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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
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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
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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
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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,
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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,
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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)
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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
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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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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
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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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