CHAPTER. Ve

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

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

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

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

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

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

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

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

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

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

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

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

EAPERIVNENTAL STDU D,

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



“t 132 2

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

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

earbsnate.

‘RESHB B AHD DI CUSS IOE.

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

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

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

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

= = (1/1:) ( /)

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

oo (5-2)

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

glven by

Vi = 0m) Gr)

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

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

te Kihara (1952)

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

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

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

1/
(UL’E) + (\2 Ed,c.'/m))z

_ ex‘,[(mC}ﬁ-“)%% B —8@3

eoo(8s6)

Aomming that T, v (To) wo got<

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

eee{5eT)

But according to Kihare (1952)

K /2D = ¢/ (Te).

= <) = °B/n(enn)®

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

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

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

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

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

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

of ﬁﬂ applied ef. ﬁ@m. H&nﬂ'e

Lfg | ﬁe‘[u GRE] 6 (*

= N é ?\?)‘h{(‘;‘/&) : 1‘5

2 X (),

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

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

csn be caleulated from the relation { Kihare 1952)

K (),

= CE [y (eng)

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

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

£ = iCHo/oee (O = 6025 x 107 zedians.

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

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

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

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

the breakdown condition is given by

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

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

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

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

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

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

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

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

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

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

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

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

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

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

de.ce ionieation confflclient,

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

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

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

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

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

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

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

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

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

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

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

NGEAP2 — N(anD)™ L

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

ees(5e23)

wheve B, islthe radiofrequency breakiown voltage whon both the radiofrequency

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

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

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

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

1

introduced by Kihara.

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

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

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

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

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

( /P

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

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

) have been plotted in the

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

Ghosh (1963 ) where 1t was shown that

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

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

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

where £/p is the atiachment coefficient.

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

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

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

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

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

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

It should hewever be meted that the thecry which has been advanced hem
ie baged - .on the theery of elesctrienl discharge by Kihera whieh ssowumcs that
electren velscity distribution function i Meswellion, Tub in fect it actuslly
_dees not held geed when radiafrequency wltége sufficlient to cause breakdown ia
applied cnd departure from the Moxwellian distributionircomes mere when dio;c._‘
donipation effectr which invelve iurge transit of electrons arve considered.
Cencequently tho absve theery suffevs fram the pome limitations as are applicable
to Kihara's theory. But 4% is noted thot oven with those 1imitetions 1t cen explain
the exporimental resulis at lecst upte a scertnin limit ef d.c. velbtage per om.
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ABSTRACT

Breakdown voltages have been determined in the case of some rare gases
) (He, Ne, A) and oxygen at a constant pressure- {10 mm Hg) when excited
-, simultaneously by a radio-frequency field (frequency 10 Mc/sec) and a variable
- d-c. field. It is found in all cases that the breakdown voltage is higher when both -
the fields are present than when the gases are excited by the radio-frequency field
alone and the breakdown voltage gradually increases with the increase of the
- applied d-c. field. The variation of breakdown field with d-c. field is of the same
nature in all of the gases studied. A theoretical expression for the breakdown
voltage in the presence of both the r-f. and d-c. fields has been deduced from the
theory of electrical discharge by Kihara (1952) together with the expression of
equivalent length as deduced by Varperin and Brown (1950). The theoretical
. expression cannot explain satisfactorily the experimental results, and the rate of
rise of breakdown voltage in the d-c. field as obtained from theory is smaller than
that obtained from experimental results. The discrepancy has been ascribed
-partly to the uncertainty in the values of the numerical constants introduced by
Kihara and also to the increase of diffusion caused by the presence of positive
ions—a factor which has not been taken into consideration in the present treat-
ment,

INTRODUCTION

Varela (1947) observed that the breakdown potential in a discharge excited
by a radio-frequency source.increased when a d-c. potential less than the radio-
frequency breakdown voltage was applied across the discharge tube. The
discharge tube had aluminium electrodes in an atmosphere of 5 cm hydrogen
and 209, argon. It was expected, however, that the presence of the d-c. field
would hasten ionization with a given radio-frequency potential by virtue of
higher peak electron velocities and that a residual potential following the dis-
charge would hasten deionization; but the results were contrary to what was
expected. Almost the same results were obtained earlier by Kirchner (1925,

1947) while he was studying the breakdown in gases by an r-f. field in the

presence of a d-c. potential. - 4

Varnerin and Brown (1950) calculated theoretically the distribution function
of electrons in an ionized gas in the presence of both radio-frequency and d-c.
fields. It is generally known that the gas in the cavity will break down when
the losses of electrons to the walls of the cavity are replaced by ionization in
the body of the gas. When an a-c. field is applied, electrons are lost by diffusion;
when, in addition, a d-c. field is applied, electrons are lost both by diffusion and
mobility. It has been shown by Varnerin and Brown that the new effective
diffusion length Lg, of the vessel in the presence of the d-c. field is shorter than
its undisturbed diffusion length L according to the equation

11 KEM}2
1 . Lﬁc_L2+{2D ’

Canadian Journal of Pliysics. Volume 43 (August, 1965)
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where K denotes the mobility of the electron and D the diffusion coefficient.
"They thus concluded that the only difference between the breakdown condition
in the a-c.—d-c. case and the pure a-c. case is the substitution of a modified
diffusion length Ly, for the characteristic diffusion length L.

That a greater breakdown field is necessary when the d-c. voltage is super-
imposed on the radio-frequency field was further shown by Brown (1956) in the
case of air at 38 mm Hg, where a d-c. field-of up to 200 volts/cm was applied.

No systematic study of the breakdown of gases under the simultaneous
" action of the a-c. and d-c. fields has so far been reported. It is expected that this
study will throw more light on the mechanism of breakdown. The object of the
present investigation is to determine the breakdown voltage in some rare gases
(such as argon, neon, helium) and oxygen in a superimposed radio-frequency
and d-c. field and to present a theory capable of explaining the observed results.’

EXPERIMENTAL SETUP

Discharge tubes (Geissler tubes) filled with different gases, such as argon;
helium, neon, and oxygen, as supplied by the manufacturers were used. Each
of the discharge tubes is fitted with two aluminium electrodes. The method of
determining the breakdown voltage under radio-frequency excitation has been
described in an earlier paper by Sen and Ghosh (1963). The frequency of the
exciting radio-frequency field is 10 Mc/sec. The method of applying the d-c.
field obtained from dry batteries is shown in Fig. 1. The pressure of the enclosed
gas has been taken to be 10 mm Hg as given by the manufacturers. The method
consists in measuring the breakdown potential in the presence of the radio-
frequency field only and then in repeating the measurement with the application
of the d-c. field superimposed upon the radio-frequency field. The d-c. field is
varied from 5 volts/cm to 70 volts/cm. The gases investigated are argon,
helium, neon, and oxygen. Hydrogen could not be excited with the applied
radio-frequency voltage. The lengths of the discharge tubes are as follows:
helium—13.0 cm, neon—15 cm, argon—13.2 cm, oxygen—13 cm.

RESULTS AND DISCUSSION

The variation of the ratio E/E, (where E is the breakdown voltage per cm
in the presence of both the radio-frequency and d-c. fields and Eq is the break-
down voltage per cm in the presence of the radio-frequency field only) against
Eq., the applied d-c. voltage per cm, is shown in Figs. 2, 3, 4, 5. There is no
detectable change in breakdown voltage other than that in the radio-frequency
case for small d-c. voltages, which was less than 5 V/cm for all the gases studied;
it is clear that with the application of the d-c. field, the radio-frequency break-
down voltage increases and the nature of the variation of E/E, with Ey, is
practically the same for all the gases studied. The nature of the variation is the
same as that observed by previous workers.

The physical significance of these results is at once apparent. In a radio-
frequency field, breakdown occurs when the loss of electrons by diffusion and
mobility is compensated by the generation of electrons by ionization. The
application of thed-c. field further increases the loss due to diffusion and mobility
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F1c. 1. Arrangement for applying d-c. voltage to the discharge tube.

and hence a larger electric field must be applied to produce more ionization to
compensate for this increased loss. In the analysis which follows, we have em-
ployed the equations deduced by Kihara (1952) with the new d1ffus1on length
Lg.introduced by Varnerin and Brown (1950).

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

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

©) A 3.~ 2D’

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

then

_1_ + {Z_zEdc_}z — .Li

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

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

> _ 3N [_ mC,’ ]
DT ¢ Rl T ek

where )\, ¢, and C; are the molecular constants introduced by Kihara and N is
the number of molecules per cc at the pressure of the gas, K is the Boltzmann
constant, m the mass of the electron, and (7) is the electron temperature,
which will be different for the two breakdown voltages. Consequently, from
equations (2) and (3) we get

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

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

K __ e
2D - K(Te)o
Eo
and : K(T) = éfio
and similarly KT, = —&r



1548 CANADIAN JOURNAL OF PHVYSICS. VOL. 43, 1965

-~

™

b))
T

Ne

— L s Y It

Q |. [\ 20 30 <o 50 6o 70
D-C2> V/(‘,w\

F16.4. Variation of E/Eq with Eg. in neon (theoretical and experimental). ®—experimental,
®-—from equation (6).

Putting these values into equation (5), we get

PO 0 S A

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

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

eEo ]
N@BN)*

The values of the mobility coefficient K for the value Eo/P have been obtained
from the results reported by Brown (1959). The right-hand side of equation (6)
“has been calculated in this way, and the results are plotted side by side with the
experimental values. In order to calculate the right-hand side of equation (6),
the following values have been calculated from the data of molecular constants
given by Kihara (1952).

The right-hand side of equation (6) can thus be calculated for different values
of Eg4,. The results are plotted side by side with the experimental curves. The
quantitative agreement is not satisfactory except for argon and oxygen and also
for values of Ey4, near about 20 volts/cm. There is no agreement at all for helium
and neon. The quantitative disagreement can be attributed partly to constants
introduced by Kihara. The nature of the theoretical curve resembles the experi-
mental curve to a certain extent, but the rate of rise as predicted from theoreti-
cal deduction is smaller than that obtained experimentally. It should be noted,

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

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

however, that in the above deduction we have not considered two effects:
(@) increased loss due to diffusion because of the presence of positive ions and
(b) the possible ionization contributed by the d-c. field itself. The contribution
by the second factor to the theoretical computation of breakdown voltage
would, however, decrease the actual value, because if there is any ionization
caused by the d-c. field, it would tend to lower the value expected. Whereas
this factor may lower the values of (E:/E,) somewhat in the case of helium and
neon, it will reduce still further the values of (E;/E,) in the case of argon and
oxygen, where the theoretical values are actually lower than the experimental
values. Furthermore, in the case of oxygen the contribution due to the attach-
ment of electrons has not been taken into consideration, and this actually
modifies the expression for breakdown voltage. The increased loss due to diffu-
sion in the presence of positive ions may be responsible for the higher values
obtained experimentally, and in this calculation we have not taken this effect
into consideration. )

The theoretical and experimental results point, however, to the fact that
in a discharge excited by the simultaneous action of radio-frequency and d-c.
voltage, the loss of electrons is due both to diffusion and to mobility, and by
employing the deductions of Kihara with the expression for the equivalent
length as deduced by Varnerin and Brown, it has been possible to-deduce
results which can be compared with the experimentally observed values. The
discrepancy can be ascribed to the uncertainty in the values of the numerical
constants introduced by Kihara and to the fact that the presence of positive
ions increases the diffusion—a factor which has not been taken into considera-
tion here.
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RADIO-FREQUENCY BREAKDOWN IN A SUPERIMPOSED D-C. FIELD
S. N. SEN AND ‘B. BHATTACHARJEE

Following the work done by the authors (Sen and Bhattacharjee 1965), the
breakdown potentials of air, hydrogen, and oxygen excited by a radio-frequency
field of frequency 10.3 Mc/sec in the presence of a superimposed d-c. field
varying from 0 to 240 V/cm have been determined for various values of the
d-c. field. The object of undertaking this work is to see how the radio-frequency
breakdown voltage changes when the applied d-c. field is large in contrast to
the small d-c. fields used in the previous investigations. The discharge tube is
a cylindrical glass tube fitted with two electrodes, and the distance between
the two electrodes is 3 cm and the diameter 1.25 cm. The method is the same

Canadian Journal of Physics. Volume. 44 (1966)
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as adopted in the previous paper. The variation of E1/E,, where E; is the radio-
frequency 'bréakdbwn'voltage in the presence of a d-c. field and E, is the
radio-frequency breakdown voltage in the absence of a d-c. field, has been
plotted against d-c. voltage per cm. Measurements were taken for various
values of pressure for the three gases but only three representative curves for
the three gases have been plotted, each for a pressure of 2 mm Hg, in Fig. 1.
The results show that the breakdown voltage in the presence of a d-c. field
increases for small values of d-c. field, attains a maximum at a certain value

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

+ of d-c. field which is different for different gases, and then falls as the d-c.
field is further increased. The variation is quite general, as has been observed
in other gases also. '

It is quite clear that whereas the increase of radlo-frequency bréakdown
voltage can be explained by the theory put forward by Varnerin and Brown
(1950) as due to increased loss due to mobility in the presence of a d-c. field,
the occurrence of maxima and the consequent fall in the breakdown voltage
show that other mechanisms are also operating. For small d-c. fields, the

. incorporation of Varnanin and Brown's increased diffusion length into Kihara's
theory could at least give qualitative agreement with experimental results,

_as has been s'howﬁ- for rare gases by the present authors (Sen and Bhattacharjee
1965).

To explain the present results therefore the following mechanism is sug-
gested. (¢) For small values.of d-c. field the contribution due to d-c. ionization
has been neglected but when the d-c. field becomes of the order of that
employed in the present investigation, there is a definite contribution to ioniza-
tion due to the d-c. field in addition to ionization produced by the radio-
frequency field, and this factor increases as the magnitude of the field increases.
(b) Provided that the loss mechanism due to diffusion and mobility remains



3272 CANADJAN JOURNAL OF PHYSICS. VOL. 44, 1966

unchanged, it is obvious that breakdown will take place when the combined
loss due to diffusion and mobility is compensated by the combined ionization
due to radio-frequency and d-c. field. Smaller values of the radio-frequency
field will be necessary to cause breakdown because the d-c. field is also con-
_tributing to ionization. This can explain the fall in the radio-frequency break-
down voltage when the d-c. field is increased. With the increase of the d-c.
field, the radio-frequency voltage necessary to cause breakdown will decrease
gradually because d-c. ionization will be more dominant. (¢) For breakdown
at any d-c. voltage the rate of ionization due to the r-f. field plus the rate
of ionization due to the d-c. field must equal the rate of loss due to mobility
for the d-c. field plus the rate of loss due to diffusion. And the maximum in
‘the curve will occur when the total rate of loss due to diffusion and mobility
minus the rate of ionization due to the d-c. field becomes a2 maximum.

A generalized quantitative theory regarding the breakdown voltage in the
presence of a superimposed d-c. field is being worked out, and 4 paper de-
scribing the results will be sent for publication soon.

In conclusion, it may be noted that data are available in the existing
literature for the' drift velocity of electtons for small E/P values where it is’
shown that for most of the gases, the drift velocity is linearly proportional to
E/P, but it is doubtful whether the drift velocity is a simple linear function
of E/P when E/P is of the order used in the present experiment. Conse-
quently experiments are in progress in this laboratory for the measurement
of the drift velocity of electrons when E/P variés from 15 to 200 V/cm mm
of Hg. and the results obtained will be utilized in deducing the theory of
r-f. breakdown in the presence of a d-c. field.

SEN, S. N. and BHATTACHARJEE, B. 1965. Can. J. Phys. 43, 1543.
VARNERIN, L. J. and Browy, S. C. 1950. Phys. Rev. 79, 946.
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Breakdown voltages have been measured in case of air, hydrogen, oxygen
and carbon dioxide at a pressure of a few millimeters of mercury when ex-
cited simultaneously by a radiofrequency field (frequency 10.3 Mc/sec) and
a variable d.c. field which varies from 0 to 240 volt/cm. It is found that the
breakown voltage increases when the d.c. field is small, and when the field
is further increased it showsa maximum and then gradually falls for all the
gases studied, the maximum occuring at a d.c. voltage which is different for
different gases. It has been shown that,” when the d.c. field is small, the
dominant factor is the loss of electrons by diffusion as well as by mobility
which causes the breakdown voltage to increase, but when the- d.c. field is
increased, contribution due to d.c. ionization has also to be taken into con-
sideration. This d.c. ionization causes a decrease in the radiofrequency
voltage necessary for breakdown. A mathematical expression has been
deduced which explains satisfactorily the observed experimental results. In
the expression deduced the effect of secondary ionization as well as that of
electron attachment have been taken into consideration.

Introduction.

§L

In a previous paper (Sen and Bhattacharjee?
the breakdown voltages for some rare gases (He,
Ne, A) and oxygen at a constant pressure (10mm
Hg) were determined when excited simultaneously
by a radiofrequency field (frequency 10 Mc/sec)
and a variable d.c. field. It was found that the
breakdown voltage is higher when both the
fields are present than when the gas is excited
by a radiofrequency field alone and the breakdown
voltage gradually increases with the increase of
d.c. field. A theoretical expression for the
breakdown voltage in the presence of d.c. and
radiofrequency field was deduced from the theory
of electrical discharge by Kihara® utilizing the
expression for equivalent length deduced by
Varnerin and Brown.® In the expression thus
deduced the contribution to ionization made by
the d.c. field was not taken into consideration
because the field applied was small compared
to the breakdown radiofrequency field. It was
evident however from the experimental results
obtained in the previous paper that the rate of
rise of breakdown field with the applied d.c. field
gradually becomes smaller as the value of the
d.c. field is increased. From this it was evident
that the contribution to ionization by the d.c.
field was gradually becoming dominant with

higher d.c. fields and naturally if the d.c. field
be sufficiently increased then the contribution to
ionization by the d.c. field will be considerable
and the radiofrequency voltage to cause break-
down will gradually decrease. The theoretical
expression deduced in the previous paper could
not explain satisfactorily the experimental results,
it was pointed out that the discrepancy might be
due (a) to uncertainty in the values of the molecu-
lar constants introduced by Kihara and (b) the
effect of d.c. ionization was not taken into con-
sideration. Vernerin and Brown® in finding the
effect of d.c. field only considered the effects of
increased diffusion and mobility but at high values
of d.c. field the contribution due to ionization
should also be taken into consideration. To find
the effect of d.c. ionization, d.c. fields higher than
those used in the previous investigation have to
be applied. The purpose of the present investiga-
tion is to determine experimentally the values
of breakdown voltage in the simultaneous pre-
sence of radiofrequency voltage and a d.c. voltage
where the values of d.c. voltages are much
greater than the radiofrequency voltages applied,
and to present a consistent theory capable of
explaining the experimental results. A research
note covering the preliminary investigation has
been published. (Sen and Bhattacharjee.®
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§2. Experimental Arrangement

The method of measuring the breakdown
voltage in the presence of radiofrequency and
d.c. field is the same as in the previous paper
(Sen and Bhattacharjee.? The discharge tubes
are of length 3cm and diameter 1.25cm and
fitted with two platinum electrodes. The gases
studied in the investigation are air, hydrogen,
oxygen and carbon dioxide. Air, oxygen and
carbon dioxide have been chosen in order to
study the effect of electron attachment and the
pressure is of the order of a few millimeters
which has been measured with the help of a
mercury manometer. The frequency of the
radiofrequency voltage is 10.3 Mc/sec which has
been accurately measured with a communication
receiver; and the applied d.c. voltage, which
has been provided with a series of dry batteries,
has been varied from a few volts per cm to
240 volts per cm. Hydrogen and oxygen have
been prepard by the electrolysis of a very dilute
solution of barium Hydroxide in water and then
allowing the gas to pass through traps of
phosphorus pentoxide; Carbon dioxide has been
prepared by the action of dilute sulphuric acid
on a pure sample of sodium carbonate. The
gas has been passed through a trap of distilled
water to absorb traces of acid and finally dried
by phosphorus pentoxide and collected in an
evacuated chamber.

§3. Results and Discussion

The variation of radiofrequency breakdown
voltage with the applied d.c. field has been
plotted in Figs. 1,2,3 and 4 in case of air,
hydrogen, oxygen and carbon dioxide respective-
ly. The ordinate represents the ratio E/E,
where E, is the radiofrequency breakdown
voltage when both the radiofrequency and d.c.
fields are present and E, is the breakdown
voltage when only the radiofrequency voltage is
present. It is seen from the nature of the
curves that the breakdown voltage gradually
increases with the increase of the d.c. field, then
attains a maximum at a certain d.c. field which
is different for different gases, and then falls as
the d.c. field is further increased. A well defined

where 8= (K/ 2Dy —
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where Lo=<L _2KE,
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maximum is obtained in each case and the varia-
tion of breakdown voltage with the d.c. field is
quite general as it has been observed for all the
four gases studied. It-is thus quite apparent that
whereas the theory of Varnerin and Brown® can
explain the increase of breakdown voltage when
the d.c. field is small as due to increased loss
due to mobility in the presence of d.c. field, the
occurance of maxima and the consequent fall in
voltage shows that other mechanisms are also
operating.

To explain the observed results it is therefore
suggested that, whereas for small d.c. fields d.c.
ionization can be neglected, the effect of d.c.
ionization has to be taken into consideration
when the d.c. voltage is of the order employed
in the present investigation. The effect of d.c.
voltage is also to increase the mobility and
thereby cause an increased loss of electrons. In
the calculation which follows we shall first con-
sider the ionization due to d.c. fleld to be
absent and only the loss due to mobility to be
effective. We shall then find out how this
breakdown field changes when the d.c. ionization
is taken into consideration. In the presence of
rediofrequency field the breakdown condition is
given by,
vo  (2°405\¢2 2 1
=) T T=1
2KE0>

(1)

Here v, is the ionization coefficient and D, is the
diffusion coefficient. E, the breakdown field in
absence of d.c. field, L the length of the discharge
tube, a is the radius of the tube, and K the
mobility and o the angular frequency of the
applied fleld. When the d.c. field is also present,
it has been shown by Varnerin and Brown® that
the ‘breakdown condition is given by

O]

2°405 2+ <
( a > Le?

From Kihara’s paper®

4;02{(

2 —_———
RS

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

A%
) ’
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Yo 3o N2} ex {—mciz}

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

where o, 2, o and C; are molecular constants introduced by Kihara, N denotes the number of
molecules per unit volume and T, is the electron temperature. Putting the values of vo/D, and
vi/D, in the equation (3) and remembering (Kihara®)

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

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

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

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

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

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

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

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

then exp ay L=

or ay=ws—

vpc=aKEpc

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

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

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

NG2p)2 . NQGap)/2 L.

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

Where E, is the radiof requency breakdown voltage
when both the radiofrequency and d.c. fields are
present.

The numerical values of the third term have-
been calculated in case of air and H, though there
is insufficient data for y in the literature. However
the values calculated are so small in comparison
to first and second terms on the right-hand side
that its contribution can be neglected. Then

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

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

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

(6)

It is however to be .

1 to 4 (curves indicated by dotted lines). In
case of air, carbon dioxide and oxygen the
equation has further been modified because at-
tachment will influence the value of the break-
down voltage. The effect of attachment : has
been calculated in the same manner as has been
done by Sen and Ghosh,® where it was shown
that
E2:E2Ab+L0m(1__b)
K

where E, is the breakdown voltage calculated
without considering attachment

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

and b:[:'L}f‘/i]”z
24

where A/P is the attachment coefficient.

The values of #/P for air and oxygen for various
(Epc/p) values have also been taken from Brown®;
due to lack of adequate data, the value could
not be calculated in case of carbon dioxide. In
the Figs. 1 and 3, the ratio FE.4/E, have been
plotted whereas in the Figs. 2 and 4, the ratio
E./E, have been plotted. :

By comparing theoretical and experimental
data it is seen that there is quite good agreement
in case of air both for pressure of 1.Smm and
Imm. The discripency observed may partly be
ascribed to uncertainty in the values of the
molecular cohstants. There is reasonable agre-
ement in case of hydrogen for a pressure of
3mm However, for the pressure of 2mm, though
the agreement is good for lower pressure, wide
divergence is noticed for Epc>90 volt/cm. In fact,
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Fig. 1. Variation of E,4/E, with Epo in.air
(theoretical and experimental)
O—0O—Q' Experimental

X—x—x Theoretical P=1.5mmkHg

O—Q@—@  Experimental _

®—®—® Theoretical P=10m.m.
HY D.RO GEN
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Fig. 2. Variation of E,/E, with Epg in hydrogen
(theoretical and experimental)

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

the value of E, the breakdown voltage without
considering d.c. ionization becomes so large that
wide divergence is noticed even if d.c. ionization
is considered. This fact suggests as has been
mentioned before that perhaps the drift velocity
does not remain a linear funear function of (E/P)
and the loss of electrons due to mobility is actual-
ly smaller than what is predicted by Varnerin
and Brown’s theory.
divergence becomes dominant at high d.c. fields
even though attachment correction has been

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

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

O—0O—O Experimental _
®—R—Q Theoretical P=2mmHg
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Fig. 4. Variation of E,/E, with Ep¢ in CO,
(theoretical and experimental)

O—0O—(O Experimental _

QR—R—Q Theoretical P=1.5 mmHg

applied. Results would have improved slightly
if attachment data were available in case of carbon
dioxide.

It can thus be concluded that for small d.c.
voltage the theory proposed by Varnerin and
Brown that loss of electrons increases due to
mobility can explajn the increase of breakdown
voltage, but, with the increase of d.c. voltage,
ionization due to d.c. field also has to be taken
into consideration, and this factor gradually in-
creases with the applied d.c. field and becomes
considerable at high d.c. voltage and thereby
reduces the radiofrequency voltages necessary
for breakdown. The observed discripency can
be ascribed partly to the uncertainty in the
values of molecular constants introduced by
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Kihara in his theory of electrical discharge. In
case -of d.c. ionization, the primary ionization
is much more predominant than the secondary
effect which depends to a major extent upon
the nature of the electrode and also upon the
pressure of the gas in the discharge tube.

It should however be noted that the theory
which has been advanced here is based upon
the theory of electrical discharge by Kihara which
assumes that electron velocity distribution func-
tion is Maxwellian. But in fact it actually does
not hold good when radiofrequency voltage
sufficient to cause breakdown is applied and
departure from the Maxwellian distribution be-
comes more when d.c. ionization effects which
involve large transit of electrons are considered.
Consequently the above theory suffers from the
same limitations as are. applicable to Kihara’s
theory.

S.N. SEn and B. BHATTACHARIJEE
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