mm will %emaae with. 1mr«msing prossures A mathematical expresaion
involving To and ( E/P ) bes. been\aaamea by Vom' f‘mel (1955)

KTe _ (E/P> — 7/ (E/P> w&p,my \/._
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where I in the mesn free path of the electron in the gas at a pressure 0f 1 met.

of Hg. and R = ?,'\;n where m ig the mass of the electiron emd M ie the

mass of ilon. Hemce we 2ot

oei‘FCB")Y ”l1//\r‘L

- B =N

” 4 Loz (A P A )  ee(a)
In cage whore there ere many oseillations per collision, Brown (1959) hes deduced
an expreasion for the breskdom voltmge tsking the diffusion loss into oonsidexation
but in case when there are many collisions per osedillation as is the cs.ae
investiguted here the breakdown potential hep been calculated by him in an |
dndtrect ways hence the above dedustion which encbles us to caloulate theoretieally
the breekdown voltage from the knowledge of different known parameters hos deen
adopted here. J;zlham (1952) has treated the phengmena of electrical discherge by
adopting a proper moleoular model for collision processes. Assuming 8 suitable
model for the crosseection of the molecule for elsotic, exeiting ond ionizing
ceollisions with Mexwellian distrivution of veloelties of eleetrens which 18 nearly

valid in cose of moleculay gases as has been shudled here,he has deduced

expression for > amd D wheve P
- <Te (- me ) and D = e
D = N. ?’g e L exp (- pym m NN

t .

end putting these values in equation (4e3) we gety

: rmcil'
N. ‘f A (- 2\<Te)

= Ye

ov e-(é._,jo )
where 5 is 8 molecular constant eguivalent t0 collision croessection and 7\ 1o

enother molecular constent introduced by Kihara hoving the dimension of Co- /seo.
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¥ 1 the number density of ges atoms, K the Noltmman constant, C. the moleculer

velocity and '.1‘0 1g the elecotron teuperature. lence we got,
%
N 3BT AN = exb (fmcL/QKT&)
C

v

o mel) = by Nt 22 AR]
(=4

CL ,
e o(4o11 )
Further sccording to Kihera's theory the electron temperature “. is given by
' 0
e E° | 1 . COL /Z_
KTe = —3 - ' Vo NP>
N2 (3 nf)

where [ 18 snother moleculor model constent introduced by Kiha-a with the
dimension of avea divided by velocity and ie related to the toial croscsection
by the relation Q = fC which meane that the total cross section is proportional

t0 the speed of the eolliding elcotron. Putting the valwe o2 KTe we got,

7.

N M C¢ . ”7\? |/7-_ [ w* 12 36N 2
N2 (2nF) 1+ lel] - LE}T[CL (NI\)]

M\EAA 7 ’/L
BEP[H(*"“A S )| =2k (WP

P eae(4412)

where A‘ and c,' are the wo Gerived consiante iniroduced by Kihara and their

values for different gagos have beon provided where

A = 2L (29 /2 ¢, = (LR)( Y-
T e Ce AV 1} NG
and
9m \
— mc; /.
N 1s the wavelength of the exciting refe £ield cmd B, = EP- "Te (3(7\37)

end B, hes been shown 0 be equal to the constent B introduced by Townsend in

his theory of elescirieal discharge. From the values of the constonts G‘ and A‘l

ap given by Kihara for different goses and ‘N the wavelength of the r.f., field

C

the numerical value of the tem ( p'—f )2 becomes noglipgible compared
1

to wnity amd the equation can be further eimplified
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8P = 2 g (APTA)
E
— .= B'o
ov l"—/P B 21/\:3(1\1‘3'”/\) veef4s73)

Calouwlation of A1

The value of the conetant A1 cen be calculated according to Kihara from the
constants Aoaml B,y tne Townserd's constants, as follows. Kihara haes shown thet

_ s BAN2 ~ N wm¢* Y.
A, = RE ()T B = B G)
36
' R P 2e {
Thouw 3N = AeBe o T oF

o . \V2
Qand. C: = 08 (“—Qi\/‘)

Mo AL = % L A, B, "2
. 064 v, -
“eei(4e14)
where V, demotes ithe icnization potential of the gas. The values of A, end B
heve been given by Von Engel (19556) in case of air end hydrogen for the values
ot E/ P ) used in thie experimenty in case of Co, the valwes of 4, and ZB
ave provided for E /p vacying fzom 500 to woo@ééé?a ;.: ofxll:nh higher than (E/ P )

values used hore and in case of oxygen ro data has been provifeds Conssquently
valves of A, exd B have been coloulated in case of oxygen and darbondioxide
from the curves showing the variation of (X/P ) agtmet ( &/P )

(Browm 1959) for values of E/p lying between 50 to 100 volta/eme tm. of Hae
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B

A

A

Gan 0 o 1
Volts/cmexme fon paira 1 : -

of Hg, caeme OF lige One mre Kge AN
Hyarogen 130 5 2.5 10,61
Alxr 365 15 50357 10,61
Oxygen 138 5055 3.182 10,61
18.8 84630 10,61

Carbondloxide 341

The values of E/p howve been ealoulated both from the expression (4.9) and (4.13)
for 'd‘i:'t_:li'crent viluss of PA 4n ctine of all the gases and the resulis p,iottod
side by side in figures 10,11, 12 Bnﬂ,.IB' o The value of the constent 7’1#
equation (4_.9) hes boen taken from the experimental data provided by Deas and

) mn\m (1949) where the experimentel variation of T; with reduced field ( E/P )
for various molecular gages has been provided for lavge E/y, values ( 0=300 v/em.
meme OF Hgy ).'mey are suttisble because the varistion of B/y values in our

X, : . .
daperiment . also lies in this ranges. It is adviscble 1o use the experimental

waluss of 7/ becouse V= 7%— andno precise value of T is avedlsble in the
14 terature, | B '

Kihare 1n hie theory has provided the theoreticailtasis for caleulating the
breckdown poténtiai in case of mn,gttachipg gosen; Sen end Ghosh (1963) in _
ealenlating the '.bzfeakddwn pq;ent,ial‘in radiofrequency f£ield :I.n?nse' of electron
attaching gases adopted & Bimplificd treatments Though this simplified
preoédm has yielded better méﬁltéig«, a.n élta:n;tive mét’hog based on more

strefght forward reasoning hae besn used hores .
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When attachment 15 aleo token into consideration the breskdown condition is

given by | '
. . ')) ;D -Qa . —. 1 / IR ‘
A voe{4s15)
and 17 o, 18 teken os the coefficient of attachment then
O< = ’Qa. / v © ‘
K
* | * ors(4.16)

ciamk

where K 4s the mobﬂ.lﬂyﬂ = E is the breakdown wlbage when attachunent 10 token
into consideration. Putting the values of 2 ond D as bofove, .

N BCO: ' *)( 2KT€> " = YN
’ omcL ' 1 N 'QQ_‘TY\N\
or N*. Eé? N e (- 2 KTe > (/k> TR oee{4s17)
Ly MmN C#A/P)(FQ/PB K P~ 7“ NN (4.18)
l KT, ; ‘QEQ/{L,E?\?) 7'N§ soelide
and from Kihara's thoory —
Hher. Yo = (Kafp) P (D)™ 8 = Ve

Ke /m,\ NN

the brecldown volisge will now be given by

B, P L\
Ea [1 +<A\C;7T— } = 2 Lo (AP AS)

(XY X ) (4. ‘9 )
where

\//\’}_ = o+ R | eee(4020)

a

C
or as before neglecting ( = )2 in comparison to unity we get
AP : .
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B, .
2"‘%@‘91/\@)'- o eee(4e21)

I

Eaf/p

Thus the effect of eleciron attachment coneists in dewrsasing the velue ef
effective diffusion lengthe The valuves { 0<4/ P ) for axyzen ond air have
been obtained from B}éﬁ'ﬁn (1959) eonmequently %\a_anﬂ hence - Ao can be
caloulnteds As there ia no avatlsble data for Co,, attachrent corregtion could |
not be corried out in this case, In his theory of high frequency breakdown in
eiegtﬁ*an atteching goses Brown (1959) has also followed & similer trestment and
ae hao been ahown abovaa;%{he effg&t of attschment conpsigte in éeplaeimgg the

diffusion length A by Ac;eo equation (4.9) con be modified and we get

B

| /P Lc—aG\oP Ne/7) e (8528

i : é
Forlin and Bpom (1948) by constdering the effect of attachugnt has calculated

|

the brecidown field es (Byown 1959)

Ve
Eatr) (P elhe)

£ - L 2
B 3

To caleukste theoretically ( Ea/P * ) for aifferont valwe of PA 88 hos been

done here the difficulty arises due %o the faet that A/p 4 3/p amd Uay,

eve a1l functions of ( E/P ) Hemee ( Ea/P ) con not be celeulated

mﬁémrﬁenﬂy of these quantities but from oquation (4422) ( Ea/P ) can be

ealoulated for diffovent valtzss of PA. snd suwoh vaviotion hap been plotisd

in fige ) 3 120 @nd (3 inpase of eir, oxysen and carbondioxides:
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Bffect of Magrmtic field.

Brown (1956 ) hes ahown thet in prosence of & megmetic field the diffusion
: ‘e

coefficicnt cen he reprosented in #rms of the mean square dieplecervnt and 4if

Daxx o D Iy and Dzz are the diffusion coefficients then

2.
— v -
isz - FDZ’H g 3(@1 = amd. (DZZ %1)&
F+ ) .
whore (O = —@—,h—i\- s the cyelotron frequency. Vhen the breakdiown fleld is

etidied in 8 flat oylindriesl cavity vhose length is very short compnred to
its Giemeter and the magnetic field is pleced tramoverse to the axis of the
tube, most of the diffusion takes place perpendiculer to the magnetic fleld
and tﬁe breakdowm Tleld will show veduction in value. The mean sguare of
displeoement travelled by on electron is proportional o Alffusion coefficient
D amd Brown has chown that the effective diffusion E@th Np appropriate to
infintte pé:callel plate will be given by

(/\P)L = Wy + ”)cl- e

o i

N 2
=11+ Qera‘i\\sz,e) ]-/\1

1 () e

i

. 1
denoting the constont (6 L/,m 19{) = C 1t reduwess

Yy

Ne = [l + C HI/P"]/\

| ‘ N -1y
Hence under the sotion of the itransverse magnetic £ield the effsctive diffusion
length increases and the breskdown field in case of a croased electric amd
megnetic fleld is given by from cquation (449)

"" Bo .
Ew/p Leg (A, P> Ne/y)

se 0(4025)
and from equation - (4413)
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EH/P = 2 L”a(Al P 'IT‘/\p) vre (4426)
The values of N\ and /\‘; can be caloulated t‘m'equatiéns (4020) ant (4.24)
and mmé the theoretical expression for Ey / p ¢an be calculated. The values
© of ¢ for Hydrogen wes caloulated by Blevin and iflaydon (1958) and was also
obteined independently by microwove ‘meaewem.ems." ¢ for Yydwogen was taken as
2.42 x 107 . The values of 19, , the random velocity have been obtained from
ra&:tofreq@my conﬁucts.viw measurcments ( Gupte and Handal 1967)y and the
veluas of L were obtained from the values of A (Tovnsend 194;). The values of
¢ thus cciculated are as folloms.

' Hydrogen 2,42 x 10 5.
Mr 55 x 1077 .
. 2. o
Oxyeen i.iSSx 10 . T
-6

4 Garbenaioxido 1.5 x 10" _
 The theoreticel results calculated from the derived equations (4.25) and (4.26)
hava been plotted side by side in each case in the figures 10 to 13,

Hydrogen t= In fig.i0-1 1t s observed that the sgracment is quite eatisfeotory
between the experimentsl results end --bheomticelly caleulated’valws ot (E/p )
both from &'mn and_‘ Kihnm’p expreasions through:oqt *the range of precaure
Weaﬁgaﬁd;’ When the magnetic field is preesent the theorstical resulte
indiecate ﬂmi; the brea!&own voliage bacamee amslley in aceozﬁame with the
experimental vesulis obtaineds The loes of elecmna due to difmsionhacoma
maller in presenee of ma@e‘aic £ic1ld and mmr mltagesare neeeasaxy for
brealdown. For 300 gauss end 600 gause { ﬁgs.lo -2, 10-3 ) the asx‘ement

is good for higher values of ( PA ) 1.0{ for higher pmseure but for

900 gauss the exper:lmntal mault.a are higher than thcse ealeummd bo‘bh fran
the equations o:é' Brown audfxihara:or all the values ei?_ PA magigatgd here,
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Ay ¢~ Figell-\ inclicétes that in obeence o.i’ megnetic field the theoretical
values caleculated from Frown's oxpression are in betier agrecment with az{peﬂme»
ntal results than those calouiated from Kihora's expression. As in the cope of
hydrogen the breakdown volisges are smaller when the megretic field is present.
The values of { E/P ), ecaleulnted from Bpown's expression are however in
botier agrecment with experimentel resulis than those caleulated from Kihara's
theory speeially for high pressure and smell valuee of magnetiec fiolds the
dissgroement becomes more ond move when the pressurells low end the mugnetie
field ie inercassd.
Oxygen $= Fige12-1 indicates good agreement between thenyy and experiment when
ﬂﬁ“ma,gnaﬁic f£ield is present. In presence of magnetic £161d ( H = 300 gauss),
( E/P ) values caloulatd from Prown'e expression are in better agreement than
those calewlated from Kihara's but wide divergence io noted between the
theoretical values calculated from both the equations and experimontal
results when the magnetid Pield is increased and the theory falls quantitatively
to oxplein the results ( fige 12-3 12-4 Yo - |
Corbondicxide 3= Fige|3-| shows good agreement beiween Emmy ard experiment
when' no mognetic field ie present. In presence of megnztic field ( H = 300 gonsn:
and H = 600 gause) ( E/P ) valuss caloulated from Brown's exprecclon ave in
better agreement with experimental results than those ealeulated fram Kihara's
theory speeially for high valms of prassurad. Divergence is noted in éase of
low preesum and h&gh values of mognetic fields
Prom éamparwon of emermmtal and theorvtical resulto it can thus be
concluded that in abgeme of magnetic fleld the theoreticzl and exporimental
results aro eomistené smd diffueion is the :mih alseiron removel procouse
In general ._y‘i;:he recults ealevk: ted from DBrown'e expression equation 4.7 ) are

in better agreement with cxperimental results than those caleunladed from.
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mara'a theory. 1t 16 worth noting at this point that 1T in equation (4.7) s
the expmeeion for eleciron temperature as deduced by Kihara be insorted then t&u

expression for B/P becomee identical in both the casess Ve get fron equation (447)

by putting e _ N (zne)
e = BN

KTz
A exp (- Ber/e) NP (DT = VR

s womsns i< (3)(E) ()

Hrow NEOBTR N = erp (BeF/e)
- P
N 1 3™ P> Ab = exb (Bo /E)
.Tr‘)_ P Lo . . ‘
- N /_3_9:7_\

O 'ﬂl - —:_]T— P Ceo
A p2 wr . AE o= exh (BoP/E)'

— 6

.~ W
o t/P 2 /La’a, (_AlPTr ,\) ‘0'00(4027)

which io cquivalent to aéﬁmtion (4413)

Consaquently "’he ) equmions become ddentical if a suitoble expression con be
deduced 1zﬂependently showving the variation of Te with ( E / P X

Wien the value of (P /p ) is emall and lies below 150 gaussfime of Hg. the
theoretical valwes caloulated are in agrecment with the experimentally ohoorved
. values in @ll the cases stwiied here end the agrecment is betier when calculoted
Lrom Bfam's souation but when ( H/ P ) becows graater than approximately

155 gemee% mue Hge the resulls are in wide div?are;eme,g To make this point eleer
the valuos of /Np/; have been caleulsted for cach gas separately from the
theoretically @orived equation ( 4e24)

2 ‘/L
Ne =N b fC'H/F”}

Por difierent valuse of { N /P ) verying frem 50 geuss/m. of Hg. %o
306 gousefme of Hge To exemine whether the elternation in the effective velue

of \ is in sccordance with ‘.:hc thaorgﬁmlopeﬁ, - Np / N has also been celoulated
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grom the experimental results s follows. Ve have from equation (4.13) and y(4.26)

E/E, = Mg (APTTIA
. A-c*% (A\Pﬂ ,\>

>(E/EH -1)

ov AN -~
P/f\ - <A‘ PR eee{8e28)

The theoretical and cxperimental values of ( /\?/ A ) for all the gases have been
plotted side by éide'in figelf-A,b,c,d o It 18 observed that in each case the
experincntel valuos are quite close to theoretical values for (H/p ) (150 zeuss/
meite OFf Hge but for higher values there is wide divergence. This indicaies that
the concept of equivalent pressure upon which the deduction is based becomes
invalid for (H/P )> 150 gauss/mems of Hge This fact hes sleo boen observed by
Haydon (1961) « In & previous ‘paper Sen and Gupte (1964), 1%t was 2lso cbaerved
that the constant C = ( —f—n-- —115: 2 does not venain constent ep the random |
velocity chenges with megnetic ficld and hence %he constent C becomes & fumetion
of the megnetic fleld, Further there is much uncerteinty in the valuss of the
moleenlar constonts introduced by Hihara znd this logether with the weertsinty
in the values of C can explain the divergence observed between the values of
breakdovn voliages cbserved in the precent imvestigation and those calewlated
theoretically,. | |

The theoretical deduction ¢ arried ous above camot be rezarded 28 rigorous.
Better agrecuent with experivental results can be expecsed if the magnetic £leld
is introduwed into Boltemen transport equatica from which the eﬁergy digtribution
of cleetrons in prfaseme of magnetic field :nd the rate of 4onisation can be
derivede %wevér the above discugslon clesrly indilcates that though results are
better emslainedaaﬁm'a theoxy, K:t.gmmi'é _molécular ?neory' of radiofrequency
breakdown can also explain eaﬁsi@bﬁcrily,“&hn experizental Tosults at leaet

qualitatively specially for low valucs of magnetic £1eld and the genmeral |



-1t
- .
> P 02
. (c)
f I'4 ['os5} ‘ :
N : : : y X
e W
& I
- 1'00 -
.,<‘ 1'0 N . ,
08 1 ¥ L1 1 L oos ! I ! ; l
100 200 300 . 100 - 200 300
H/ P—>Gauss/mmHg, H/ P—> Gauss/mm Hg.
. (b) Air ! 4) €O,
1 ros}- | < 1t (d)
N . y <
(6% . . -
& roop 1'05
«095 { . f . | : L .1 | '00 - i i i i f
0 100 200 300 o 100 200 . . 300
* {H/ P)——>~ Gauss/ m.m of Hg. (H/ P)—>Gauss / m m of Hg.
| ' | Fig.l4 - .

0-0-0 THEOR.
« » w EXPT.



-3 112 3

equation cen be conveniently modifled to tske into account.the phenomena of

attachnent end the effect of magnetic field,
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SECPION B,

A AR

IRTRODUCTION.

In continuation of the work done previously by Sen and Ghosh (1963)

the brecgldown of & gas oxpdted by a radiofvequency fleld of frequency varying
from 4 Mo/ese to 12 Mo/asc hee been oiulied in a transverse magnetic fiold
in euse of helium, neon end argons The breekdown of a ges in o high frequency
field in presence of & magnetic field hae beon stutied previously. lost of the
previous work has been done in a rvesonmnt Pield, the frequency of the applied
field ond the megnitule of the ma@,mtié field being suwch that the rolation

f appiied w €Y rme wes oatisfied. It wAll be of interest to sec the affeot
of & nonresonant magmetic field on the breskdown potential of a goo when the
megnetic ficld is for yemoved fyvom the msqmme valwe, 88 regards both the
vaiuw of the breskdown potential and the shif-és of pressure for minimum
breskiown vblt-age. The condition for the breakdcown of a gas excited by high
froquency electramagnetic waves depende mainly upon feotors awﬁ a3 the
preseure of the gas, the dirension of the discharge tube and thé frequeney of
excitations It is well Imown that two Gominent factors by wh:i.’ih sleotrons are
oot from the disghorge are @iffysion and mobilitys It has been fouwnd thot when
the pressure of the ges is high ond frequency of excitation ie in the microwave
regiony the electirons ave lopt mainly by diffusion. The results of brealdown
émrimentol of section A whore the pressure of the gos hes been maintadined in
the millimeter range, the dimension offhe discharge tube is such that the
electronic mesn free path 18 much smaller than the length of the ‘discha:rge tube
end the diecherge i1s excited by o radlofrequoncy voltege show thet wder the

eircunstonces diffusion is the only dominent factor for eleciron removal prosesve
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Thie section however reports results when the pressure of the gas is of the
order of a few microns and the length of ‘the' aiacﬁmge tube is large compared

" to the maan free path of tho electrons end the frequency of excitation liee in
the rediofrequency region. The obaagw‘: of tho present paper is to develop a
conpietant theory which con explain the obsexved resulte. Kihara (1952) starting
from A molecular model hap advonced a theory regending the brekdown of a zas
when it is excited by a radicfrequency fields In the r.f. field, the loss of
@lectrons hao been ascribed to diffusion and mobility of electrons. Sen ard
thosh (1953 ) modified Kihara's theory regarding radiofrequency discharge ( 1852)
by the introduction of effecta dwe to the mognetic field 2nd deduced 2 new
exprossion for the breakdown voltage and alsp the prescure at vwhich the
breskicwm voltage becomes & minimume. To supplement the verdification of the
theory deduced by Sen and Ghosh (1963 ) previously and to extend it in cage of
othor gsses under identiecl conditiona of breckdown in 8 nonreponont {rongverse
nagretic field, the preaent work hae been mderéekm and the paper reporto the
results in case of helim, argon and neon when excited by e rediofrequency
field of frequency varying from 4 to 12 Me/sec end & transverse magnetic field

vexying from gero to 120 gauss.

EXFRRTENIAL _ ARRANGEMENT.

Tie breakdown potentiols have been determired in the scme way 2o hae been
done by Sen and Ghosh (1963 ), G111 and Von Fngel (1948 )s Tue source of refe
oscillation 46 & funed plated tuned grid omeilliator eovering the frequensy
range 4 to 12 Mo/sec and the output can be vaﬁ.eag aeontinuusly from G to S00
volts. She output remess veltage 1 peasured by & vacuun tude volimeter. The
Qischerge tube with two ouler electrodes is placged at the cutput of the

dotoctor and the pressure of the gos ie measured by aad INdward Perming Flyad
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veown gaugee The voltage from the radiofrequency source is increased gradually
witil & glow appearn at the discherge tube ond simultaneously there is en
1rdication of & £all in voltsge at the output voltmeter ( internel impedance
50000 omﬁolt). This perticuler voltege 1s toten an the breskdown voltage. .

- The pressure of the Piraml gouze is eaubrated :miiviaual!,v for esch gose i’m
breakiomn woltages have been masumd in the case of pure and dry argon, neon

and helium, which are spectroscopically pure somples and supplied by Brit.tsh

- Oxygen Cos Irtd. The mognetic field was provided by an electromagnet and observae
tions were made for magretic fields yanging from 30 to 120 gaues wit%-x the lines
of force of the electromagnet 2t right engles both %o the length of the

dischorge tube and to the divection of the elevtric fielde Xecping the magmtic feald
constant at a particular valus, the pressure of the gas he.a been varied and |
braskdom voltoges determined for various values of the presswre of the gase

The sane procedure has been repea?bad for different values -pf thé hagnetic field.
The experimente have becn repeated a large mmber of times with wide intervals ‘
and the resulte have been found to be comsistent, the variation of "EL" was
found to be within + 2 volts, whero E 15 the bz;eak;iown voltege oy em amd

5 denptea the length of the tube.

RESULZTS AW I)ISGUBSION.

The values of the breekdown potentisl have been plotted for varicus valuee

. of the pressure and for varj.om values of the magnetio field in care of ar,gon,

neon and heliwm in figuresiS, (¢ and |7 reapectively. Also the curve of
brmkdmm voltage aga:!.nat Pressure has been plotted in the abgerte of & mmm
ﬁem in the three figurel for compariaon, Experiments have beon perfomed for
values of H = Oy 30, €0y 904 120 gauaes: It 1e ohsarved that the breakdown
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voltage alvays incresses in presence of a magnetic f£ield for all values of
greaam ‘and {¢w preessure at wmch‘ ‘the breakdown voltoge becomos mi.!ﬂ.ll.-. |
ey cmemts to higher pressure yhen the. magnetic ficld is applied and this
value increasss with increase in the megnotic field. The experimental roaul’ﬁa
 are entersd in Table I and II ant ITI whore B, and B, ere minimm
breakdown Yoltage end the corresponding pressurve amd ( E, )m and (P, )ui.n

are corresponding quantitics in magnetic £ielde

PTABLELT
¥intm R a R P '
Gas | bresikdom mﬁc (% datn , (o ¢ )'1". (™ duan
yoltage in Exporinental paleulated from . jealo. from
EEE | tnmme | pawe (44) 1 mam, Eqm. (415) mame
. volts : .
(I‘Qﬁo.o) '
130 ' 0 .\:285 226 4
140. 30 325 o251 252 -
Avgon| - 145 60 «350 o261 263
155 0 375 | o.me 286
- 165 120 . +#00 | 306 : 312
TADLE o II.
Minteum | tegoetio | . '

Gas | breakdown| fiedd (P dm Paan® (% g | O P datn
voltage in gauss Experimentel | calculated frem | calo. from
volts in mem. equs (413) 1n mume | aque (4%) mem,
(remems ) . :

160 30 675 -651 -

Neom 170 60 750 704 «762

1 85 B Y £
% % 850 812
190 120 928 | . 768

!
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2ABLE 11,

Helivm
Minimum Magnetlc } (o ) » From the ist set of valuss e 208 get of
brealdown | field in ' R 1 of the conste. given by vep of the const,
voltage | CGouss, | Exobe dn | gy, ven by Rihara
wcmlts ) Rellie _
TFelle B,
® (PH 25 (PH )Em (P“)m
caloulated lesloulated calcuinted
from Tgune &) [fvom Bqune { from Equne
in mem, (+#) 4n () 4n mame
Helile
120 0 .85 .70 876
140 30 100 () o763 1.08 117
150 60 1.10 82 o84 1-19 1.42 .
160 90 1,20 87 . 91 1430 1469
170 120 - 1.35 ,091 0% 1042 10%
o apsertain the dominont causes for eleem'on rexoval pmceas unaer the pr@sent
experimental setup the mllowing pointe can be notede
(e) Assuming that the meen free path of the electron in the gas is given by L' = Va,

where Ae ie %he coqstan‘c introduced by Townsend in his theory of eleetrmal{aisclwge and

1! 19 the electronic mean free path at a pressure of 1 memy the velues of L' ean be

caloulnted frem the valwes of the eonstont A, given by Drown (1959),

PTABLE w IV,

GAAS A | B
fonpalrs in om.
cme ume OFf Hge :
Argon 4. o714
eldium 3 03353
Neon 4 #2500




'r:/aotml valuss Of mean mo path axa hmrmr muah amaller as has been ahown by
Townsend (1947). The general range of pressuve under which the present experiments
m been carried out vary from & taw microns to 1.5 mme of Hg. Teking an

mrage value of pressure as 250 /4 -aho meen froe peth\pf the elsctron becomss
002856 om, 1,32 cm and 1,00 cm. in éaée of avgon, helius and neon respectively.
Hence wmder the prepsure ccneidered the rean free path becomes much samaller than
the length ofjthe discharge tub-'(now ). |

(b) The. colMsion frequensy ). = Ci/\. - where C; is the remdcm velooity
and assuning an avemge velociw of 10 en/pece the collision momncy 18 nesrly
1 9 ayelen/ees whoress the frequency of the exiting ratiofrequonoy f1eld de

6.4 ¥o/sec and hence the cemaion frequemy As much larger than the applied

:rx-cqwncy. R
(c) The. anpliﬁne of. oaoimtion of the clectmn is given b,,' Bmwn (1956) s
U € Ep | a .
o (3)1‘—\— 007’ 2. ‘ 00“029)

whem C h the £ield intensity, ’)) the colnaion m(momy and since ) > w
tha amputu!o of oacuiatian is givon hy

LN }
.

x = e‘EP/fmwa)c |
‘ o vee(4e30)
m-smg the valws of E; = 13 volta/empom 6,26 x 604 x 10% and D = 10%
'x~o 52 cm whieh ie muoh smeller than the lengﬂ: of the dimharge tube. Hence
thou_gh'an the oledtrons cannot sweep over completely scrose the tube and -
' e’omdé;'.wzth the walls on every ‘half eyole, those elootton’g’ which are very near
the Walle will be Gwept over to the walls and be losts |
| Wer ‘the chove conditions, the electrona moke many . eollieﬁ.ons for eaoh
:oacﬂlazion,of the field land 4rift 09 a elauﬂ in the field, !Z‘he:lr mtion can bc
desoribed by a mobility temm and as the presoure is Qomparatively low and

exciting frequency 1o saall in compariceon -with collisi_‘qri fnqmmy, the above
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calouiation shows that the amplitude of oscillaticn is finite and some elscirons
are lost due to mobility; Gonseqmﬁtly the loss of elscirons cen malnly be
attributed both to mobility and diffueion.

| When the diffusion is the only electron removal procesg, the theory of
breckdown has been worked out by Herlin end Prown (1948), If for the sake of
srgument we negleet the loss due to mobility and assume that the diffusion is
the only electron removal process then sccording to Kihara (1952) the breckiom

voltnge E is given by
| Vo '
S0P -[1 + (amenY | = 2 Ly (APTA)
E 1 0,0.0(4031}

whare Bo is the conatant introfuced by Townsernd in his theory of electrical

diccharge, 01 » A1 and N\ are the molecular constents introduced by Kihara
and N\, 1o the wavelength of the emeiting radiofrequency fields Putting the

o
valwes of G, » A, a3 given by Kihara and V\Damﬁssuningl’mmo/u the
mmerical valwe of the term ( C\/A‘ PA, )2. beccmes negligible in comparison

to unity and the precsure at which the breakdown voliage beeomes minimum can

be caleculated te be
_ _ 2 Emin/B,

Prin, =

eeel4e32) .

\

The velues of P . can be thud be caloculated for the three gasee and results

min
are entored in table V where ths valuss of BQ have been taken from Irown (1959),

PR ¥,
in meme ~in Bem.
Avgon o144 | .‘285
Heltun o765 e85,
Yeon .30 0625
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Thus 1t ig observed that theve 1l.ﬁ1§e'd!.véréisneq bé‘we?n‘theoretieal and |
gxpénmntal values of B, s 1t cen be conoluded that diffusion camot
alone sscowt for all the lomsese o | ’

Consequently in our present ngo:::k Kihara'é theory has been used t__o explain
ths result, because he has token both mobility amd diffu;ion as eleetrc»uf‘ |
veuoval pmenncé._ It 1» mted as Kibara suggests that his ’eheéry loses 1te
volidity when w/ NN /.;;.'.>>1' where cb -19 the frequency of the epplied field,

7\ is a molecular conatant introduced by Kihara the mmerical values of \
for various gases hsa boen glven by Kihare and § is the mmber of quleculel per
tm:l.t volume. As the tmqmncy siaployed in the experiments ie of the ordar of
Ged Ho/m, the thsory is not expected to hold for pressure less thm' ﬁ/‘*
e when the valuss of o 5 K and 7\ are -menia, the loft hend side of
the eqwﬂ,oufbtxfeoms greater then wiity when P is smaller than 15 A o Further

1t hag been shown by Kihara that the breakdown voltege B is given by
| -~ E/B,p
Be P : = A FL[ - L Dol
exp (Bo¥/2E) Al- vy
where B is Tovmsend's constant aud -

A\ - (N/P'rr>(.3°ﬂ7\/c )

C, is another molecular constent amd C i is the random velocity of olecmne;.

ove(4:33)

O’ is equivalent to the collision cxuss eeotion, and A, 1e the wavelength
of the Tefe voltage; from equation (4.33 ) (P)y, » the prescure at which
the breakﬂowu voltage beeomen a minimum s.n gﬂ.nn by

Z (2 Emen L 2 A LE7[B>
fmm ( /B> 08( L ...(4.34)

The vduss of (p) 1y Ve been caleuletad ::.n the case of argon, neon exd hanul.
The values of Ay have been providad by K:lhnra (1952) 1n his paper and the
results are entemd :lntq the ﬁ,tfﬁ; .q.oluan of table Iand IX ror argon and

necn meﬁsqﬁwly and in the fourth column of table III incase of helim; the
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reculis are some what in agreement with the experdmentel veluee in case of
" argon and neon end the disoripency cem be attributed to the uncertainties in
the valuss of the comtém; involved in Iﬂhﬁfa}tgz theorye. The dipcrepancy 1o
more in case of heliwm ¢ It 1s however observed that Kihavo in his paper has
given two values of the constante in case of heliums If we chose the second

set of velues of the constomts in ceze of heliwm then the results are in

qui'i:é good agmeném with the experimenial v'élms,- The theory given by Kihera |
ie only velid for one Qimensionzl treatment that is when the avea of the eleatroe=
des is large cnough in comparison to 1ts lergths In our exporinmental setup

the length of the diecherge tube 18 10 cm end radive of the elsctrodes is 5 om
80 f:l:m the area of ths electrodesn hecomes T8eH 8de cmo Thie doee mot
essenmn_y Justify one dimensional treatment and conséquénﬂy an attempt has
been madé to caleunlate the breskdown voltage by couéiﬁering both the mebiliey
and d1f%usion loss in three dlrensions. ¥heh & super-imposed d.c. field 1e
pregent in addiﬁoa L2 vomitm\g. radiofrequency £ield the eontlnuity equation ie
* given by Vernarin ond Rroma (1950) as

dn _ 3y 4D Y™ - die (MR Epc)
At -
| vee(4e35)
amd the breakdowm condition 1s given by X
oy = Y o+ (8 Eve/on)
’ . ' ooo(@o?ﬁ)‘

wheve N\ is the diffusion Jength of K is the mobility end Dy the @iffusion
coefficienty the effoot of the dace field i6 to inmcresse mobility which is the
seme effect produced by the raﬂiofxéquemy field in addition %0 lose Gue 4o
diffucions The effective radiofrequonoy £ield which will produse the eume
effect 29 the dec. field i E .(vf/a>f+ w‘) and a8 Y, y) W the
effontive fie;m becomes E and the equivalont diffusion length booomem

Yy = Y = Y +(ReEf) =Y +(E o)
o * | o voee (4037)
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where TQ ic the elasctron *iempemtwa.'mtﬁing the value of 7, as deduced by

Rihara KTe = 2 Y m-?)ﬁ; (eE/N)

omd D = (3-'0/“4?”7\/@) ’exF (- BoP/E)

@“ej/d% 3\ 2
(pZP=?) exh (-BoF/E) =<%\2)+Q77)C—‘3) (479

and the presswee at which the breokdown voltéga bédomes & ninimus i given by

(M™% ) [1 - B°F/2E} = erp (BF/E)

voo (4438)

Ceee(4439)

where o ie & constant for e perticular ges and is given by o(:(%)(l\‘ﬁ)?‘/\-f
Por the valwes of pmsém at which the bmskﬂéwn vc’.ltag:e becomes minimum, for
the thres gases studied here, the left hand side becomes negative whereas the
rignt hend gide ie always positive and hence the equetion cannot hold end a
three éim@mional treatnent gives: nasatﬁe results. Consequently tﬁeugh the
experimental setup Indicates that the three dimencional treatment is necessery
the oxperimental resulte imlicate that a major portion of mobility and diffusion
lopges take place along the axis ﬁﬁibwm:m the field is epplied,

When the magnetic £ield H is epplicd, Sen & Ghosh (1963 ) modificd Xihara's
theory by introduction of effects due to megmotic field es regards the change of
mobility anfl diffusion and deduced the expression for the breakdown veltage
in the pressnce of a magnetic fleld as e /B . |

) o R
exp Eél: 1+¢ H?-Pa'/z] = APL(1+ cHl/pz)/lE e /,3 (1+cC HL/PL)}
cee{4e40)

amd | / /
P 'y Y 4 - Ey B.P
explZe 1+ /) ] - A PL(+ 47 [1 (/N @+ C e

,:9;0;0 (4041)
Equation (4440) wan deduced on the empression for equivalent pressure inm
presence of magnetic field ap given by Tovmsen and 6112 (1937)
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— o 1 ¥
(7\“/??\ — (i + C H'L/Pm>

B N2
where C_’—'(%' CL)

wheve I 4a the meen free path of the electron in the gas at a prescure of 1 R

wherean equation (4.41) wap deduced on the expression for equivalent preesure

given by Dlevin & Heydon (1958)
1

7\“/:f—\ TG +CH1/1>°“>‘7;

L

wheran C, wan obtained from results obtained previously (Sen and Gupta 1967)e

L_’ 2
To calewlate (C = (—6—%— . T) L/ wan obtained from table IV
) .

The values of ¢ have been entered in the tcble VI

TABLE e VI,

Gas ! | Gy 1078 ' G-
on/sec :
ofy
Argen 0714 12,65 «97 = 10
Xeon 2500 13,2 11 %107
Heldus 3333 12.40 2,17 x 1072

The solution of these {wo equations for E, one without the magnetic P£ield ard
the other with the fieldy camot be perfomed in the usuel way and hence

s
trensendental solutions of ihe o equations hava been obiained. Curved have
BQP/ILEJ

Cal/n
against E, theintersection of the curves giving the values of F at the

beon obtained for €xp (BoP/2E)  againet B and also forAPL|I-

particular preesure. The results are entered in Table VII and the graphicel

resulss for this pressure ave shown in fige1 8-2,b,¢ amd 19-a,b,c |
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VARIATION of

1 ex\> (_BOP/Z:E)
' RoP/2E ]
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11 exp(BoP/2E)
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V2
1 exp {-‘jf—é’-ﬂ' (14 + W 2 }
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AGAINST E

30
20r
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10}
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PABLE « VII,

\ “NEOB HELIMM ARGON
‘ 24828 '
¥oge "¢ wltefom B volte/em |E wolts/om 1E wolts/em  {fvolts/em Jevolts/em
a Theoretioal | Experimentad | Theovetical |Pxperimental Theorstieal rﬂ.mental
auvss .- o &s__ v
0 1068 | 3.6 116 1.8 10605 181
30 | 112 | 145 1148 127 | 10025 | 127
60 115 154 12:15 13,6 1004 1349
90 11,9 1643 126 1445 10475 14,0

me erme pmcedure has been aﬂopﬁed for the caoe when there i8 e magnetic £isld omd
curves obtalned fyom equation (4.40). It 15-notod thet agreement is quite satisfactory,
and shows thet the breakﬁqm voltage ia .alya'ya higher when the megnetie field ip
procent than ﬁha?; without a fieldd. Slmlar caloulations have also been cmied%

out for other values of pressure and 11;'18‘ foimapthaﬁ the breckdown voliage ie_l

alvwayes higher than when no mognetic field is .presonte The agracnent 1S satisfoctory
not only from the qualitaﬁve_ point of view but it is also quits goeﬂ“@uantitativel\v.
conpldering the apnroximations mlvea. The -peme reeult wag observed oarlier in cage
of other goses by Son & Chosh (1963 ). Tovmsend & €411 (1937)s The valus of the
pregsure at which the bmakﬁown voltage beccms oinimum is obtained Lrom equation

¥

(4040) by the coxﬂition
\ e BE“/b‘? =0

A . OB )i A C H*
|/2. Bo :AL_ \ :'71M'h_ .
ez _@D_th‘)zm:a_i,uc H’/P% }/——2 . SN (e

, o.ooo. {4.42)
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The second term on the rehes. of the expression hes been computed and its numerde
cal value has been fourd to be nogligibly small in comparison with other terma.

Henee

R e

ooo(4443)
and in the some way we can obtained from equation (4.41) the pressure at which
the breakdown voltaze becomes minimum i.es ( By )mn vhich 18 given by

| 4
En e QQEH>MA|L =0
—4'—33%“ by

eee(40ss)
The walwes of ( )min have been calculated from both cquation (2.43) & (4444)
and the results entered inte Table I, II & III for different valuss of the
magnetic fields From 8 comparieon of these results with the obmerved exporimental
values 1t 18 noted that both the equations predict & shift of pressure towards
higher valwes than that in the abpence of a megnetic field though the quantitae
tive agreemant 18 not very eatiofactory; further in case of argon and neon for
Hldor valusg of magnstic field equation (4.44) gives better values then equation
(4043 ) in comparieon with expermént;al resultas In case of heliwm we get two
setm of valuee corresponding to iwo sets of constente given by Rihara and the
resulta corx'éaponding to the second set ere more satlsfectory then the results
obtained from the 1at set of conmsiomts in eomparison with mé 'experimental
rosults. In the mecond set we find equation (4,.‘43) given betler values than

equation (4;44) for higher valugs of megnetic flield,‘:
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I+ is further obeerved thot in case of all the three gascs the disagreement _
with the experimental results is more in cese of ma@etie 114 greator than N
S0 gauoss @hi.a is to be expected becauss as haa beon shown earuer { Sen and
Chosh 196¢> » Cupta ani Mandel 1967 ) that the equivalent prescure oomept
i8 valid for a limited range of pressure and mognetic field and speclally for
segnetic £ield less than 100 gouss. Bosides, the theoretical deductions of
Townoend and G411 that

—_— —_— el B

D KH = - K 1_
ard where

Dy =

EH is the wobility coefficient and DH the diffumion coefficient in presence

of magnetic fisld are aleo valid for a limited ranges of pressure ond magne$lo
field. The thation 88 to whether Dy, varles mvemaly ag u)H or W, mg mt
yet boen settled beyond dowbs ( HoRk 1761), As has been pointéd out eaxlier the
diecrzpémy between the theoreticel end experimental results ie to ba rartly 1
attributed to the ineccurecy of the moleculer constonts intreduced by Kihare in
his theory. Particular reference should be made to the values of the constonta
for helitm in which csse two sets of voluse have been given by Kihara end as haa
been shown sbove, 4f calouletion is made with one set of values mwh*it Sor agree=
ment is obieined with experimental results thon that caloulated féim the other
s@t; In faot it 4 one of the maiil arm:bmké from which the theory suffora.
The value of the constent C hes beon caleulatéd in en indivect way end there ip
no alternative method to tost ite securscy. Further 1t has been shown by

Sen and Gupta (1964 ) that the valuc ccnnot be regarded as gonstant but varies
with the magnetic 1014 and 1% becomes o function of ( H/ P ) is variction
of C with { H /P ) may alse acecunt to a eerfﬁ.n extont the diecriepgmy
beiwacn the tiieomtical and experimenﬁal redults for higher valven of mognetic

fﬁ.@ldq
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Thue 1t cen be.conolwdod thet within certain limitetiona, Kihara's theory
of radiofregqueoncy discharge can explain’ quita' satisfactorily the obgerved
experimental results. then mcxg;étic {ield is oppllied, the theoory put forward by
Sen & Ghosh {1963) by éodifyj.ng Kihara'e theory can expi'aﬁ.n not only the
increase of breckiown voltage quantitatively but predicte quite woll the shift
of pressure for minimun breakdowm voltage and this poper showe thet the theoretieal
resulis are quite general as the experimental vesults are explained satisfactorily

ot only in the case of gnoleular gases but in the cose of iwert gases also.
N\, '
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CHAPTER. Ve

BRUAKDOWH OF GASES BY RADIO FREQUENCY ILIOTRIC PRIELD
I THE DPIESENCE OF A OSUPERIMPOSED PARALLEL D.C. ELECTRIC
FLVID.
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INZRODUCTION.

Vavels (1947) observed that the breskdown potentisl in @ discharge excited
by a radiofrecuency source inorecged when & dece potential less than the
radiofrequency breai:down voltage was applied agoxces the discharge tudbe. The
digoharge tube had eluniniun electrodes in an atmosphere of 5 cme hydrogen
with an admixtuve of 207 argons It wes expected however, that tho presence of the
GeCe ﬁei& would hasten ionisation with a8 given radiofrequency potential by
virtue of higher pock elsctronwlceitics and that a residual potential following
the discharge would haston delonisation) buf the recults were contrery to whot was
expeoteds Almost the seme results wore obimined Iearuér by K:I.rchner (1925, 1947)
while etudy:!.hg the breakdown in g’jaaé‘s by an ref. field in thq pﬁnmo of a deCe
potential, |

Varnerin amd Fromn (1950) caloulated theorstieally the distribution furction
o? electnﬁna in an loniged ges in the presence of both radiofrequency ad d.c.
fields. It 1s generally known that the gas in the cavity will breckdown when the
iosnes of electrons to the walls of the cavﬁy are vepleced by ionisation in the
body of the gas. Vhen an 8sCs ﬁ.eld is applied, electrons are loat by diffusion;
when. in addition, & deCy '191& is appned, electmna are lost both by d&tfulion
end mobilitys It hna been ew w ﬁiamerin and From that the new effective
diffusion length LO\ c. of the vnul in, the preeence of the d,e. ficld is
shorter than its mdietmbed airrueion 1ensth L aocoxdmg to the equation

/de : 1/L7_ " {K Ed‘/z'b}
o : T eee(Se1)

where K denotes the mabil:l.ty of tha olectmn and D the d:l.fmsiou coefﬁcient.
They ﬁm- conoluaed that the only diﬁemmo bemeen the bmakdm oon\ut:ton
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in the 8.Ce = GeCe 08Se and the pure 8eCo 0o is the substitution of &
modified diffupion length L, .. for the cherscteristic diffusion length L.
-’mat a greater broakdown £icld is mecepsary vhen the dece voltoge ie
suwperinpoecd on tha' rediofrequenty £icld was shown by Brown {1956) 1n the cose
of air at & prescure of 38 mp. of wercury where 8 dsco 24014 upte 200 volte/om
was !ﬁ?ﬁwued. |

No¢ sysiematic study of the breskdown of gases wder the simultanecus
aotlon of the 8.ce and dece £iolds has o for becn reportede It is expected that
this study will theow more light on the mechanism of breckdowne

The obledt of the pressnt investigation is to dstemine the breskdown
voltage in eome geses in a superinposed radiofrequency and dece £iedd and to
present 4 theory cepable of expleining the observed zesults. The whole investiga=
tion 1 divided in 0 two paris. In the first pori the breckdown voliage wnder
- the simultaneous setion of raﬁiof:&aqmm.y and deGe field is messured for scue
rare goses { Hay Boy 4 ) and oxysen at a constant prescure of 10 m.Me BETOULYe
The appliod deCe VOlioge is varied from gexe to 70 volte/em o It hos been © ~
Lound that the Lreckdown voltage io highexr when bodh the fielde ars present
than when the gos 1s exedted by a radlofyrequency ﬁem alone end the breakdown - -
voltage gradually increases with e increase of the deCe fielde A thooreticel
expregcion for the broakdown voltage in the presence of dece and radiofrequency
fiecld was deduced from the theory of electrical discharge by Kihare (1952)
utilising the coxpression for equivalent' length deduweed by Vernerdn ond Drown,
Tho expression thus deduweed wes utilised 0 exploin the experimental rosultiss
However thie treatment 4id not imclule the cuntzﬁ.bution to iondeation made
by the de.ce field becouse the field applicd was small compaved to the
radiofrequency breckdown field. It wes evident hwwever from the experimental
Tesults obtained that the rate of rice of broskdown £ield with the epplied

dece field graduslly becomes smeller as the value of the d.ce field is
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froreaseds From this it wos evident that the contribution %o ionteetion by the
dece Ti0ld wag becoming dominant with hig!wr do8s fielde and naturally if the

Qece Ficld be gufficiently inecrcesed then %hs gontribution t0 ionisation by the
BeCe £icld will be considerablc end the radiofrequency voltsge 40 cowe breskdown
will gradusliy decrease. At this point a sccond sob of gxperiments is performed on
Bels = AeCe combined breakdown phentmens to verify the above conclunsions Tho gapes
used wore oXycon, oiry earbonedi-oxide ond hydrogen emnd resulto were cbiained for
d1<feront pressures in each ges { o fow meme mexeury ) by gradwelly incressiag
the ég@._ volmge at m@er gtepa, The maximm dece volinge veed o 240 volie

per cme.  The varichle voltage ratiofrequensy field had the frequency 10.3 Ho/eses
In all cases otudieds the rediofrequency volitage inttisily increasds with applied
A.8s VOltage Gbtains o meximm end then with the continous incresse of d.0. Zield,
the vofs breciicwn voltage gradusily deercuses,

S Obvicimly the theoretical ewm%:&mlﬁ:@ﬁw@d to explain the reculis’ of

ﬁmt got of expeﬂmemm wap a pard +1al. svecenss 1t was pointed out that the
""a:mempamy might be dus () to weerteinty in the valuoe of e moleculer
émtam%s izﬁ;mdwed isy Fihers end {b) the effect of dev. lonisation was 20t
talon lato c@mﬁ.ﬁemﬁi«m ?amemn and Srown in fimﬁng the effect of &ea. field
oxly ‘considexed the effent t8 of immaseﬁ diffusion =d m{i.‘mei@r but a:b high
B veluos of deve field the contribution ave to deca. fonipation ehould slso be
Jakon into 'mxiameramcm Censequently a modified ‘ﬁmoreﬁﬁ.cai expressicn ie
aéﬁmeﬁ to explain the expe}i%aantal maul’ée‘ ’oi’ e éeccni 'M‘&.'

EAPERIVNENTAL STDU D,

In the fixét‘pam of the caxperiment,} the discharge tubos of helium, necn,
wgén' and éwgén have boen supplied by the m@mm in saaled condition at .
o eertain pméem end each diccherge tube ie fitted with alusinium elootrodes.
T&@ :z;'qf.\ voltage ueinﬂ g,do‘e,g voliage ave sﬁmmtmwlé appﬁé&nﬁa the disoharge



“t 132 2

éﬁbem thraugh ée:ies connceted condensers axﬂﬂezgriee connee ted rgfa ehokéa
;éépéctively an explained m chapter IIle Tie deos field is vaﬁ.et} from g volta/om
'eca “‘70 volts/eme The longth of the dlccharge tubes are as follows @ heliwm=13 oms,
ﬁeajn =15 omey BrgoN = 13.2 eney OXygen= 13 Cle

| | The aacoz:d pert of the exporiment has got tie mantieal sotup s ths
méviaus Oty ”ha diseharge tube 'ie of length > Ec:a. ond dicowtor 1425 en mﬂ
ﬁtm& with o pla‘i;!.nw eleemﬁea with armmgemnt of stopeock to contrel ﬁ&e
pm%m*e of t?m €83 emlmaexfi. % é:assas etulied :m tm.ss investigation exe
o«m,en, aixv, hyﬁro@eu ami carbamﬂ#.—oxﬁ.de. Atrg oxygen and earbanﬁioxide Bsma .
been ehcaan i.n mﬁer to atudy tma afﬁ’ect m:s? electron attm!mm and .the preseure
‘iﬁ m the mﬂ@r af a few ma of mm\my Whi@h hes baean me%md with ﬁae hslp oz
."& mereury monometers The mdiatmqmmy w:m%e hep the freguency 103 ¥o/s and
the dees fmltﬁhe applied 14 geom gen vom/cm to 240 volta/em. Nydrogen and
ewg,m have hean prepmed b;f emctmlgéis of b&rim !wdmxida solutione Carbons
.é\imﬁde haﬁ been-obtained by 'ma ection of d:i.mte sulphmie a0ld on saﬁim

earbsnate.

‘RESHB B AHD DI CUSS IOE.

‘hat i’art to m:a verdation of *fhe ratio EY/ E, (whom E. is the breataim
'mltage per em m th@ pz'esema mi.‘ ‘b@"ah the. m&iofmquamy and. d.e. *ﬁewe ana
| E ig the breaxyi@wn wlﬁage per on ﬁ.n me pmsame ol the mﬁi@frecmemy ﬁeld
mﬂy) against Eac the appliea ﬁoe. valtage per om is shs:mn in :ﬂ.ga.zo—a b,C, d.
‘ 'Iham is no detectable chiange m mﬁiefmqmmy br'sakaown voliage Tor mall deCs
| Vul‘%ages, whiah wae less then 5 v/ea Por an e gaaes s‘atﬁi@és i% 18 elear

that with the ap;ali@atmn of dege ﬁelﬂ,‘ the mﬂipfmqwamy bzfe@kde*m volﬁage
inoreases anl the nature of vmmien‘ of E./ E, with E a.; is pme'&iéally
' the B’emé' Sop an: mé g@ea.smw. The ﬁaﬁm, of the varietion io %hs“a-smé o

as that Qﬁéﬂma by the ‘prea#ic;m workert:
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The physicel significence of these rssulia is at omé apfrmnt. In & r.f,
1014, breakdown occurs when the loss of electrons by diffusion emd mobllity
io compensated by the generation of electrons by lonisations The app}'.ica_tiﬁn of
the dece £1613 further imreases the losc due to ﬂifﬂ'mion’am m@banw end
hemoe a larger electric field must ve apﬁalieﬁ 0 produwce more ionisction w |
ce&ﬁmﬁa‘b‘e‘ for tiis increased loss. In the analysis — follcwa use hes
been made of the equaﬁiem dedueed by Kihara (1952) with the new difrusion
length Lac. introguwed by Vernerin and Brown (1950) '

If L, deznotea ﬂm equivalent length with the mﬁioi‘mqmnc; field almm,
then aceo‘r\din@, 0 Kiham {1952)

= = (1/1:) ( /)

where 18 the lonisation coefficient amd Z)O i the diffusion ecoefficient.

oo (5-2)

When both the refe and decs fields ave present, the breakiown condition im -

glven by

Vi = 0m) Gr)

‘ase {5e3)
where /1y, = 2 ooF <\K E"'é'/z,“’j, C eee(5e8)

where > and D represent the quém‘,itﬂ.m for the new breakdown field. Aecording

te Kihara (1952)

Jo /jo = (3-&- NZ."YQ) exk{_ mel/s K(Te)J

\)/j) _ (3.0’- qu\/CD ex}al;’mcil/?- KTQ}
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where & 7\ and C_ are the moleculer oonstants introduced by Kihars and ¥ i»
" the number of molocules BT CeCe 8t the pressure of the &n8y K 48 the Boltsmon
constant, "m" is the mess of the electron and { Te ) 1o the electron:temperature,

which will be different for two broakdown voltagee. Consequantly, from equations
(503) and (Se4) we get '

1/
(UL’E) + (\2 Ed,c.'/m))z

_ ex‘,[(mC}ﬁ-“)%% B —8@3

eoo(8s6)

Aomming that T, v (To) wo got<

Aﬂ'@{l + (E Eac Lo /ztn)l] = -Cﬂmc}/zgg(‘lz)ére-)g(‘l;) E

eee{5eT)

But according to Kihare (1952)

K /2D = ¢/ (Te).

= <) = °B/n(enn)®

whers E ® Feak refs Lredviown voltoge = { Temesie vOltege o2 A
Vo
anﬂawilerw KT = et /N <é7\?>

wham 511 = Feak refe breakﬂawn volta@'a*( TeloBe ‘?mltagé ) ;aé

.?utting these valuee into equation (5.6) we get

Xog [1 + i el E;.c. /2 K (_Te)og X : N (emy)ﬁi(gl/&) —1}

eee(548)
- fecording to Kiham L, = N (2\Z/w> Eo. |

000(509)
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‘Where I’ 4o the lemgth of the dischorge fube emd " W " 4p the engular frequency

of ﬁﬂ applied ef. ﬁ@m. H&nﬂ'e

Lfg | ﬁe‘[u GRE] 6 (*

= N é ?\?)‘h{(‘;‘/&) : 1‘5

2 X (),

[V - (R/w)E]E, I*
1+ = e
Bfg, =1+ MX +i N (m\zf‘}/(f)" } ]

£ -..0{5‘.10‘)
Since the radiefrequency breakdosm voltage is known from experdmental :'*em_m#,

csn be caleulated from the relation { Kihare 1952)

K (),

= CE [y (eng)

The values of the mobility coeticiont ¥ for the value E./p have been
obtained from the vesults reported by Brown (1959), In oxder to aalculata the
right hzmd side of equation (5.10), the following values have been calculated from
'the ﬁata of zxwleaulem constonts given by Kihera (1952}

| PABLE ol
N =355 x 1007 P o 10m. Hge

£ = iCHo/oee (O = 6025 x 107 zedians.

Ax1p8 § fxi0%4 v,] E ! Rxio6 Jel-R
N(enpY* © K (€),x10'? Ly fKxto ejl’-( K/‘OJEu] X2
WB/Sec ‘Cw\.‘ﬁiec. Volbe/z,, § o ZKC‘?)‘, (7\{2“40
- A '
Aygon el 1 1635 | 2321 16428 00953 13.$ T 0e0368 11461
Holiud  4od | 0.20] 61,58 14.61] 0.2002 13 0.0321 36,17
Feon ' 52496 1703 00517 15 0o 1329 22,86 | 03710
g8
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The right hand side of equation (5¢10) can thus be caleulated for different values
cf. Ed .. ® The reaulis are plotted eide by elde with the experimental curvee.
The quantitative agreenment is not satisfactory except for argon and oxygen and also
for values of £,  near about 20 w/eme There 18 1o agracment at all for heliwm
and neon. The guantitative dilsagreement can be atiributed parily o consitants
introduced by Kiheraeo The nature of the theoretical curve resembleg the
experinental curve $0 a ceriain extent, but the rate of rise as prodicted from
the theoretical dedwtion is emaller than that obtained experimcntally. It
should be noted however, that in the above dedustion two offecta have not
been considered vie. (B) increaped lose due to diffusion because of the presence
of positive ions and (b) the possible ionisation contributed by the dece Tield
iteelf. The contribution by the second factor to the theoretleal computation of
breakdovm voltoge would, however, decrease the actual velue, because if there
is oy lonisation coused by the dec. field, it would temﬁ to lowey the value of
breckiown ficlde Wheress this footor may lower the veluse of (E./E, ) scmewhat
in the cace of hellun and neon, it will reduce stlll further the values of
(E//E, )inte oase of argon and oxygen where the theoretical values arve
actually lower than the experimental valves. Purther moxe in the cose of oxygen
the eontribution due to the attachment of electrons have not been iaken into
considerationy and this actually modifies the expression for breckdowm voltage.
The incrsaesed loss dwe to diffmicn.in‘the presence of positive iong may be
responsible for the higher velues obteined experimentallys

The theqre_tical and experirental resulte point, however, to the fact that
in a discherge exeited by the simulianecus action of rajdiofrequency and d«Ce:
voltage, the loas of electrons is due both ‘to diffugion end to mcbility and by
exploying the deductions of Kiharg with the éxpmaaion, for the egqulvalent length
88 deduced by Vernerin end TRrowng it hes been psesible to deduce meultn which

ean he compamd with the uxpermentany obeev*ved valuea. ’l‘hough the asoﬁe
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treatment ie muampleto in memw mnse, yet itm suwcess with so many uncertainities
could not be ignoreds So in the second part of the experinent, attention was |
paid to é’iﬂerent drawbacke in this theoretical expression end the theory has
been modified in the light of knowledge gathered by this result.
2nd Part te- In ooxﬁtimmtion of work done in the first part the variation of
radiofrequency breakiown voltages with the applied dece field has been plotted
in Pigee 21 ,22,23,2h,4n cage of a.ir'gg hydrogen, oxysen snd osrbon-di-cxide
respedtively. . Theordinate represents the ratio £,/ E,  where E, 10 the
radiorrequemy breckdown voltage when both the radiofmqmmy end d.o. fieldn
are present and E ‘18 the bmakdm voltage when only tho radiotmqwmy voliage is
present. It ic sesn from the nature of the curves that the broakﬂawn vltage
gmduany incuma wif.h the increaws of d.c. ﬁeld, then attains & maximum at a
cortain de.c. ﬁeld wh!.eh is mmmm for different gases, and then falla as
the decs field 1o further imreasea. A well defined maximum is obtained in
each case and ﬂm-varia'bion of breskdown voltage with the d.c. £ie1d 1m quite
general as it has been obnemd for all the four gaaee stuiled. It 19 thus
quite apparent that whereas the ﬂxeozy of Vainorin and Prown (1950) can explain
the increase of byeakdown voltage whg_x; vt:nc decs field is small os due to
increased loss due. to mobility in the ‘presence of deCo. tield, the wc\n'amé of
maxing and the couseqmnt rall in breakdown voltaga ehow that other mechanimns
alao oparatinge | '

- To uplain the .observcd reaultu :!.t ia ﬂwxvetom auggested ﬂm;, wheress’
for small dece ﬁ.eml ,d.c. 1on:l.aa.tion canhe negleeted,» the etfect of deco |
mnisation has to be taken 1nto eons:.deration vahen the QeCe voltage 13 of the
order employed in the preeent 1matigatiom. ‘Iho ef*ect of dece: valtage ie aleo
%0 incrcase the mobility and thereby nam an :Imuued 1ona of el.eotrons.x In
the calculation which follows, it will ﬁ.rst be cons:l.dercd that the icnia@.‘b!.on
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due 0 d.ce f£ield is absent and only the loss due 30 mobility to be affective.
It will be then found out how thig brea}ndéxm field chaingee when the d4Ce
ionisation ie token into considerations In the presence of rediofrequency field

the breakdown condition is given by

| . ’>°'/'Do .:l A‘l//\q, = (2~405/a>l + (‘IT/LO>9,

sce (50 " ) '
where /\ 1s the diffusion lemgth |

where — L 2K B, /w
‘ Lo ( / > .0¢(5012)

Here ) io the ionlsmtion goefficient and Do is the diffusion coeflicient. E-:o
is the breckdown fleld in absence of dece fieldy 1 the length of the discharge
tubey, ¥ & " 48 the redius of the tube, and ¥ thomobility end w the sngular
frequency of the spplied field. Whon the d.ce Tield i also present, it has

been shown by: Vernerin end Brown (1950) that the breakiown conditlon ie given -
vy

Dy = (2H0s/a) (rie )+ (R Eac/2)

cealS5e19)
From equaﬁons (5.11 )gu (5012) and (5013)
o/ Ds
—_—— 1/ yR
3 /A +pE,
/2, FPE) eee(5018)
wosp = (/22) _____ NP(3f) _ Nen)
(2 405/ ) (mAL Y HE, [(2"105/&Y'+"T7'/(\_— 2R E,,/w)lj LE2/j2

by putting the values of K end D from Kihava'es theory (1952)e
Tyom Kihera'p theory (1952)

.'Do/-.bo ~ (3. 5. N')—_';\./CC) e-x_F {~ ’TY\C%/Q K(Ta)o} . . | ( )
> eee(fe15
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\D,/’])l = (3({ N 7\/Cc> Q'x-t’l{— (mCZ’/QKtE)L; sos (5e16)

¥here o ’7\}' j’ and C{ are moleculer comstents introduwced by Kihara, K denotes
the mmber of the molecules per wnit volume snd Te 48 the eleetron temperatures
Yutting the values Do /'D,, and » /D, in the equation {5.14) and

ranenbering thot
KTe = QE/N (3.7\'?)#7_

et mcl N (3AP) Jrep = B/
where & nr‘én.s, breaidown voltage = { pesk ref. voltoge ) / 2%‘% ..Kihara (1952)
we got
- BsP (E, -E,) /E.E, = Lra, (1 +pP E;’_Q) veu(5017)

whore 3521 is the breskdown voltage without toking into ecmideramandfd.e.
ienigationy and B, 1o the comstant introduced by Tomsends The constant (3
can be ealeulated fqr different games from the valuce of moleculer constants
glven by Kihara; anf os the value of Eo is Imown that of Ty cen gen be caleulated
for various values of E,

To take sccount of the effeet of dece lonisation let us assupe that if )
_ 48 the lonieation coefiicient for the rediofreguency fleld only end QA_L:I.: the

de.ce ionieation confflclient,

v, - ")2_ + 'Qd.c.

ese{5:18)
Do ¢galoulate 7)d cboth the prinary and secowmlary lonienticns have t0 be taken

into considerationg when the primary ionisation isponsidered,
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’C = Te. Q,I_‘; (o(”_) see(Se19)
when both the primary and aeeondaz;# offects are considered

S AL |
1 = 1, .ex\»[ A QL\D@M] eee(5020)

Wheve o " amd'y” ave Towmez~dle Fvat ard necond  Tonteading  coofficiend s ~afetivat

If , has to account for boththe o and Y effects then d°
Cexp (L) = P L)
or I - 7 ex} (4,L)
| - exh)  eee(5a21)
A, = o, L { - o) |
Dy = AR Eae - K legll - v eof5.22)

but eince O, and o), correspond to breckdown for radicfrequency ai.aeharga
‘>|/'D| = ]//\"— | amd —Dz/rDL = 1//\7-

and we get from equation (5,18) [‘2 E,. loglt —7’9—’4’@(9} ]
ac. % '

(D|//\’). = (-Dz//\'), + £ K EJ.(’_. - L

Putting the values of 331 and 3}2 from Kihara's theory

= = % _ > >log A1 - 7. exp@L)
ER L ER ke, - RElaliorered

NGEAP2 — N(anD)™ L

Vo : N.Cﬁ-ﬁ-?)l/z/\q‘E’a.c. Kﬂil.—y%@g}
E — E| - N (37\?) -/\2'-0(-'Eo\.c. + L
2

ees(5e23)

wheve B, islthe radiofrequency breakiown voltage whon both the radiofrequency

4
atm‘d..e. Tielde are presents
The numeriecal vaiuée of the $ird tem hg'c'@ heen“ea“u;ulateﬁ in case of
eir and H, though there is insufficient date for ) in the literature.
Homever the values caloulated are &0 small in comparison o firet and sscond terms

on the right hari pide thet its contribution can be negiceted. Then

E, = E, - NN N () (Eac/p) P
,‘gcoisfﬁi)
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Consequently equation (5.24) can be utilised for caleulating E.. To acsloulate D

2.
the valvs of (> hes beon obtained for each ges from the muerical constants

1

introduced by Kihara.

TABLE » 11,
Ges | Preasure Eq e y _
 meme - Hge VOlte /ey, J(NE).16° yl\z E tﬁim N.(3 ’]\f) 1 /\1
R A
Mr 1.5 106.7 [ 14455 |164565 |1.658 x 107 |365 | 2.121
My 1.0 90,0 | 14,55 |164854 |1.007 x 10 {365 | 1.414
Hyarogen 2.0 5648 | 40455 | 16,585 {3,073 x 102 130 | 1.532
Hydrogen 340 68,3 | 44455 [ 16,378 |5.00 = 1073 130 | 2370
Oaygen 2.0 86¢6 | 84189 {159.5 |2.564 z 10™* [138 | 0,221
Cerbondioxide| 1.5 | 9343 | 21,78 | 61438 [8.66 x 107 [250 | o.67a2

The values of E, ean thus be calculs ted from equation (5.17) and tnte
gradually inerocses with the inorease of dete fielde It i however o be
noted that upto a value of ( Eac / P ) of the order of 150 volta/ems m.m. Hge
the rise of '31 with E,. is almeost linear but when E,, 48 increesed p#dll..
furthor, By ascumea exwemel,v high valuess This fact auggests that at bigh
volt/ome. mele Hge the drift velocity

values of ( Edc /P )grea:ter then 150

is no :I.onaer a :u.mc,r ftmct:v.on of E/p o After caleulating the values of

Eq it 18 possible t0 oodeulate Ea from the equation (5e24)s The values of

( /P

') for various values of I/P have been inken from the data given by

Brom.(1959) end the values of { €2 / E,

) have been plotted in the

Pigme2),22,23,24 ( eurves indicated by dotted linea)s In case of air,
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Carbondioxide and oxygen the equation hag i’zxrther been modified becouce
attachment will influence the valwe of the breskdown voltagee The effect of
attaghment has been ¢alculated in the vame manner as has been done by Sen ond

Ghosh (1963 ) where 1t was shown that

_ (A w (1-b) / <
E, ——(E2>.b + L, K .
vee(5e25)
where Ez i2 the brezkdown voltage calculated without econsidering attapchment,

E;f = breakdown voltage when attachment io talten into consideration and

E = Alp - &/P " .
0(/P _ 000(5025)

where £/p is the atiachment coefficient.

The ﬁaluoa of ’g\/p for alr and oxygen for various (Eac /P ) values heve
81s0 been taken from Brown (1959), due to lack of adequate data, the value could
not be celewlated inpese of carboiﬁio:d.de; In the fige. 2! o~d 23 the ratio

Ef / Es have been plotted whereas in the figse 2204 24+ the ratio E,/E,
have beon plotied.

By compering theoreiical and experimental data i1t is sson that there is
quite good agreement in case of adr both for prepcure of 1.5 mm and 1 mms The
diwrfpéa;my obseyved may yjartly be ageribed €0 uncertainity in the values of the
moleoular conotonts.e There is reascnable agreenent in csese of hydrogen for &
presgure of 3 zm. However, for the pmssix-e of 2 mmy though the sgreement is
iocd for lower precaures wide divergence 1o noticeg for E d,(,> 0. volt/em.

In facty the velue of B, the breakdown voltage without considering deC.
jonisation becomee 80 large that wide divergence 1s noticed even if decs
ionisation 1s considereds This taci sug eets 68 hos been mentioned (Sen end
Ehattachorjee 1965) that pexhaps the drift velocity does not remaln a linear
function of (B/P ) end the loss of electron dm 10 moblility is sctuslly smaller

bV
then what ie predicted Yy Marnerin and Brown's theorye In cese of oxygen also
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divergence boccmes dominsnt at high dece fields even though attachzent cerrvection
hap been applied. Hesults would havg mpmﬁed slightly if attachment dato were
available in case of carbordioxidec o |

It can thus be cencluded that for emall dece veltage the thecry propesed
by Varnerin end Bprown that léoes of elsctrens 1mmnaag.'ﬁm to mebility cen '
explain the inorecse of breckdawn voltsgs, but m:n the inorease of deco vmxtage;
lonisatien due to dece fleld also has 1o be token into conpideration and this
faotor gradually incresseswith the applied ds.c. ficld and bec@a cengiderable
at high doé. valtege and thereby rveduces the radiofrequency voltoges necessary
for broolkdewns, The eobserved ﬁiscrgpgz/my can be aseribed partly to the mceitainity
in the valuesa of msleculer cenatants introduced by Kiharm in his théary of elsetrical
diaehm-g,e; In cane of d.c. fenisation, the primary lcnigation is much mere
predeminant than the secondery effect which éemnde te a major extent upen the
nature ef the electrode and also upon the pressure of the gre in the diacharge
tube, | | | B

It should hewever be meted that the thecry which has been advanced hem
ie baged - .on the theery of elesctrienl discharge by Kihera whieh ssowumcs that
electren velscity distribution function i Meswellion, Tub in fect it actuslly
_dees not held geed when radiafrequency wltége sufficlient to cause breakdown ia
applied cnd departure from the Moxwellian distributionircomes mere when dio;c._‘
donipation effectr which invelve iurge transit of electrons arve considered.
Cencequently tho absve theery suffevs fram the pome limitations as are applicable
to Kihara's theory. But 4% is noted thot oven with those 1imitetions 1t cen explain
the exporimental resulis at lecst upte a scertnin limit ef d.c. velbtage 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 Mc/sec) and a variable
- d-c. 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-c. field. The variation of breakdown field with d-c. 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-c. fields has been deduced from the
theory of electrical discharge by Kihara (1952) together with the expression of
equivalent length as deduced by Varperin and Brown (1950). The theoretical
. expression cannot explain satisfactorily the experimental results, and the rate of
rise of breakdown voltage in the d-c. 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 source.increased when a d-c. 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 cm hydrogen
and 209, argon. It was expected, however, that the presence of the d-c. 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-c. potential. - 4

Varnerin and Brown (1950) calculated theoretically the distribution function
of electrons in an ionized gas in the presence of both radio-frequency and d-c.
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-c. 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 Lg, of the vessel in the presence of the d-c. field is shorter than
its undisturbed diffusion length L according to the equation

11 KEM}2
1 . Lﬁc_L2+{2D ’

Canadian Journal of Pliysics. Volume 43 (August, 1965)
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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-c. case and the pure a-c. case is the substitution of a modified
diffusion length Ly, for the characteristic diffusion length L.

That a greater breakdown field is necessary when the d-c. 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-c. field-of up to 200 volts/cm was applied.

No systematic study of the breakdown of gases under the simultaneous
" action of the a-c. and d-c. 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-c. 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 Mc/sec. The method of applying the d-c.
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-c. field superimposed upon the radio-frequency field. The d-c. field is
varied from 5 volts/cm to 70 volts/cm. 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 cm, neon—15 cm, argon—13.2 cm, oxygen—13 cm.

RESULTS AND DISCUSSION

The variation of the ratio E/E, (where E is the breakdown voltage per cm
in the presence of both the radio-frequency and d-c. fields and Eq is the break-
down voltage per cm in the presence of the radio-frequency field only) against
Eq., the applied d-c. voltage per cm, 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-c. voltages, which was less than 5 V/cm for all the gases studied;
it is clear that with the application of the d-c. field, the radio-frequency break-
down voltage increases and the nature of the variation of E/E, with Ey, 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 thed-c. field further increases the loss due to diffusion and mobility
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F1c. 1. Arrangement for applying d-c. voltage to the discharge tube.

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 d1ffus1on length
Lg.introduced by Varnerin and Brown (1950).

If Lo denotes the equivalentlength with the radio- frequency field alone, then
according to Kihara (1952).

@ L? = @ Dy’
where g is the ionization coefficient and Dy is the diffusion coefficient. When
both the r-f. and d-c. fields are present, the breakdown condition is given by

©) A 3.~ 2D’

where
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Fic.2. Variation of E/Eq with Eyc in argon (theoreticaland experimental). ®—experimental,
®-—from equation (6).

then

_1_ + {Z_zEdc_}z — .Li

Ly 2D) — + D’
where » and D represent the quantities for the new breakdown field. According
to Kihara (1952), :

2o _ Bo'A |:_ mC,* ]
Do~ C; TPLT2R(TH.)’

> _ 3N [_ mC,’ ]
DT ¢ Rl T ek

where )\, ¢, and C; 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 (7) is the electron temperature,
which will be different for the two breakdown voltages. Consequently, from
equations (2) and (3) we get

1/Lo _ mCIZ[L - 1-'J
() 1/Le + (REw/2D)’ ~ P oK .

Te B (Te)O
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Assuming that T = (T)o, we get
' I?Edcf:o>2] _ _mC (To)o — (T)
log [1 + ( 2D =T (Toe
But according to Kihara (1952), ‘

K __ e
2D - K(Te)o
Eo
and : K(T) = éfio
and similarly KT, = —&r
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F16.4. Variation of E/Eq with Eg. in neon (theoretical and experimental). ®—experimental,
®-—from equation (6).

Putting these values into equation (5), we get

PO 0 S A

According to Kihara, Ly = L' — (2K /w)E,, where L’ is the length of the dis-
charge tube and  is the angular frequency of the applied radio-frequency field.
‘Hence

0 el [ESEOBET - voo{z-]
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B log{1 + [e(L’ — 2R /w)Eq)Eas/2K (Te)o}*
or = =1+ 3 .
Eo N(6)p)*
Since the radio-frequency breakdown voltage is known from experimental
results, ()0 can be calculated from the relation (Kihara 1952)

eEo ]
N@BN)*

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. In 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 Eg4,. 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 Ey4, near about 20 volts/cm. There is no agreement 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,

K(Te)() =
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TABLE I
AX 105  p X 104, E, 4, elL — (2K /w)Ei]
Gas cm3/sec cm sec  N(6Ap)? volts/em K(Te)o X 102 cm K X 1078 2K (Te)o
Argon 7.8 1.35 282.1 16.28 0.0953 13.2 0.0368 114.1
Helium 4.4 0.20 81.58 14,61 0.2902 13.0 0.0821 36.17
Neon ()\pg ?711(())32 52.96 17.3 0.517 15.0 0.1329 22.86
Oxygen ()\ps).%%éﬂsz 726.6 23.0 0.0512 13.0 0.1304 203.8

N =38.55 X 10v, P = 10 mm Hg, f = 10 Mc/sec, @ = 6.28 X 107 radians.

however, that in the above deduction we have not considered two effects:
(@) increased loss due to diffusion because of the presence of positive ions and
(b) the possible ionization contributed by the d-c. 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-c. field, it would tend to lower the value expected. Whereas
this factor may lower the values of (E:/E,) somewhat in the case of helium and
neon, it will reduce still further the values of (E;/E,) 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-c.
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 the fact 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 Mc/sec in the presence of a superimposed d-c. field
varying from 0 to 240 V/cm have been determined for various values of the
d-c. field. The object of undertaking this work is to see how the radio-frequency
breakdown voltage changes when the applied d-c. field is large in contrast to
the small d-c. 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 cm and the diameter 1.25 cm. The method is the same

Canadian Journal of Physics. Volume. 44 (1966)
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as adopted in the previous paper. The variation of E1/E,, where E; is the radio-
frequency 'bréakdbwn'voltage in the presence of a d-c. field and E, is the
radio-frequency breakdown voltage in the absence of a d-c. field, has been
plotted against d-c. voltage per cm. 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 mm Hg, in Fig. 1.
The results show that the breakdown voltage in the presence of a d-c. field
increases for small values of d-c. field, attains a maximum at a certain value

\

O0—0—0— aIR
®@—®—@— HYDROGEN
C—C—CF OXYGEN

/¢
N

(2]

w

J— | I 1 1 1 1 1 1
O 30 60 90 120 150 180210 2490 o
— > D¢ voLTS/cM

F16. 1. Variation of radio-frequency voltage with superimposed d-c. field.

+ of d-c. field which is different for different gases, and then falls as the d-c.
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 radlo-frequency bréakdown
voltage can be explained by the theory put forward by Varnerin and Brown
(1950) as due to increased loss due to mobility in the presence of a d-c. field,
the occurrence of maxima and the consequent fall in the breakdown voltage
show that other mechanisms are also operating. For small d-c. 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 s'howﬁ- for rare gases by the present authors (Sen and Bhattacharjee
1965).

To explain the present results therefore the following mechanism is sug-
gested. (¢) For small values.of d-c. field the contribution due to d-c. ionization
has 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-
tion due to the d-c. 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-c. field. Smaller values of the radio-frequency
field will be necessary to cause breakdown because the d-c. field is also con-
_tributing to ionization. This can explain the fall in the radio-frequency break-
down voltage when the d-c. field is increased. With the increase of the d-c.
field, the radio-frequency voltage necessary to cause breakdown will decrease
gradually because d-c. ionization will be more dominant. (¢) For breakdown
at any d-c. voltage the rate of ionization due to the r-f. field plus the rate
of ionization due to the d-c. field must equal the rate of loss due to mobility
for the d-c. 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-c. field becomes a2 maximum.

A generalized quantitative theory regarding the breakdown voltage in the
presence of a superimposed d-c. field is being worked out, and 4 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 electtons 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 whether 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 variés from 15 to 200 V/cm mm
of Hg. and the results obtained will be utilized in deducing the theory of
r-f. breakdown in the presence of a d-c. field.

SEN, S. N. and BHATTACHARJEE, B. 1965. Can. J. Phys. 43, 1543.
VARNERIN, L. J. and Browy, S. C. 1950. Phys. Rev. 79, 946.
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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 Mc/sec) and
a variable d.c. field which varies from 0 to 240 volt/cm. It is found that the
breakown voltage increases when the d.c. field is small, and when the field
is further increased it showsa 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 factor is the loss of 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.

Introduction.

§L

In a previous paper (Sen and Bhattacharjee?
the breakdown voltages for some rare gases (He,
Ne, A) and oxygen at a constant pressure (10mm
Hg) were determined when excited simultaneously
by a radiofrequency field (frequency 10 Mc/sec)
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 Kihara® utilizing the
expression for equivalent length deduced by
Varnerin and Brown.® 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 Brown® 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.®
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§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.? The discharge tubes
are of length 3cm and diameter 1.25cm 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 Mc/sec 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 cm to
240 volts per cm. 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 E/E,
where E, is the radiofrequency breakdown
voltage when both the radiofrequency and d.c.
fields are present and E, 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

where 8= (K/ 2Dy —
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where Lo=<L _2KE,
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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 Brown® 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 is 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.
voltage 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. fleld 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,
vo  (2°405\¢2 2 1
=) T T=1
2KE0>

(1)

Here v, is the ionization coefficient and D, is the
diffusion coefficient. E, 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 o the angular frequency of the
applied fleld. When the d.c. field is also present,
it has been shown by Varnerin and Brown® that
the ‘breakdown condition is given by

O]

2°405 2+ <
( a > Le?

From Kihara’s paper®

4;02{(

2 —_———
RS

vy 2°405\2 Fisd ’ KEDC 2 9
D1_< a >+ Ly? +< 2D > (2)
From eqgs. (1) and (2)
Yo
Dy 1
= 3
v 1+ BEZ, (3)
Dy
N*(320) _ N*(320)
2405 r* AE,

A%
) ’
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Yo 3o N2} ex {—mciz}

Dy o 2k(T2)o
vy 36 N2 { —mc;? }
—_—= €X o p——
le C; 2k(Tg)1

where o, 2, o and C; 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 vo/D, and
vi/D, in the equation (3) and remembering (Kihara®)

KT.— eE mcitN(320)'/2  B,P
EE 2¢E,  E
we get,
—ByP(Ey— Ey) i ' '
—_— 1+BE2 4
E og[1+BE3] , (4)

where E, is the breakdown voltage without d.c. ionization, and B, is the constant introduced by
Townsend. The constant 8 can be calculated for different gases from the values of molecular

constants given by Kihara; and as the value of E, is known that of E; can be calculated for
various values of Epc.

To take account of the effect of d.c. ionization let us assume that, if v, is the ionization coef-
ficient for the radiofrequency field only and vpc is the d.c. ionization coefficient,
vi=v2+vpc (5)

To calculate vpc both the primary and secondary ionization have to be taken into consideration;
when the primary ionization is considered,

i;io exp &IL
when both the }Srimary and secondary effects are considered,v
i=ly eXp azL/1—y exp azL .
If a, has to account for both the « and y effects

exp azL
1—yexp azL’
log(1—7 exp azL)
L.
REpc log(l—y exp al) .
L. A

but since y; and v: correspond to breakdown for radiofrequency discharge

then exp ay L=

or ay=ws—

vpc=aKEpc

Vi 1 Ya 1
o~ — T 4 d =
D, 4* an D, 4
and we get from equation (5)
D, D, KEpc log(1—y exp aL) .
—==“+4aKE
Ve A2+a DC I

Putting the values of .D; and D, from Kihara’s theory

EK _ EK a R A Epe KEpcA2 log(1—y exp aL) .

NG2p)2 . NQGap)/2 L.

or Ey—E;— N (320)/* S Epo-+ Y2 A Epc log(1—7 exp al) .
L. .
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Table I.
Gas Pnr&s]sHuge vollti}ocm (20 )>,< 10= 1/42 B volt/crgommHg N(/ifp P
Air - 1.5 106.7 14.55 16.565 | 1.658x 10-3 365 2.121
» 1.0 90.0 » 16.854 | 1.007x 10~3 » 1.414
Hydrogen 2.0 56.8 4.455 16.885 | 3.073x 103 130 1.538
” 3.0 68.3 » 16.378 | 5.00x 103 » 2.379
| Oxygen 2.0 86.6 8.189 159.5 | 2.564x 10—+ 138 .221
Carbon 1.5 93.3 2178 61.38 | 8.66x10-+ 250 .6742
dioxide. ’

Where E, is the radiof requency 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 H, though there
is insufficient data for y 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

E
E,—FE,— N (3100172 g2 £~ _LC>P2_
=E-N o5 )(5

Consequently equation (6) can be utilised for
calculating E,. - To calculate E;, the value of 8
has been obtained for each gas from the numerical
constants jntroduced by Kihara.

The values of E; can thus be calculated from
equation (4), and this gradually increases with
the increase of d.c. field.
noted that up to a value of (Ep¢/p) of the order
of 150 volt/cm mmHg the rise of £, with Epc
is almost linear but when Epg is increased still
further, E; assumes extremely high values. This
fact suggests that at high values of (Epc/p) greater
than 150 volt/cm mmHg the drift velocity is no
longer a linear function of (E/P). 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 ‘been used in this experiment. After
calculating the values of Ei, it is possible to
calculated E, from the equation (6). The values
of («/P) for various values of (E/P) have been
taken from the data given by Brown® and the
values of (Ez/Eo;) have been plotted in the Figs.

(6)

It is however to be .

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,® where it was shown
that
E2:E2Ab+L0m(1__b)
K

where E, is the breakdown voltage calculated
without considering attachment

E,4=breakdown voltage when attachment is
taken into consideration

and b:[:'L}f‘/i]”z
24

where A/P is the attachment coefficient.

The values of #/P for air and oxygen for various
(Epc/p) values have also been taken from Brown®;
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 FE.4/E, have been
plotted whereas in the Figs. 2 and 4, the ratio
E./E, 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.Smm and
Imm. 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 Epc>90 volt/cm. In fact,
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Fig. 1. Variation of E,4/E, with Epo in.air
(theoretical and experimental)
O—0O—Q' Experimental

X—x—x Theoretical P=1.5mmkHg

O—Q@—@  Experimental _

®—®—® Theoretical P=10m.m.
HY D.RO GEN

3.0 5‘0 9’6 IZ;O 1so [:1] 210
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Fig. 2. Variation of E,/E, with Epg in hydrogen
(theoretical and experimental)

O—O—O Experimental
X—x—x Theoretical P=2mmHg
®—Q@—@ Experimental B
®—®—® Theoretical P=3m.m.

the value of E, 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.
divergence becomes dominant at high d.c. fields
even though attachment correction has been

. Breakdown of a Radiofrequency Discharge in a Superimposed D. C. Field

In case of oxygen also -
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OXYGEN

30 €06 S0 120 150 1€0 20
be vou’s/cu

Fig. 3. Variation of E;4/E, with Epg in oxygen
(theoretical and experimental)

O—0O—O Experimental _
®—R—Q Theoretical P=2mmHg

CARBONDIOXIDE
s
15)

ol4

N
l‘;.l‘s

1o

]

] g:

60 so_ izo . 150 180
DS VOLTS/tM

Fig. 4. Variation of E,/E, with Ep¢ in CO,
(theoretical and experimental)

O—0O—(O Experimental _

QR—R—Q 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 Varnerin and
Brown that loss of electrons increases due to
mobility can explajn 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 major 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.

S.N. SEn and B. BHATTACHARIJEE

(Vol. 22,
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CHAPTERwVI.

IOW PRESSURE BREAKDOWN IN OASES IN A UNIPORM HIGH
PREQUENCY ELECTRIC FIFID (a) WITHOU? MAGNCTIC FIEID
(b) WITH A STEADY TRANSVERSE WMAGHETIC - FIEIDs
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INTRODUCTION.

The mecharden of byeskdown of a gae at prescures lece than a :m u:!.crm
of mercury hag been wndexr fmvestigation for some time to bring to light ite
nalnnt fcatmn. For breckdown messuremcnis some of ﬂw workers used tha
extornal electmdn and measured the peak emrtlng patenti.al and others weed
internal olectrodae. Early mestigaﬁone of bmak&am :meld atrengﬁha in
aa868 at low prewurez and high zrequency from 1 to 100 Mo/mce were earrieq!
out by Gutton and Gutton (1924, 1928), Cutton (1930) ama Kirachner (1925, 1930),
‘Their main observation was that the breskdown fleld etrength decyenses with
decrensing frequency to values as low as 10 v/cn until @ cutof? frequency is
reached wherg_é breekdown becomes @ metier of chence even at & very high
sloctric field .utmngth-; A latter inwatigation by Backmark and Bengston (1941) -
led to a theoroticsl analysis of the mechenienm by Danicleson (1943) where he
proposed that tho bmakdc;sim is camsed by the incresse of electrons by the rescnance ‘
of secondary elsctrons with the e‘.l.ectric ﬁ.eldo A few electrons present mit!.any

by natural czausas were auoelemted to ons end electrode where they pmdmed

., -secondary electmm by mpaet.' Theaa eecondaries were enitted in & revorss

‘ eleetrie ﬁ.e:ld which carried them to the oppanite eleotrode in appmximately
half & cydh to produce another gmup of eecanﬁmdea. 7‘!& gecondary cmlseion
yiom is greatear than wnity, electrons are multipneé t0 a very large qwmity
ina vpxﬁr short,duzfation and this _regulta in the brecidown of the gaa._ﬁ !l'hiq
mchgnim is called breakiown by" secondary electron resonance. G111 and |

Yon Fngol (1948) made observéﬁons .'m the fmq@emy range of 12 to 75 He/lee

and observed using emmal elec‘smdea that the peak etarting ﬂald atmngth for

high treqmmy mifom electric ﬁem at a presaure of few microns for goses
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debenmd
like Hey Hg, 32 and m is independezxt ai' tha natum of the gaa and &w

slishtly on its pmse’um. They 6eveloped e theoxy poatulated cn e secondary
electron resonsnce meehemian Whiﬂh wes gomevhat differont in its aaﬂumaucal
fornulation from that of Damgleaan (1943)y but 1% predicts a cutoff law
mg eut-eft txec_mamy and electrcde aapamtion. Hatch and wzmm

| (1953, 1954 ) measurcﬁ using intornel eleotrodos the bmaln&ewn *f-ma strength
in a;r and hydmggen at preeemn af the order of 1 miercn of Hg'amd‘mgciﬁng
froquencies varying from 25 to 90 Mo/eecs By suddenly applying e high voltage
ani then lowaring 1t slonly an upper préakdom cuﬁys has been observed which was
'then‘cmbinejd to the normel lower 'bx'éalr@own'eurve. Out-aide ﬂﬁ.s clozed gurve,
no msom%ge could be atax‘isvﬁ,_.‘_l‘ m& extended their wosk (1958) by aav;;apang
a thabx& aseuming higher order modee besides the cbnvgniic;ial half cyele ones
The Mmmena has becn expiai.md aémming the process of bmehing the electrons
in the multipasting aimharge othexwise kmown as eecondaxy electron TesOnaANce
discharge by. Miller ond Williame (1962). Paachke (1961) and Hatoh (1361 ).
_ mm@x a cones.otmt *heuxy of the nﬁhmna of gecondaxy electron resoname ‘
hos been developed by G111l end Von En.gel (1948) 1t'ie — while to mvestigate

some. of the consequences of the theory wif.h regsrd 'to va_s;iaticn of the starting
voltsge using external electrodes and the cut«‘.-o‘!i' frequeney with the length of
'muaem.gemba | R B |

'i?he effaot of superimpoamg an external ﬁ.@lﬂ upon this type of diueharge

was mmgmea by Kosasl end Krebe (1954) though no q.uantimuve explanaticn
ot thﬁ obsarvod results was pmv:meﬁ. Iy hae been fomd that aupazﬁmpoemg a
dqc. ehctric- i’ield parallel to hig,h frequency eolsotyric ﬁeld, atarﬁng can be
mda [oYe difﬁcult. A mmu atatic magnetic field perpexwieular to the high
Lrequency eleotrie field cauped 8 general 1ncreas- of ntarting potentﬁ.e:ﬂ. an@ a
Mering of the cut-off m:;uamy withau‘b ohnngin) the nature of (E-A )
uuwe, where E is the tar*ing potential am A is the w"velengm of the
appued rofe fielde At large magmtic field, at&rtﬁng potential beconcs



ot 148 g

independent of frequancy amd for very 1ow pressure ( 10"ms, Hge ) the ddocharge
can be put out either by incroesing the electric field or decreasing the
moguetie £1ed, Deb and Goswani (1964 ) made a theoretical approach to the
phenonena whan a steady magnetic field ie placed perpendicular to high
frequency elsctric fields | |

Ho systematic obgervation of the breakdm of games controlled by
s’ecor‘xdary electron emission in a high frequency electric fleld in presence
of én externsl dece ‘mmmg fiold hes 86 far been undertaken, The objeot of
the present mestigatién 'lis thus to study the effect 5! a traneverse d.c.
nagnetic f£ield on thi.a' Wpe of bresidown wlth regard to starting field and the
cut-of2 froquencys The theory of the previous workers hes to be modified due
to effects produced by the introduction of the magnetic field ond it is
* presumed that these investisations mey throw gome light on the mechanism of
such’ diachargess

EXP RIHPHTAI: ARRANG %Eﬂ'!."

Ths breakdorn potential of the gas has been aotemined in the same qu as
hos been done by G112 and Von ﬁngel (1948 ), The source of radiofrequency |
electric field is a tuncd plate tuned grid oacillamr cavermg tha treqmmy
range of 4 ¥o/ oec. to 30 Uo/mec in three stegess The out put of the
osciuator whﬁ.eh can be var.!.eﬂ frcn 0 %o 500 'rolta has been neas&red by a
| vacuun tube volmter; measmment- of the breakdown voltage aﬁ t.he mshut
| frequemy gnﬂ is limited by the ra&iofvequamy voltage outmrb o:f 'i;he
| ‘omilhtcr. The cyundrlcal diacharge tubes made of pymx alaas '

pmperly cleened and evacuated to 10"5

e of Hg. by en 011 d:l.ﬁ‘txsion pmp.
‘l'he external cleetrodes which are: perpemicuhr to the a::u of 'che diachm*ge
tubes are connec.ted W the radiofreauemy eource. Meagurements have been

takon in three dischavge tubes of :.en(;th 5. cn, 7em and’ 15 oz (d:lamotar of
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each tube 18 3.5 6:.) to study the effect of he 1éngth of the discharge tube
. on the value of bmakdcswn potential as wen as on the eut-ort :treqnomy.
I!eaidas pure anﬁ dry air, lwdrogen prepareu by the electm].yais of barium |
hydmnde solution and dried by phoaphommntonde have becn uted as the
dieleatrie mediae. Ho specinl attempt for the purification of the goses has been
'nade as tmea oﬁ’ :tmpm'ity and nature of the gas media have practically no
effect upon thie type of dischorge. All the meaeurementn have been mde at a
:presam of 1.5 micron of MeYCUry mcn has been meaaured by an Edwerd

penning pirani vacum gauges The steady magnotio field hes bsen provided

by an electromagnet having flat pole pieces of face area Te5 ca X 445 ca
placed at right'anglea to the length: of the tuhé.‘ The exmriinent with trsnaverso
steady magnetic £ield hes been porformsd with the tube of 5 cme length only
80 that the tude remeins well ineide the magnetic pole pleces to ensure
unifom ma@etip' field which has been meas\med_ by a calibrated Lluxmeter,
Except the externnl electrodes snd the diechorge tube the syotem hos been
properly grounded. As the voltage q.a gradtmny increased a faint glow appesys
at the breskdown point and eimultaneouély there 16 8light drop in the
output voltage at the vacuum tuve voitneter. Tﬁia' drop .‘m voltage is less
and less marked ey the out-,oﬁ\:réquamyl ie é.ppmached.. |

RESUI:TS AND DISOUSSIOY.

- PARD (@) IOW 'mzrsssuufa BREAKDOWR X8 A UGIFORM HIGH FABQUERCY EIECTRIC FIELD.

To start with, steriing pqtentialn have been measured in eir and hydrogen
in a»idiacharge tube of longth 15 em to wrify the argunent that swondary
electmn rescnence is mdepe ndent of the na%m of the gase T "’he aolid cuve
in fig.:zs raprecents f.he results in case of air end the oirclcs on 1Y are the
obsarvations with hydrogen@,: The identical nature of tlw m breakiown curves
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indicates that the type of breakdown obsexved in the preaent expérimental '
setup is &epenﬁent 'of‘the nature of the ges and is controllsd By secordary
eleotron remononces Starting potentials have been measured in threc dischaxygs
tubes 0f length Somy 7 cm and 15 cm and the results have been plotted in £1g626.
Tt 1o obscrved that the breakdown voltoge is higher in tubes of shorter
lenzthe end the cut=off wave length imreaseé with the length of the discharge
tubes Measurements towards the shorter wave length regiocn could not be token
due to- the limitation in the output power of the radiomm'nmy oscillator.
It ig evident that the curves sye identical with t}s’hoso obtained by previcus
workers with the sha:p cut=off towards the mgher wavelength side.

™e qmlitativé description of secondery electron reconance breskdown
mechenism has been precented by Denielsson (1943), 6411 and Von Pngel (1948 ).-
Hatch and Williem (19_53'.\. 1954) and others almost in en identical waye At the
stert of & half cycle transit period, it i@ assumed that the electrons leave
- the emitsing surface with energles of the order of 5 evs At the end of the
transu periad most of these elecirons arrive at the opposite end wall with
emrg!.en of thejorder of 50 t0 500 eve The oyclic tcpﬂ&tlon of this process is
raferred t0 as resvnance in th:la t.ype of dlecharge. To proceed with 2 -
nathemaﬁcal fomulation of the process involved :m the mochanim, are
ﬁmdamental assmptiom are mcounary, though the emnt to which many of
thesee aasmptions oanpaneate m an undetermined manner the other processee
occcuring is not mry clmr. In &m‘ier that this mechsnism be operative 1t 'is
necessary to aamzne that the elc%dtrontc mean free path and waﬂiength o:' the
applied hiﬁh mquency ﬂ.eld are @oth large compmd to the elescircde eramtion
and hoth thoae asoumsptions are valiﬁ in the present experdmental setup. For
nathematical simplici.ty it is eomranient to ssmume that 9111 electrons have
hal? oyole trensit times, though Bccording to Hatch and Willdems (1954)

this/ uamption is not an acourate representation of secondery emiesion

e;’"'/‘
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charsoteriatics but is veory useful in getting a simple formulation of the
problem and ‘leede o good correlation betweonr theory and cbservation. Fuprther
the secondary electron emission velocitice are normsl to the end surfaces snd
the elsctric field ﬁeﬁ:een the electmﬂeé ie uniform in space. Space oharge
effectn ure mgugj.bie ad it 48 assumed thot the electron arvival energies
exceed the lomipation poteatinl of the gos, end that & few electrons are
produced randomly beﬁmn the slectrodes by natural procensss.

med en these agzumptions G611) and Von Encel (1948) de@uoed that the

brealidown f£icld E da glven by
3 wd_ d - Y w
o ;

where () is the angulaer frequency of the applied radiofrequency feld and Cb ia

E

the phase angle of the emitted eeconéaxy electron with respect 1o the electrde
field, d the length of the discharge tube and V, the initial velmf:i%y of
~ the electrons The volocity of the electron when 14 e{ikna the opposite end

is given by

_ REE  (m
v —U’o'+fmco Cb

ees(6s2)
if 1% is soowmcd, @s koo been done by G111 and Von Engel {1948) that YV ek,

o

& constent then

9 = K 2€E nd
| K'i m e ...(6.’5&)

_ ©E [ X+l q +2%¢]
d _fmoolb K-1 i

cee(6e3b)

= _wrd
£ (Q/qn,) §

"0‘5030) i
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co-?une 3 = KK-+11 “T[‘Coa b +.2 50 - ...-.(s._q,)
G111 and Von Fngel ann!yud thedr data ueling equations (6.3) and (5.4) and

taking & as a pamm. Following amn and Willisme (1954) the eleotron
' urr:l.val encrgy can be expreseed as

_ & A ex ’Y%r.zz_a‘ YTV
-,cmbin:lna this with equ’ htiom (6.3&) and (6.30) we get for the frequency

j@ = (K 1) @ (E/g,r/;)

Knd (nd

. -u(ﬁo'i)
From equation (6.5) u can be geen that for fixed values of "5 P ang ¥ FLA

® becones mmimm for the mwmm value o:rgp . !Mﬁing $ with respect to
2
m

. .Dedng eqmtinn (6.5), (6.4), (5.5), (6.6) and m the value of K n 3,
Hamh and thimu fitted thedr observation and obizined the value af Lo
: d>u ~ 55 < $ £18° .mwyohminedmelimar portienof‘bhaemc

43 givea ‘the condition

3“"”‘—1 ( K+?_
. .-.(6.6)

where electric fleld remina n‘.{mat cemtan't bg aaeming a rma part:wular
. eleetron a"*rivsl emrgy € o Which m their c..w m 60 e.v '; o wagy at

' compariscn, Danisleson (1343)%5@& K = Lo Uo =0 win 0<¢<‘10

 end :am €= 80ev. .. m;am Yon Fngel (194&) foundy by m:uug
- their mmatiesns t0 dm&a for @xterml alee uroden at aa sepemtian of 3 m, that
for Km -4y E = 90 euv. and eut-ozt ceeured ‘at an eneape limiﬂng; velue

ot P m -58" zmau veluee of X of the order of 2304 awi mztmn srrivel
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emargies of the order of 60 to 90 <v. are compatiable with known secondary
slectron enission ciargiaa and yielde.

Following Hatch and ¥illisme let us assume K w 3 then P =2(WCood+sind)
consequently equations (6.30) and (6.4) cen now be fitied w0 the experimental
curve (fig. 26 )s Some points are chosen in ecch curve and the caleulsted
values of corresponding < are marked there@).The values of ¢ 80 obtained
are not much different from the values obtained by previous workers in all #e
three tube len;ths of 15 ¢m, 7 om and 5 cm reapectively,

The cut-cff occurs bechuse a% lower frequencies the electron must leave
the 3!11 in more negative phases in order th -t they take half a cycle w0
travel the length of the tube. For negative values of ¢ , the Tield, until
it reverses, will oppose the motion of electrons in Z direction slong the axis,
say. Their initial velocity toleee them a 1itile distance ath thic force,
and then they tumm back, accelerating towards 2 » 0, until the reversal of the-
field decelerates them and tums them finally in the proper direction. The
largest permiesible value of ( — < ) i thet which just returns the

az _ _
0 at L =0 o

elsctvons % the wall and hence the second tuming point is
In more negative values of ¢ , the second twming point is theoretically at
negative values of Z whioch means thut the elecirons are driven baok %o
the wall &t & very low epecd and stick there, so thot no multiplication can
take place.

The out=off frequency |, can be obtsined using equation (6.5) and
assuming thot the arrival energy of eleciron is critical i.e. secondary
emiseion coefficient O = 1 and ueing the uppor breskdown phuse angle

boundary value ¢c o e get

@Co _ (K*O[‘xj»ff T Con P, 2 5im %,} ({W ]/2.

KT d. Coo P,

.“\7
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Por constant K, "¢c°~ and  Ecwit the above relation becomes

. . ‘? * d ..‘(608)
where the conatant of the mlation (6.8) is obtained by fitting the eaporimental

= constant

: om. 6111 tmﬂ Von Engel obtained the value of this eonstant fr@n gemrnl
similerity theom to be 19, Hatoh and Villieas tried to Pt the relation (6¢8)
%0 their work and thome of Guttons (1924, 1930) and Gill end Von hnael. Results
of Gutton- :ntted very well to the curve, but ‘c.hat of 6111 and Von Engpl and
Hateh and Villisns showd divergeme from the prodietea law. For length ot the
tube greater than 2 om, the divergence inorcases with incrcass of length of the
 tube anﬂ e!mm a tendency of imﬁane of the value of the conskants This 1s dus
to ammm effoet a8 showm by Chendrakar zm& Von Engel (1965) end Prancis (1960) '
amn Hamh and Villiems (1954 )s Prom our obaervaﬁcna, we have also ealcu).atcé '
the values of <, uaing equation (6e4) and from aquation (647) the values
of £
. shown in table I.

for each length of the tube: weremaleulated. ﬂheae qmti.tin are

2ABLE =T
Tongth of] Diemeter Prequency (r“ xd) . Byreakdown magh Arrival
discharge] Oof the - '} at voltage @t cut off |energy at
- Discharge | eut off at cutof? [ <, )  [out off
tube {(d) ; | :
c. m o pﬁmt 6881’99 N EC"N.{'
we. 0‘0,,: m/.p_ ( Eco ) o LTS /%
) yolt/cms.
15 3.5 8 120 | 93 ~52,3% | 1025
7 3.5 " "9 1.3 ~+443% 345
35 24 - 120 4 | -48.8° ;)
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Fron te table 4t can be seen thet the values of P, are mot much different -
fron tm observitions of the previous Ruthorss The values of Cc.u are also
sligntly Gifferent than the exporimental valus of energy of 80 e.vs for secondary
enission coofficient 5 w 1. Fitting equation (6.8) to czporimem;al results
the value of the constont 1s found to be =120 for all the thres lengthsof the
tuboe. Thle valus, though much higher then the velue preficted by CALL and Von
Engél 18 yet not much wicomuon as can be gecn from the works of Hatch end
Villiems whe:e for tube lensgth df‘ 4 omy the result ehows the value of the |
- constant 68 120, In owr experimont the longthe are muoh higher then the length
of tho tubes taken by ﬂamh and &?1111&3. but eomparable with eome of the
obaewation tuba hngtb- talken by Gutwn and Gnttcn (1950)01:3 6412 snd
. ch ‘Engol. In. figy (27) the aut-of:r Aaw given by equation (6.8) 18

mpreaenteﬁ for tha valuesof the cmtant 79 and 120 by eolid curve amd aocm
ngm» respectively and‘a;ao the pt;:lnts of the different oboervations mode
previoualy aiong w:lth our abaerm*&iéuiq It is found that for lerger lehgﬁx or
the iube,l equz-ation (63’"8) f4te in a better wb& with the obnarmti.ohn if we take
the valm of ‘the eenntant to be 120, Wherean Zor ‘emaller lengthy the value 79

ie more masomble # f’shs roason for the dngreace of expeﬁmantal ( 39 co *d ) value
from the ‘value of the constent 79 was asorived by Hetoh and ¥illems (1954)
Prancis (1969);- ommmm- & Von Engal (1965) and 6111 & Von Inged (1948) ‘

'to the fa0t ﬂmt at tho larger mpemtienu the loss ar ‘electron to ‘the aidc wall
m:mue- and most likely thie ZOaa w:l.n be more effective foz- uaner dlemeter
of the tubes chu:d;akar anfl Vm Pngel (1965) recently tueted this assunption

in their low prosaum wing diaeharge emr&mn‘c. At Iuser separat.ion, the
dm‘enrtion af electr:l.o field mw alm be mnpomib]a for prevr/mting m o:r the
claotmns from tskim part in rru‘.ll han' cyola of ﬂw wmau and hence thn loss .
‘W imrem. S T
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The breakdown voltage at cutoff VCO may de written by cﬁnmting W
. on
between (6.5¢) and 95.5) and using the relatishy

‘Ec-n} = %1’72_

o ' Yy .
VCQ =F,-d :(Li;l')?’ E"—’ﬂ"‘c[ K1 | Co". %o+ '2 Stn q:co]

2€ (o ey es0(609)

The relation (6.9) shows tzat 1t is independent of the wall seperation end
applied tzeqmmy. This faot may help in etuﬁy:ms the effect of electrode
geomstry on the iechantem. Hatoh end R41Mess asouned $..ond K ag eonstant
when yelation (6.9) bscomes.

Veo = C. Eevt
| ’ | eee(6,10)
where 'C' is @ constent the value of vhich ie obtained by fitting with experimental
datae In table II the valma of Vo obtained exporimentally, €. obtained
fram table (1) are given for the three lengths of the tube

TABL«E-I.

e ]

Iength of the tube (A4) ems Breakdown voltnge | Fnexgy of arrival |C
o at cut-off [, &t cutoff( € . ) Volte/ev.
Voltl/cu. . ‘ LA L
5 93 | 10z 1,36
7T 143 ' T35 1436
24 | es . 1,36

The tavle clearly shows that the value of 'C’ is a constant se redicted by
relation (6.10) and when ..y is expreseed in a.ve &nd \ , in volt, the
value of CY im 1.36. |
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It can thus b2 atated thet the theory of GAl1l and Yon Ungel f£i%s in with
!m amownt of mm.eeae- t0 owr difforent obsémz::iona. The yield of valuzs of
different wiknown paraneters involved in the theory for the process of fitting
ghows a falr smount of conedstency among t&:éméelves for Alfferent lengthe of the
tube and when compared to the values obtained by previcus workerge
PAR? (B ) 10V PRESOU.E BREARDCWY BY A UNIFOMY HIGH FHEQUERCY EISCTRIC FIELD

WITH A UNIFORM TRANSVERSE DeQ. BAGHETIC FIELD.
The equaticn of motion of & gecondary elegciron in pressrce of & transverss

steady mognstie field end unler the action offthe oseillatory field
E. = E 56 (wt+ )

dU —_— Q ‘ > le

and hence .
A% _ _ o, U, + SE Sn (witd)
at ¢ m see(Batt)
dt
where )y ® %‘ = gyclotron frequensye )
eWE | Cop (k+ &
From (6e11) 3%z _ _ o Wx + ==
dtr m
The eolution of the complementary function dr G
dt*
is Ux = A Coo(wut) + B..50n (wat)

2
+wH \gx:O

where A and B are {wo congtonts to be dotermined from the boundoxy emﬁimﬁnﬂy
The particuler integral

v L _ EWE

.0.»(6;12}

has the solution

where A' ia ancther constent

Putting this value of \9. 1o equation (6412) .
» i B _ ew
A W oo (@) 4+ g A oo (Gt &) = S5 o (ot+d)
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Al _ewE
, . : “m (O\)HZ._ 00,_)
ﬂmm the emplete eelutian in <

W (oot + &
Vx = A Coo (OOHJ‘) + (55““(““@ ei:)(wf;:%))

The bousdary conditions are B ‘

C : R a‘-‘o) x:.a:o at t:=o.

Nﬁco | , , ,

AY Uy = AWy G0 (wyt) +B Wy Sin (w“{)+eEwwL<ge(w%+¢)
4t v , | (wf - oh)

EE Wy &M Cwﬂﬁ-fb)

m (Wi - b)

oy -Asw@m B Cor () N

where C.is & constant and Let (B = (0} -w®) o Putting the vaiue of Da
mezmatiqnf(sq‘ﬂ) we got Om O '

e » O WE (o, (wt4 @)
' k’Q?C: = A Cos %ﬁ’.‘ |
. . a Co . \-\E
By = A S (wt) - BCoo (o) +e = biw (0t +8)
d | . | , qyf(ﬁsﬁ).

Insertation of bounary conditions to equation (Ge13) leads to the eguation
of vamug ccaponénm and d':i.splac‘emnty’ enmponenta

EE“’ cm (cot+¢)

[\9 _€EEw Cm<b]¢ooﬁwn’c) _\.gi“‘.ﬁ.._@«ch)@w wni) +
, | -u(ﬁd&)

e
. :-[U _EED ey ] %(Q,HAC) QBJA(S—(S«M cp)(coraw t)+£€‘(—‘;§ Semm (k&)

Ua_: o ';;;F" 0.0(6.15)

eE_ (w’c+¢
Fom e

.y CED . oo eEs Coa(wnt) ¥ oy |
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. eESund <
R e ol £ lcm ot ] LE2 o)
&y ™p o

As before, lot us assume that the taneit time of electron across the tube length

18 L£=TJ/.s o the helf of the period of oscillatory field, Putting this value

of £ in equations (6.94) and (6.15) and teking the resultant nloeity

U'l—; \902'+2C1+C00 )[ _ﬁe;gcm¢+%€EwC%¢ -

mp
+{ EwHSWCI)} } 20, CEC, 5 (BUT) 4 ¢

™

'060(6;18)

After Yon Sngely let us assume that Yy « X and hence

et et () aed W= Yk

[

Hence (o~
) bweE G +ie€ 3
v(1- —L—l) =2 U+ Coo T X Kom[? (3

. 2 . . '
L TeEuShd (7] 2VeE Wy S (T)Se
. m /2' K /3
.0. (60‘19)
o . ’ ’ . R e .
The elsctron is striking the other end with the velodity v given by equation
(6¢13) &t an inolination angle © to the axis of the oylinier, The angle © 4

g"on b’ %M e _—_. Ua //\91
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Brutatng (195¢) hes shown @hot for certain metallie surfocce the relation

detwacn Op amd S, 1. mvenhy v
é = (1_ (on e)

Lca —g—

'mem 0! 18 a constant which is different for diZferent surfoces and dg 48
the mamtn value of ‘6 for an angle of incidence ©O o£ primary electron
of maw em?@,' end’ O, w the maximm valus of S for normal incidence of
prizaries of the sus energye After Deb and Goswami (1964) we shell use thie
z‘alatidn in coss of glass, aimej.m such relation between ée end éo is
' avamhlo for glace exnept o few experimental resulte of inoresse of dp over

& « From the reported result of increase of by 50 over 5, for © = 60°
<o 0 a 0® in case of gless the value of the conatant C' becomas spproximately

aquaz :miw, coneequamay

0/, = QI\AU- Cooe)

£ fYLe and ", are the cormaponﬁing secondary yields of electrons for the seme

mmbar of pmnen. then

oo _ T
S Mo

So 4t can be said thet a particle ?ith. '\ielociﬁv sioller then 'Bhe veloe:!.iy a‘z.

' me:mmnuar incident particle :la- 1dentical in ite capacity to yield saccndery

ulect;mm, when 1t hits the surface at a cartain angle of munatiam |
Htanzr'n (7945) results on hard pyrox gleoe i gtven in the ﬁg‘ (2 g)

which shows the average numbor of eleotmna roleeped Lfyom the glasa am*i'aea
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irrespsctive of the angle of emission as a funetion of the speed of the

primarios. An empiricel relation between encrzy of primery electirons in e.ve ol -

é ,' the y:l.e}.d ean be represented by an egquation

S = 12 (2/100 73
This relation is fitted to the exporimental curve which chows that the fitting
is valid between 80 eevo to 300 eeVe 0f energy of primary. In secondary resonence
breakdown, the primexyy encrgies lic well withm this linite Hemce we can ui::lliée
th:.é relation between O amd £ .
lot Eeffbe the effective ensrgy of the particle which will yield the sone

rmbexr of geconiarics, when it hits the surfase normally as particle of energy

€o will yleld hitiing at an engle O s Wo have then Eeﬂ_ > €. 3§ the ratio

1 Yesolks §itred
of yikeld from Musller's.equation oan then bte written ep

So ()= B2 - ehee o)

My

it \92” w veloeidy of the primery corresponiing to energy -Ee
@ = vealocity of primavy corresponding to o

T (et ey

Dby =v oeb[ 30 )

Congequently we can state that the effect of hitting the surface with velocity
15 at en angle © 4is equivalent to hittins the surfaoe vithwloeity Uy at

normal ivecidence whore 19 amd Ueﬁ; are relnted by the sbove éqwatian, Henoe
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to account for .the effect of hitting. the a\'n-tact, qbliqmla;, if we zip),am (C

Uq;{ﬁihﬁ%@'%e)} in equation (6419 We get the relation,

0 4N wy V[ Ve 0 e E expl 3 (- 00D
vl (1-4) = 20+ o ww)[ et
+ile_s exp{ 2 (1 - (oo )] («)cm;bﬁiiege;q;{%@-%e)}wu&&q: }1]
_ 2, CF exb{§ (- @ o) wusid SC (4 )

Kmﬂ(ﬂ‘
o .‘\66(6.20)

From equation (6420) we f£ind thet introducing U, in place of 12 changes the |
valus of E to [ ei\v{%;(i— Coo e)} « In other iard, thejsffect of hitiing
obliquely at the surface ‘ean well be represented by roplacing E by |

E exp i% (- 9>} ' in any relation deduced i’ron the solution ¢f equation
(6011,

' Deb and Goswamd (1964 ) indicated thét tha general solution of equation (6.20)

in ainplified from is unobtaimable. For lorge megnetic field, hmv.er,. a
simplified assumption maybe taken, ae was dore by Deb and Goswemi (1964) that
the second turning poin£ appears i_lppmx:.ma;baly after the completion of one ful1
cycle of the oy#lomn frequency :le®e when Wil = 20T - when m
, :uf-m integers. Thejmufioaﬂen of this assusption may be sought in the fact
that tha tz_:aotion cf/bl;temphaea that 18 not co_n-:lderea in this. approximstion
occupies 1ittle portion ot]thg half cycle _bf tmit 1._9,-&6.9 d;la;f@e betweon
the end wall and position of electron, when it has exscuted a nusber of §mpiah
revolutions dus to cyolotron rotation, 16 smsll in both positive and negative

pides of the !1511_0;
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Applyi.ng this essunption to equation (6.20) we get

Q# (1_ T(T‘) — 4[_ wqfcoel':'e;\i;?a(i-cme)f +{eE e; §%(1-c(;9) wco%}z.

g cEipl-enfus o)

fw\(B .0.(6.%)
and displsccnents 8t F = T/ from equation (6.16) and (6.17)
X = - ;l——e—g—m—:(—a—i q..(S.Zﬂb)
_ 2eFE Wy (e |
5 2 om @(b : ‘.‘.._'(6.2&)
The eguare of the resultant dlsplzcement
L 2, L
2 1 Y ~ Wy Cor o, f
D= x +a = (ze\:/,m@) [__u.o_{;i + Sua 4:}
(LCOoLd) < n \/7_
= 2¢E wH -+ Stan P
rm(b w ,
voe{6a21)

e eamuiam the resultant displacerent when the eleciron sirikes the
opposite endy the velue of the - eompomont of displecement &% t =T/w
has been ealeulated from equation (6.200) and the resulis ave entered in the
last column of the table III for di*’femnt values: of the mognetic ﬁald. The
resultent displacemsnt 4s ( X~ + 37‘)% at Lt = 7T/00 « Voing the
J- displagement and tak.,n{; X e 5 cm. the result@t dieplacmnt for minimum
ard magimn values of %hea m&gmm@ s.wlﬁ, b ].:!.em betreen 5,297 em and
5¢702 ems and the length of %shea tuha :m 5 il cmmeqwnﬁ!y aa a firat ‘
appraﬁmmion the mxault&nt &isplncemem can be ﬁa‘.t:m be equal to 'ﬁ&w
length of the tubes Eéaking_g bh...a asmmptim md{intmﬁwing the offect of
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oblique hiiting of the eleciron to the end surface we get from equation (6.21) as

d.m. th-%“ (,Q’—) OO ____. QL},[_BLT (:1— Coo 6):]

-eE P,
wleve , Vo CPY/Z
. 2 > 4w .
c_‘éH —X_\UOH Coo CP 000(6022)
as %Ci— Coo ) { the squation can be written
dom- (o —e8)- @ v 1+ 3 (L- C%%>
2 &
E %H eoe(6e2%)
¥e have again
‘ k_a/u\ 0 = - Dy Cob $
Therefore . §
See & = ——H——
0 S P
O S b
o Con 6 = — =

b, |
Putting thie valus of Con0 im equation (6.23)

d.m - (=) w — |+ %Ci* E’ﬁ”‘i
2¢€ B, b,

ud Comvrying e b e fen Ak

50 (49 Wy

1_ .2
OJRLYQ‘_.,‘ ./\\,\“ —_ Mm a (O;He g )C’j

-—'[-fO OOZ) + 24 /\H W Sn ¢+(\6/\9;“ LIOICO&B:O ,

ese(6024)



3 165 3=
Consequently, from equation (6424), for di.ffcmnt valuse 02 Ay, Wy vl
W, the value of 5w & ie obtaimd. Sinoe equation (6.24) is quadrdtic
in Su.d a0 the phuo angle v:luu are ohosen depending upen the portion of
the curve under coneideration. In fige (29 ) experimentsl curves for megnetic
field values of 18 gauss, 21 gaussy 30 gauss and 45 geuss are given upto the
lighost range of frequency at which the meseuvements aye limited by the refe
voltage limitation offthe pressnt experimentel setupe In esch curve soss
pointe are chosen and the valussof & from equaticn (6.24) 18 obtained for
eachl pointe. |
',ﬂ'hn lmitation of refe out put voltage restricted us in obtaining the
almost linear porticn to cut-off point only but not the other end of thn |
curves. Hence throughout our d:l.sé_meion. we heve confined our discussion and
2ittings ta the lineor porticn of the curves where emr;sy is almost constent
as shown by Hatoh and Williame (1954 ).
Fron equatton (6.208) taking the sseusption (—C%‘-)‘IT=2WIT (=123 o)

we get | - . e
- L weEowcb eE w Cood EEWuSid
(1 | Kl.)l— 4[ oo {—_————m«(& §+§ e i ]

o : e E W Coo P _(_‘f_) CE V(i cor? +§L &;L¢}:o
197-_‘_\9&1_4_‘%1. Koo 1 -1, [(WB>( P + Wy )

This equation 1s solved for 1\ as other quantities are kncwn. The erergy of

T
arrival £,= 77~  de then calculated and using the relation

Cafc. = ez - %633

the values of Eq; for the cut-aﬂ pomta of eaeh valuo of the magnetio Lield
have been obta.imdq Theoe valueo are ahom m te.ble III.
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TABLE « I,
H ]Qc'b : Eco f(— ¢¢°) W, x10 8 E ‘- " E ¢ ._ m’, d-
Gauss §. ¥o/s § Volt/em dogﬁee m/m original ¥ effective § eriticaly radiue § displa-
CeVe eV, from cement
table=l from
wm . f4u.
(64200 )
18 | 2 38 62 | 43 |2 8044 1,327 | 1.75
1 21 44 52 3657 | 55.85 86,04 88 «944% | 2,228
30 18¢5% £4 53 %1 27,04 7335 «5T41 | 2,601
s | 165 16 | 3 | tes | es2 | 3800  o2272| 2747

From the table III, it is eesn that the values of Eoriginn is nuch cmaller
than the oritical value of € for S « 1 end the valus of Ecvu caloulated
from the Cut=Off point of the curve of Hm Co But the value of E.rmuw
K upto 30 geuss is nesr or equal to Ce.y - for H m Oy though the value shows
gz»adunl decrcase as H i incresseds The deviation is not remarkable upto
effective e nuch smaller

than the .., o Thue Yeason of thic deviation is due 1o different approximations

for

B = 30 gausg, but for H = 45 gauss, the value of &

nade in caloulating P amd U !mu c:anpariaau wlith the experinental results.
It ie evident from tho resulis that these approximations do not much effect the
result; for amall naénetic fieldy but for high megnatic field the Qifferent terms
neglected in obtaining equation (6.21) and (6.20a) nodified the values of i and
2 to & large cxtent and eomeqmnﬂy the deviation of the values of the
diffemnt parems terse. Bowevor, considering tha limitationsof our theory in
explaining the mechanism of thn d:tscharge and thc experinental results by
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the process of fitting 1t can be endd that the agrecmont is fairly good at
least for moderate véima of the magnetio fields This treatnent algo shows
that the mechaniss of secondary elsctron rosonance ie iﬁn opsrative in
origs.ml -enu o8 the case of the breskdown of. the gaa, when the magnetic
field 1s also present; It is also expected thai if the original mluuom ot
equetion of motion of ij:l.eotron could be obteined much bgttor 2itting of the
eme;-imental results and consaqusntly more rescnable valuee of the parameters
could be obtaineds |
The values of the Iaxmor radiuvs and those of ‘- displacement at 1= ‘fT/w
heve been numerically _caloulatcd for _dif.ferent values of the magretic field
and entered in the ninth and tenth coluan of isble IIX uametiv;l&.\ The
5'- displacement when the eleqtmng' roEoh the oppoeité end for euch of the |
values of the magnetic ield 18 maller thn the diaseter of the diecherge
tibe ( 3¢5 oms)y the Tamor raitue in each case 10 muoh emaller than ‘the
radiws of the tube for energics of alectmnn high enough to cause breakdcwm
ami tho najoﬁty o’ 31aetrona which are mtuany respcnaible for the continuenee
‘or tha secondary olectmn resonance bmalmdmm £ind nnple free apelce during
their transit between the end nalla and are not lost due oem-ion with
the side wallg. ' |
: It 1s further obug?ved‘" fron table III that an dpiriéal relation ,
between H, f, end E, cants obtained Zrom the experimental dntai, he
queatity (H- &O/Ew),-mem H 40 expressed in gawsey; {c, 4in Mo/sec
and Eco 3in wolts/ome., 48 almost Aa constant as shown in tadble IVa
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2ABLE Vs

a #co Eco <H $eo /Eco> C— cb(‘)) B (H :gt,o‘/Ec°>
Geuss | Mo/sec | Volto/ome | Expte in degree | in degrees | Cal.
18 22 38 10042 62 51 | s.008
21 21§ 4 | 002 782 56 67 .
30 1845 54 10,27 | %8 T 60113
45 1645 % 9 T7 24 a5 1C.1
(1]

To tast vhether the theorotieal analycis made above can explain the smpirieel -

relation obgerved we obtain from equation (6e22)

. d. OOH )w
2¢E Wy Coo &, (1+ Sl g )

= ex\s_{% (1- CD#G»(,O)}

&3 for the mognetic field used in this experiment 2; L 01
(%)

) H
ond kn” P, = T8, wegek

4 w0y
ReE c;ﬂcb (1H+ Col—"e)/z_ “H{E - om0

o m d wnw _ (oo P, 2;3_1—& 0co)
i et 5”*9; A i )

: (on P 5 (- | .
, oXH 3 Co_ exb (% (1- Con Bc)) f d=5 ...
v ﬁé_gc_o__ = 637 S Ben |°<14( c)? _

cee(6e25)
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where .o 48 in Mo/aec ii m gauss’ anﬁfvcélt‘:/c@ are ex’px;;s'ed- In i;ab!.c IV the
veloes of &, anmd O ;,, for different magnetic ficlde are glven. E’ﬁp%ma‘m
we m that the reh.ds of equotion (6.25) 1s o constent and equal 4o 10, 80
we may Way thut O, P, @d §c, edjuet theasslves in sush @ way that at
the point of cui=off given by equation (6+25)y the value of Tohetis OF equation
remains éomtaﬁt for any magnetm mm. To test' the vandtty of me'emimmﬁ.
the individusl values of r.h.s. of equatien (5. 25) are ealculatad i‘ox- each

| mamat:lc field ond msu‘!.te ‘entered in the las‘b eolum of table 1?. m tab:w
whows that the value of the oonatzmt compares masonab]y with fair smount of
agmement in the order of magnitude between the empqéru:any detemmee value
and the theoretical value of the lsst coluan. %e{diwr{tpenjy lay ba attributed
tc the dstfferent appmﬁ.matiom takan md their vandiw during the theoreticel
deduetiom. camaqmntly. u can be comm!ea with reasonsble agreemut the

cut-oz:t mlation
‘.?Qo X H
ECQ

is true for moderate values of the mﬁc field at the point of cut=off,

= . Lonslant

gnnamnsxoiu

The phenomens of low pressure breakiown by secondary eleotron rescnence
oni:l)“atmm has been explained in the light of the theoxy put forwerd by
6111 and Von Engel amd latch and ¥illiems, The meesuremente without magnetic
£ield. lead o the coneluqion that all the pmdictiumv at the theory of
Gily and Von Engel (194@) conby exﬁefﬁ!ed for spide range of the dimension
of tha discharge tubes me\m:msa in the value of the constent (o x4 ).
ay ¢§bﬁoﬂ justifice to some exﬁem'tne predicted reasoning of aatch'ana ‘
wnmm (1954) ent wparm mm:ny by the wozk of Chandraker and Von
Engel (1965) as due to side wall effect mcmny when the length ot the
discharge tube is 183.'36& For 1ngrgsge of the dength of: the dischsrge tube "me
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constant inoreases which was also cbaerved by previous workers for gaps .
bh@ryer than those ueed in the prosent worke 'ﬁﬂm quantity Veo/E...
.~ hes beon found %0 be & constant for all the threo lengths of the discharge
‘ ‘tuba, a result which fomwe from the theomueml analysie. .
- The obsemtiom with magmm fleld aml the submtamnt ::.tta amgv of

thiec emauem to our theory xialdea the valmc of the pheae angls
wh.ﬁoh are reasonsble. Though our procedum hwa obtaimd a glmplified form
2or the enecrgy o: arrival of the olee%mm. yet it glves reeulta for the
otteeuve energy of armval for m&erata magmtia ﬁem with fair mmmt
o:r mmcy

; ‘Ihe vahﬂity of the diti’emn‘b aasmxptmm nade for me dedmtion of the
oimpnﬁea tlmcry of breskdown vu;h magmtic field ave open to questions in

r:lgid tlmaretical\#me. But in view of the fact that mo conclusive theory

-hmlng the bshavicur of the ﬁiaoharge for the cont:l.nwm change of magnetic
ﬁem caa be deduced without meking oom sﬂmpnmng mampticna and considering
| the uﬁéfulneéa’or the ﬂwm-y in expleining the experimental vma-ultl. 1% oo be
comluﬁed tnat the sssmumptions can ba mgarﬂad ap ve:l:m in the range et
thu m&nﬂc field studied in the present 1metigatiamg

gmg&nmmss.
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m.ﬁerent aspects of ithe radiatien properw of ths gasess dlsohnrg.
«.‘-.um ezn:.teﬁ by Qe0e eleatrig £leld nre inveatignted by many urkera tor 8
J.mg time end a fair ameunt of lmawledge has been sbtalned en different
xechanisns of the radiation enitting precesces. One ef the interesting
features of the glew discharge which hes net yet been cempletaly wnderatesd
is the different precesses by which the intensity of the radictien frem the
celumn changes under different dimcharge cenditiens and in presence of
external £iel4, .

Beasler end Schenhery (1938) identified bsth bressure and ourrent
depenfient losces of the radintion ef moroury ine ( 6% — 6'5c ) aza |
attributed taed to coliimiens ef the second kind with neutrals end electrens
reopectively. Many werkers ebacrved deoif%ae in intenslity at large density,
© speciqlly in inart gesss. Pewler and Duffendsck (1549) found the dependence ef
tﬁe intencity of the gpeotrol lines upon the tube ourrent to be linesr within
exporinental srrer. This rolationship wae ebserved for all types of transitieéns
and ever a ourrent range of helf myA. te cne humdred mAs ALl the densify v..
intensity ourveo have essentinlly the came ferm rate of decey and lecatien ef
the mazimm exvept the transition 23P= 333 , The pessibility ef an.
unrecegnised preceas other than direct excitetien has been suggested frcm the
resulte eof sbsorvations ef radiation from & low veltoge &ré in helium sa s
function ef gam dennity, tube current and tube potential. Duffendatk ond
ioppiﬁ’i (1939) ebserved increase of intensity of radiction fer the femily ef
tranaitiens eniing with <P statos 4n the nogative glew which shews 6ié
Qmmnthi t.; saturetion with seroury cencentration mnd varies limsarly with
tude current. Hedges and Michels (1920) sbssrved maxine in the radiatien
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i.ntem‘ity with ohanze of prescure frem pesitive celusn of helium diacharge.
Altegethsr they stuiled thirteen lines in the visible reglen, Fekhlin (1939)
sbgerved maxing eof seme ressnance lines of mexém'y vepsur diescharge by

k Spplying lsngituiinal megnetle fielde Kulkarnd (1944) etudied diecharges in sune
gasep,y inoluding cems rare Ms in the apparatus uaed for ebservation ef Zesman
effect and found the intensity of some of the speotrum linea shew aaxime at
different mognetic field mﬁmiue- whieh am was foumd te depend en
wavelength and the presence of fareign gus.Some lines 444 not !;mrever show
maxize even at the higheag nognstic field intensity availsble ‘m the setup.
¥o detailed mathematicnl anclysis was put ferward. |

Dut very 1ittle knowledge beth experimental and thaoreticel, 1s available
en tha epticnl rediation properly of high frequeroy discherge though Beok (1935)
in @ peint te p’mt Qemparison found atesdy glmi diecharge in morcury Mﬁn-
. gulshable fron 100 Mo/s diecharge, and also tho 1dentical nature of their
radictien rrepertys In view of thess observation it will be werthwhile te
investigate the yediation preperty of mga froquency d:.leehnrg- and 1t is
preposed in thcl mrenent invesiigsution ts atudy the effect of tronsverse d-c.
wognetic fleld en the intensity of epticsl raliation. ﬁhe investigatien has
shawn cepe intomenting resultp eih the infiuvenne of externcl magnetic field en
tho intenaity of lins rafiatien.’ A theory from ve.ary elementary csnsiderations
hes been prepesad to explain the results en the change ef méz éptical redistien
intenaity of the column.

ERPEHIHHH&'A'L ARBARGENEN D -
The Adisohsrge tubes are fitted with aluminium eleotredes snd £31%:8 with

30508 NOoN,y ;rgm end heliwm respectively which ave metmaeopiem:} purs and
at o pressuve of 10 M.ms MeYCIUrY a3 aupplied by the merufacturcr. Thess tubas
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are the eans as were used in en earlfer expertment while studying breskdown in
cmbined radisfrequency and d.ce field, Tie mgh frequonoy nela is é:mpn;a by
a tumed plate twned grid oscillotore The wniform mognetio field :i.ls appiied by an
motmagmt which 1o calibrated by a gausomotere The phﬁtovoltgic surface
oume?ted with & galvanometor Measures the roletive intensity of the total
raiiaticn frem the colurn. _

- A congtant deviatien ppeoirometsr with gless priom 15 used to abtain the
speotrum of the discharge colwrm in ihe vieible regien. A ocamora with sliding
arrangenent photogrephs the speotruns Thephetegraphs of the speotm are later
analyeed by ¢ micrephotometer nrmangement and the intenoldy profiles are
sbtuined for ecch ine. Core has been taken to seethat expesuce ti.me for
aiffemnt soto of gpectra of the seme ges at dirfarent magnetic ﬁeus romein
rigidly the scbee

RESULP®B AED DISCUSSION

High frequency discharge falis in the oatagery of thermal electron discharpese
An2lysin of the redimﬁcn fram the thormael dischargos must boe made on the basis
of cloctren cencentration aml 119 velsoity distridbutien. It io reasonobly
gcourate te conaider thoat the elecotren tenperature vhich gsverns the veleoily
.4istribution remaing constant gver larza regiens of the discharge. Thio is

baeawai the gleotren tmpomtin'e is alpect directly prepertienz) ie thoe
slectrostatic 21e1d 13 the gas and the electrostatie field 10 tunggntislly
conatenty at leaot, from ite conservative pz'opertieé. In tha absence of apace
charge, thoro can be no change in nornal compensnt elther, thus esisblishing
the conditiona for constomcy of elooiron tmperature. 1
. In the otesfy otaie of the glow discharge colum at @ fix=4 precours,
the clactrons coliiding with noutyal aton msy exgite 1t or douice 1t, Since
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.

excitation petentinl is much lewer then deniention patential, s» an elsctron
on the average suffers a larss mmbor of inelasctio expiting cellisiens with
nsutral atensbefers it sotunlly lenises an atom, In the ateady state, the
average pepulatien in an expitatien level determines the intensity of the
1ins, The preceso of pspulating o level by electron cellision with neutral
atea is dQepenient upen the rate ef o2llicon, emcitatien orens sszctien amd
density of the celliding particlase Censoquently . 1t is mast likely that
ey cmi-nal Anfluence changing the rate of collisien and density of
©0114d1ing particles will effect the pepulatisn denoity of different axoitatien,
lavels. and thereby osuse & change in intensity..

The change of population in a given state ef excita:ion dus to
cellieicnal intersotion beﬁman electron and atom is reprecented by the produne
tien functien P which can be writien for elatatione ef a type heving the cress=
ssction ¢ (u) per undt velﬁ por unit time as s (Fewler ;956)

Bo= mr(n) | v2er | b du .
e ese(7e%)

where L = relative veleclty of interacting electron and atem which 1
praotically the velscity ef electrons & atexy velocity is very small
compared to elocotron.
H_ = electron density
P, = preduotion functien for ji state of exsitution from greund state, the
carrespending rodiction frequency being ;) e |
WU, ™ minirnse veieo:ttg of electron for which Gj, =0

¢} = Maxrell = Belteuan distribution funotions

Pellewing mxﬁ- (i’9§5),{ far gasea which de net sttach electrens, the
predwtion fuotion 1s direotly prepertional to the current density and 17
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radiatien 1s the chief cnergy less leehmmi. the rafiation must be
pr_oyorticml ta the current Juct es in meneencrgetic electren discharge.
Censequently we cen take preduotien function ¢» be preperticmal te tatal
intensity ef radldticns Thepredustion funotion for all types ef excitatien oan
be sbtained by taking sumation ever ; o previded we asmms that all the
transitiena are detween ground atete and excited lwelo.'mo tatal preductien
funetion

P = E ZA’IT(N) u3 &, - - du

u‘mvh

Consequently, we can take the tetal intensity 1 of the cemplets rafiiatien
coming sut of & disgcharge colum as propertional te P. Therefere

1 =< ZLHT(N) . o3, P au

W,

ess{72)
Nett and Magsey (1950) feund that fer eptically allowed transitiens, the

q -

oress =gecticn is approximately given by

65-0 o fﬁ_ . e';fB- H)o L,_?@rmu,//&%a)

where 4,, w Etnstein'e transitien prebadility
C = velscity of licht '
h = plack’s conetant
¥Ye have aasumefl hore that slesirons are distxibuted Tellowing Maxwell = Beitr=

man distribution lew and censtitutes the election gos at a temperature T
which is callcd the electren temperature, a measure-of energzy of the
elsctronse Conssquently, the pressure of the ehctmn]ga is given by

R =(N)KT
where K 1ia Beltmsan cenatant
Putting the velue of <& ond 6, ini - equatien (7+1) wa gt
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o

F = = Lm(N_ )S‘u?5 (”’“/9-7\'\4"12) ex};( "““/?-KT) 3e%3 As,

&,) wr loj(zmu%‘ )-du.:

O P

= Gmn) ("“/Z'H'KT) _3_‘5_&20_ Ju. .e;g};, (—'hnu"/:z. K'E)_Lra,@'mu‘/x\%o)_du

u"ﬁu'rh

Without going to0 evalinte sxnetly the right hmd side of the above
sqamtion, Iif we comeider only the teyme involving T, ed F.
then as & £irst approxizption $4% can Do satd that

A 2| ]
‘D)_ = ——ﬂ[—;s-:/—LexF[-—'rv\ uwm/Q_\(.Te,

And mince P:ZPJ- 5 we got

B

pu

-00(7-3)
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which ie preporticnal to ihe intencity of total radiatien frum ths column .

When & trensverse magmotic rield is applled to the discharge column,
the column im constricoted. Due to this constriotion of ths column, the <lechyon
oellision sndbemoe the equivalent presaure of the electron cslumn inoresssw.
The dectease of the meen free fath results in the @screese in the average -
encrgy .. gained by an eleotrcnltaween twe succeseive cellicions with
nitrel atame Conssquently the elsotron temperature decrcases ( Ven Fngel’ 1955,
Sen and Gupta 1957 )o Se from the very simple considerstion, the everall
effect of the applicotion ef oteady transvorss magnetic fleld en the
radiation property ef the diecharge column can be scosunted fer by the chengs
of P and T. with moeznetic field only and assmuming that other facters
arising in equation (7.3) remain uneffected by the magnetic fleld.

Ist us sssue that in prosence of magnetic field, the values of P, and .
ere given by £, andT,, o Hlavin and Hayden (1958) provided a relatien
betreen £, amd F,, oo P

1%
Ry = Pe_o[1+ C(H/Peo)] |
) coe(Tet)
™he torm C= (e/m) (L/Ulr)_ where L is ths rean free path of electren
at a pressure of 1 m.me mercury end U, 1e the‘ random wlscity ef elsotren,
erd H 1s the mognetic field. The cuthers assumed C tol» constant within
the valus of Hp = 300 GAUSS/mom of Hg.
The relstien between 2. snd F, as given by Von Engel (1955) 1e

£ exp(x) =p (R PR
wee(7e8)
whare «* = Q,V;,/K'Té ‘ and /e = (O.. V(VL/R-# P) , = Pressore
and /3 is a mmerioal censtante
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Here K = mobllity ceefficient of pesitive dens .
V. = fenisation petontial | | | |
& =initig) slepe of the officlency of lenisatien curve. u
Tellowing Sen and Gupta (1967) 1t 1o asoumed that Teo, Ro  amd Ty R
are the teoperature end pregsure of the eleotron gas without and with
external magnetic f10ld respsctively which eatiefy the relatien (7.5) «

exh (€Vi/KTe (Te.u )’?' (&)
Q_:Lk: (QV;, /\(_reo Jeo '
Msuntng T — T, = ATe ; whre AT << Teo  (Sgn and Gupta 1967)

and wiaplifying we @t
Teb '_——l:-H =

Hence

2 Tee Loy (Ru/R.)
Te, +.2€VL/K

B Tey = leo “%Téf R@@ (Reu/ P“)/Teo +2 eV-L/K}
wee(76)
If tetal prefustion function in presence of magnetic £ield be |y and |
cerreaponiing intensity of tetal radietion I, 4 then using relatiens
(7a2)y (7e3)s (74 4 wo got l

. 8,,.
By T Ru ) ex
+ = 1= R T bl
p-
where © - _If MW -Junim- exnitation energy
I _ B.u —reb ‘372 E,m N —-“—eo_—réﬂ
/1. = Tew “Q"\’[‘ W e
12 we sasume o, Te. ¥ el
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Putting the value o2 T, frem equatien (7.6)

e
1 >
b, ( )[1 27Te, log (a,H/P)/T L2ev, /X lk{—i ﬁ_%(zefd
Talkeinz leg of Leth nides we got

L’Z%) - 123(—{;—) L’E’IL_ % luz gja;%)} et

aincs 2( 2Te, L,:,-a (PQH/PQQ)/T& +2e,\1clk§ S , the sbeve

sjuation reduces te
ALY 1 (Ru) s 2Thg®ur)  26m Ley(Rafe)
by () -l ()5 Bma) -l

5 Te 2 &,

LT K} i Te,o+2;va/\< 3 (E+2€Ve/*&)}k"3%)
= & hoy ()

Teo 2 Em
where o{ - 1 + -‘-e-o_t_ge\}/\z KCVQO+QQUQI\Q> " ese(TeTa)

ess(7:7)

: . . ‘ _l Ay
Hence IH/I = Ei“) = ii :+C’(.H/Pe.)‘3

The values ef the different quantities eof exprensien (7.7 ) is tsbulated
ard chown in table I fer the three gnses.
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TABLE ol 1

Gen l 9ev.\l Vi € (‘ra,, Fadius Fressure
)| wats| eewe | omi? |\ et el 2| 3
x 107> _ xio® | g | ame ne
K K fvotrs. | e
Nesn %4035 215 16 193 9 . ¢9 6 «4852 10
Heliwm| 5«74 245 19 5 10 o8 4| 5172 10
Avsen | 3713} 15,7 w08} 2 . 7e5 | o8 40 | 5002 10

The values ef the canstaonts ef eccond and third ooluwwis are taken from Ven Engel
(1956) that of fourth column frem the works of Druyvesteyn and Perning (1940)
a0 of eixth cnd eigtn columns fxom Von Engod (1955) from which the values of

Teo are teken utilising the universal ourve of T.i, agnimst £PR  where 2 18 &
constint ¢ R the redius efthe tube. The valuss of C" are chosen by £itting the
squation (7.7b) with the exporimonial curve, as thare gm reliable valuss ef ¢
for yare zames. The ratie of the intensity of tho tetal radiaticn fycm a column
with and without megmstic £i6014 is ebtained directly by teking the ratio of the
galvenemoter deflections at two vaiues of the magnetic field kesping the
maintainerce yeltage qonstants These »atie [, /1, 1ie plotied agalnst megnatic
21614 H 18 £128:30,% 52 « In a1 the thvee geses otuiled ( Wi, Fe, A )it ie
obeerved that the ratie of the intemsity ef the tetal radlation incresses -11.-_;3
the increase of the magnetic f£i0ld, but at very high magmtio f£icld the curves
shew = saturation effect an im oboerved by the £all of the raote of rise of the
quentity I,/1, " e Baeaver, the mresent estup could not previde us with
asgrotin £1014 of very high dntonedty te investigate whothor the curres show

o maxinun and then deorenses Presently, work is being carr:le& cm:t with a new setup
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t9 luvestigate tha case in e strong magnstic fisld,

The enhoncemant of the tetol yradletion by tha. application ef the magnetic
field 1c always associated with the increass of the intensity of individusl
iinss of the spectrime The photographs ef the spectra of some arbitrary r.g!.ﬁm
of three gse discharge celums -dm shown in fige.>3, 31.,3;“ alsng with the
infornatien of thn envierement at which the pho‘tographl were taken end the -
respective miphphttmtur trocing of the intensity prefilss are alss glven.

The intensity prefile curves show that the different spectral lines inorease
at differcnt rate when magnetic field is applied. The present microphotsmeter
trecer besm ceuld net penetrate through the darkest linss photegraphed 1.e.
1ires of high intensity. Theitrooing of all the mederately intense lines that
‘n.re‘ photegraphed ahow o marked increase in the megnotic field but at differend
vate. Hewcver the inoreaso of intensity ef bright lines can be seen in the
photegraphs itself, Consequantly we can say that the incroace of intensity ef
tetal Mht;on is always asceciated 'with the increass of intensity ef the
different linse of ithe spactra of the discharge colume. It may be much that the
total enhenced radiaton is edually distributed among the different exnitatien
lovele, and a8 the initield pepuletions of the exgitaion lavels are different,
the linss are incressed in different ratie. MNirther analysis of the linesd
pediatien xeGuires infsrmatien about pepulsatien and expitation cede of tbn
individusl lines without which it im not pessible te arrive at sene quantitative
resulin,
' Cemparisen of the theeretical pointa ebtainad fron equaticn ('?.ng) ad the
20114 expsrimontsl curvas in f£igs.30,%, 52 show a fair coownt of agresmant |
between theory and experimant throught the renge ef ebasrvation for all gases
when ocmputsd values e£'C' are used. Eén;vum:int\y ofaxy reliable valucs of
@ led ¢t the computatisn of the valuce of C which 1e open te criticim as a
source of orrers The valus ¢of C s5 obtained ghows not xuch divergence frem
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BOURUE = ReFs DISCRARGE FURE.
PREQUENCY OF EXCITATION m 4°] Mofo
MATNZATHAICE VOLZASE & 160 Yoltas(remes.)

At "
]
H=2'1K GAuss ' ' H=z 0O 8K -Gﬂ%s
=—e——>>, DIRECTION OF WICROPIOTMETER TRACER BEAN

. ' ' _ F‘\'&."S?,.,‘



=t 165 =

GAS = HEON SOUROE w ReF» DISCHARGE TUEE,
FHEQUENCY OF EXOITATION w 41  Ng/m,
HAINTAINANCE VOLTAGE w180 Volta(remes. )

3 H:0 GAuss

H= 0'BK, GAUSS

' H =2'1K.GAUSS

H=2'i' k.GA srs |
uss. H=0" 8Kk GAUss. H=0 GAuss

/

ﬁ ) DIRECTION OF NMICROFHOTOMETER TRACER BEAM
F;'a, 3,
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CAS « ANGON BOURCE = He®s DISCHARGE TUEEs
FREQUEHOY OP EXCITATION w 41 Uo/o.
KAINTAIRANCE VOIPAGE  w]4(0 Volta(zumes. )

H=0 GAUSS

H =0 % K.GRUSS

H =0 8K . GARLSS

H =2"{K.GAUSS

H =21 K. GAYSS

- >,  DIREGTION OF . RICROPHOTOMETER JRACER EEAM
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the valuse used by the previous: authors and cleae approxinate values
ealculated from the definition of ¢ o Myreover the assumption that C is
independent of magnetie field ie not valid ap has been chown by Elovin-and
Haydon (1961), Sen end Gupta (1967) becauss C S0 a funotion of U, 4 the
vendon velogity whioh io 4teelf a funotion of the magnstic fiold. The wncortaine
ity in the mecswrements of U, and almo I 4 the mean fyee path at 1 m.n. Fgs
£ails 40 give any reliabls value of C even at low magnetic field which is
the Bain reason for the nocescity of computation offiits valuse Howgver, the
present computed values of ¢ 1ie vary cloee to values given by Sen amd
Gupta (1967) for Hoy Ne and Ay and the disercpgmey between therespeotive’
vaiuss of C mgy be attyibuted to the exper:lménml conditions ;'ihieh is
different fram that of the fresent wWorke

It may be mentioned here that in essessing thepffect of megnstic field
on ths roadiating colunn, only consideration is maée about the influsnce of
the mognstic field on two perameters R, and Tz, which 4o & lnown fast
but peselbility of having scue effect on ether porcasters involved in the
mechanien can not be ruled cute

The eaturationtendency of I,/T, ot high magnotic field could mnot be
explained by the present siumple theory though At con explain the result wpte

Hfp, = 200 gouse/ mmg‘ﬂg.:;g The reesonr tho chort:fall of the theory moy
be attributed to the dcubtﬂzi validity of the expression for To, at high
negnatic field &ﬂdm;ceptama of C es independent of H,

Cenoldering the uncertainitics 4n the computed values of ¢ smd
validity of the different expresoions for the verdation of t;m paraneters
"R, amd Te, in tho rongo of worlty the theoretical epproach may be sadd

to have a foly anount of success in explaining the mrecent vxperimental

results for neon, argon ond lwlitm‘..
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