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CHAPTER .I 

REVIEW OF THE PREVIOUS WORIL: 

DETERMINATION OF PLASf,tfL ·PARAMETERS WI Til 

SPECIAL EMPHASIS ON RADIO FREQUENCY 

COlf.PUOTIVITY MEASUREMENT. 

The study of the electric discharge pheno­

mena in the steady stata by means of a radio frequency 

ii)ignal e.s a probe we.s first suggested by Vqnder Pol 

{1919). If g r.f. voltage not sufficient to cauee the 

breakdown, bQ applied to an ionised gaa, then tho r.f. 

current Irf that flows through the gas is give~ by 

(1~1) 

wher$n is the number of electrons per c.c. of tha 

ionized medi Urn, e and Tl\ · !9 the charge and mas a of the 

electron respectively; cu the angular frequenc.y of the 

applied r. f. field and ~c the collisional frequenc1 of 

the Glectrons. Hence the complex conductivity <fc. is 

given by 
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It is then seen that both ~ 

( 1) frequency w 
{ii) electron density n end 

, we have 

and (; 
1.. 

are functions of 

( 111) the collision frequency ..;)c. vthich is 1 teelf a functiQn 

of p~essure. The value of o~ is maxia when ~c = 0 :> i.e., 
/.' 'Yle-v 

( U-r ) = max 2. .0c.m • 

Thus by measuring the conductivity of an ionised gas 

in a high frequency field the el~ctron conoentration.can be 

obtained.. T}?.e .. conductivity of' ionized air was measured by 

Childs in (1932) by substitution of a resistance of kbown 

value for the leakage resistance of the ionized gas, the osci­

llation frequency being 1 MHz •. The variation of the radio fre­

quency conductivity of ionized air with pressure at frequenciea ·., . ., 

of the order of 1000 MHz using a lecher wire system coupled to._. 

the,condenser_within which the discharge tube was placed was 

studied by Appleeon and_Ohapman (1932), the radio frequency 

current being rectified by means of a galena crystal and de­

tected by the gal v~ometer.,_ Ae the conductivity increases, 

the galvanometer deflection fells. and Appleton and Chapman 

·observed that the conductivity attains a maximum value at a 

certain pressure and then decreases in accordance with the 

theory; but they. ~id not report•.·:·; any absolute value o:f the 

conductivity for the .gas investigated,,. namely air.,, Similar 
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study wae made. in case of sulphu~ dioxiqe and xenon by Imam 

and Khaetgir (·19,7) in the pressure range 10 - 120 em. of 

mercury using · ~ radio waves. of A. = 481 em and a lecher 

· wire system. The above simple theory has been modified by 

Marg~n~u (1946) ~y ~aking into c~nsideration.the distribu-
. I I ' 

. t~~n. of velocities and employing .Bol tzman~~ t_ransie~ equation. 

The modified expression for ~ is given by 

for values of ..Jc ) ) ~ 

Dawson and Oberman ( 1962, '1963) developed: a11 el~mentary model 

to calculate the bigh frequency eiectrical ~onducti Vi ty of. 

pla~ma. Berk '( 1964) showe'd how the plasma model 'o:t l>OY~SOn 

f,Ul,d Oberman can be adopted 'to yield a kinetic description 

.of electrical transport processes, which is Uniformly valid · 

for high and l~ frequencies, as well as for :diini te wave 

lf:mgtbs~ 

The theory of the electrical conductivity of a gas which 

is either fully ionized or weakly ionised has been well estab­

lished for a number of years. Although the conductivity o~ a 

partially ionized gas is qualitatively weii Understood, veey 
. ' 

little quantitative information exists, principaJ.ly because of 

the mathematical complications which arise when 'the'electron-
. ' '1\ ' 

electron interaction ia included in the Boltzman equation for 
• r . . ,.... 

tb.e elect'ron velocity distributi·on function~ Johnson ( 1-967) 

calculated the electrical ·conductivity for a variety of assumed 
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electron-molecule collision frequencies. The results dif:f'er 
\ . 

only by a few:per~ent from those obtained;us~ng an approxi­

.· mation suggested by ·Frost. ( 1964). A simple procedure, requi-
. ' . ' 

ring no numlperical integrations ha.s been given relating ele­

ctron.tempera.ture·to el~ctrical conductiVity for a partially 

ionized.gaa. Sen and Ghosh (1966) studied the properties of 

ionized gase·e experimentally by using radio frequency probe. 

The r•f~ conductivity ( ct;. ) o~ the ionised ~·;;Sir and nitrogen 

has been determined at various pressures and a:lso ~t various 

values a~ discharge current. They observed that Q.~ tncreaaee 

. with pressure and attaining a maximum v~lue gradually dec­

reases~ The maximum va.l,ue_ of a't' eccurs at the same pressure 

for different discharge currents-for the same gas. The. expe­

riment was carri~d out specially·at low-press~e ( a f'aw 

microns)~ 

Nagata (1966) presented a simple technique for mea­

sl,lring the plasma conductivity. The method is_b~sed on the 

observation tha.t.Hall ·current and, Hal.l VQltage are relatec:l 

simply to en electrical resist~ce. This method may also be 

appli'ed to the measurement o:f' eleot:Con density in high pre­

ssure plasma.;i J...n improved. probe method of measuring the ele­

ctrical conductivity of low temperature plasma :i.e set out by 

Khozhablow and·Yarin (1966)~ They presented experimen~al data 

. ' regarding the effect. of' layers near' the electro.de, on tbe 

probe readi~gs~ Ciampi and Talint ( 1967) measur.ed the average 

plasma conductivity by r.:·f.. prob.e for a cylindrical plasma 

assumed radially inhC)m~geneoua •.• TheJ obtained. the average 
. . · .. ·. · ~Te'i..~el"c;,. · 

conductiVity of 75 to 100 mho/m with a ~ranging 
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from 0. ~ to 1 • 5 lliliz. The pro be used is c'ali brat$d with 
' ' ' 

electrolytic solution (H2so4)" of standard co~ductiVity. 

From t~e study of. the complex conductivity of 
.. 

mercur,J vapour at microwave frequencies, Adl~r (194~) has 

shown plots of~ and ~~ with current or pressure when the 

other is fixed. Using the theoretical expression of Margenau, 

'Adler calculated values of the electron densit~ in t~e dis-. 

charge space and compared the val-ue obtained with those 

obtained experimentally using Langmuir probe measurements. 

Adler found that the theoretical ~d experimental values 

agree closely and that <( ·varies linearly with the discharge 

current. Alekaardrov and Yalsenko (1965) studied the complex 

conductivity of neon plasma b~ the Q meter method. The results 
' ' 

are given regarding the measur~ments of the active and reac-
' 

tive components of the conductivity of the parallel-plate­

capacitor containing between its electrodes ~the plasma of 

a positive gas discharge column. The frequency ~ange was 

0.5 to 25 MHz, the discharge currents were 5 to 100 mA, and 

various gas pressures wer~ used. Experimental resulta are in 

good agreement with the theoretically calculated values. 

,The effect of Magnetic fieid on the Conductivity o~ 

ionised gas. 

As the vsrious characteristics of a discharge change 

due to the presence of a magnetic field, it is clear that the 

conductivity of. an ionised gas will also change in presence 

of a magnetic. field. The conductivity of an ionised ga8 such 

as air, nitrogen and hydrogen in a magnetic field was measured 

, 

-' ~ ,, 

' .. 1 
.; 

. '', 
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by Io~esfu and Mihul (1932) for pressure greater than 10~3 mm 
-:· ·"'j . 

of Hg., who fo\tpd that. maxima other thB:fl those due to free 
:- . :. 

electrons coul.d b.~ obtained •. With very intense fields,. only 
' .. 

the variation due to free electrons remained·,:. .~he others 
. \ ,'. 

~ . ' ' 

disappearing and· the values of the magnetic· field givipg k ' r ' 'I' 

maxima cond,ucti vity vari~d'\V4 th pres sur-~.. . . 
1 

: ~-
0 

< : • t I I ... ·• ' ' 1 , 1 ' 

: A theory· regarding the vr:triat'ion of ~ •. f ~-. conduct±~-
•• ' ' ' '- • f • ' • }: l_. . ', • \~ : • '' ' " ; .!'.. . ' -· . ' 

vi ty with magnetic· field w a~;~. proposed 'by Apple,;t·o_n: and_ · 
• 

0 

! 1 I 0 •\ •{ 
0 

'11 O I' , I 0 

B'oohariwala ( 1935) who. ~~owed ~at the real ·p~t of r •. f, · >· .. {.' ,. . ' ' 
<rondictivity in a magrieti!o: f;lel.'d _is· ·given by 

' ' ' 

,;' 

·'J ,, • .. ·· 
wh:ere .n is the number of ~;I.eotrons pe,r. ;mni t yolume and. ~c 

the 9.ollisiqn. fr~q1:1ency w . is. th~ angu~ar frequency of the · 
eH 

applied --riel~ a,nd w b,-=- ~ 
·' • • 1, ' ' ' 

.A general theory .regarding the val.~iation of r. f.· 

.conduc~ivity of ionized· !ga~es and its v·ariation with press:ure 

and magnetic :field ha:;3 b.een .woTked out by Gilardini ( 1'959) 

who derived t~e expression .for the cond·ictivi ty of ·an 
ionized gas un(ier the following as13umption: 

'";'. 

(a) When the distribution ~ction is predominantly sphe­

ric8.lly symmetri.cal· in: ,ieloci ty . space but not .nec~ssarily 

Maxwellian.· , 

(b)' When the. el.ectron collision frequency is an arbitrary 

function of electron velocity~ The value of the oomp~ex 

oondmctivity is give~ by 

.I ,•' 
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In presence of magnetic field he defined two con-
... 

ductivi tiea; a conductivity <r"c. for the right hendC!ied pola- ..-i 

rization end aonductivi t]/ o-
0 

\, for tlle le-ft handed polari-

. zation where 

and 

and the conductivity in the directio.n of the field is given 

by 

and after simplification it reduoee to tlle result ob~ained 

earlier by Appleton and lloohariwa.lla • 

La·t_ter on severSl autbore ( WU, 1965; Oberman and Shure, 

·196,;. Scheweitzir and Milchner,1967; Green et al,1965) studied· 

the ionized gas in presence ot magnetic field end devE!loped 

the tbeorr considerably~ 

In 1967 the complex conductivity of a. pl.a.sma. in a 

stead7 magnetic field was studied by Prodban and Daagupta(1967). 

They derived an expressi~ for tl1e complex conductiVity tensor 
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of a homogeneous classical plasma in an external uniform 

magnetic field using the KUbo theo~ of transport phenomena 
' 

and obtained emct relations between the conductivity tensor 

in the presence of the magnetic field and in its absence. -

The experimental determination of radio ~equency con­

ductivity bas been carried on in presence of a transverse 

magnetic field by Sen and Gupta ( 1969l, Gupta and 't'Iandal( 1967) 

and Gupta { 1968) from which variation of plasma parameters 

in a magnetic field have been measured. The method is useful 
. ' . . 

due to the fact that from th~ r.f. conduc:tiVity measurement 

it is possible to calculate the plasma parameters such as _ 

collision frequency, electron density, electron temperature, 

Debye shielding distance and th~ dielectr~c constant of the 

plasma~ A precise knowledge of these parameters, their vari­

ation with pressure, discharge current and magnetic field is 

essential for the proper understanding of the mechanism ope­

rating in the discharge. ThJ'ough the~e have been some mea~ 

suremente of these parameters in the microwave region the 

cor~esponding data in the r.f~. range has been comparatively 

little reported~ Between 1966. to 1969 alternative method has 

been developed in this labora.toey for measurement of r •.. f. 

conductivity and measurements have been made ·~: in case of 

helium,-neon, argon, bydrogen,air and car~ondioxide and the 

plasma parameters and their variation \vith pressure,diacharge 

current and magnetic field have been studied by Sen,_ Gupta 

and Mandal .. 
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2. MEASUREMENT O:P MO'Cf'IEN'.TUM TRA1'5FER OOlitiSION OROss..:. 

SECTION WITH.AND WITHOUT MAG!iETIC FI~D. 

· · The measurement of momentum transfer cross section of 

electrons for elastic. scattering has been carried out in· a 

large number of atomic al'ld molecular gasei3 fOJ: a Wide range . 

of electron energies by vario~s standard methods ( 1) swali 
~xperiment, (2) Microwave after-glow method and (3) Cyclotron 

resonance method with Md wihout magnetic field •. 

In Swarm experiments Townsend and Bailey ( 1922) and · 

Ramsa~er ( 1921) carri.ed out the. comparison of moment:um 
'· ' 

transfer (dif:fusionr' oross:-section with total collision cross-, . 

section for He, Ne and .A in .·the \Vide range of electron ener­

gies by.meaeuring t~e dr~ft velocity electron shutter m~thod. 

·_ The ~peration of shutter principle consists of tfm 

ahutte~s s1. s2 pla~ed ~t different levels in the diffusing 

electron ewa~~· At regular intervals of these shutters open 

for short interval. of times so that electrons may pas~ through~ 

They are synohrotlized in p}la.se so that both are open at the 

same time.~ Elect11one. will. succeed in passing through both 

shutters only if the7 "trave;t-ae the distance between them in 

an int~gral. ;number of cycles~ By observing the variation of 

the CUrr~nt'passing th~ough s2 aa a function of the frequency 

o.f shutter operation,, the drift velocity lila.y 'be determined;: 

The method waa adoptecFby Bradbl.tri and Ni'elsen ( 19,6) ( 1937), 

Loeb and Cra.v~lrhs( 1929,t' 1935). and has been ,turt~er modjf:t~,; 
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by Phelps, Pack and Frost (1960) Pack and Phelps {1961) with 

Jand without d. c. biae covering the higher values of (E/P) 

tram 10•4 to 40 v cm-1 torr~ 

Secondly Hornbeck (1951) measured the drift velt)cities 

of positive ions end Bowe (1960) measured the drift veloci-
- . 

ties of electron in various rare gases "using different methods. 

Thl! methods: of Hornbeck' _11 were further developed by Lowke~ 1962) • 

.Bortner, Hurst ana Stone (1957) have developed a pUlse 

method• which was. originally suggested by Stevenson (1952) for 

measuring the-drift ve1ocities of electronsp wh±ch is parti­

cularly._ sui table for studying gaaee commonly used in ioniza­

tion ch~bers and counters. 

The microwave after glow method was used for measuring 

the complex conduct:i.vi ty of a. plasma by Margenau { 1946), 
' 

Phelps,_ Fundingsland and Brown { 1951) 1\ The othe~. related 

parameters were measured and their variation with wide range 

of prea~ure was mea~ured by many workers Margenau and Adler 

(1950),;· Varnerin (1951) Gould and Brown(1953, 1954) and 

Chen (1964), specially for Neon and Helium. 

A theory was developed by Allis and Allen ( 1937) in a 

combined electric (F) and Magnetic field (II) and it has been 

shown that the angle of denect*on is g1 ven by 

e ::; OJ'i' c ta:n. ( (.H-1 u. I f. ) 
.-/ 

where p ~ 1 depend$ on the variation of momentum transfer 

cross- section with velocity and ~ = 1-•. 06 -the oroes-aeotion 
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~ndep.ende~t o~ . ve*ooi ty 

· u. = dri.ft velocity. 
' ' •' : ~ :."- . ' ' ' ' . 

Huxley. an(i Zaazc:>u ( 19,49) modified the procedure of Townsend 
••• : J. 

and Bailey ( 1922) and ~he~:r:' ??llClhorators. _measured the ~ri~~. 

velocities using the modern vacuum techniques in a numb,er of 
'1 ° ' ' • 1 I • I , : ' " 

' ' 

gas~.~·. This .method. has been. developed pal."_ticularly by Jory 
,. 

/ ( 1965) who has used. t.he. 'same appa~atus as that of Comp:ton and 

Elford and. Gaseoigue ( 1965) , in the meas~ement of. Dju. , tpe 

ratt_io of Diffusion coeffi~i,ent to the dri-ft velocity. '. . ' . . ,, .. 

In the C~otron rf;!sonance methodr1 a uniform steady mag-
• 1 ' I ' I ) '

0 
~ 

0 
' I 

netic field H and a ~icro,wave el_ectric fi~ld E coswt are app-

li.ed at right angles a~ t~~n the variation of absorbed power 

by the electron in the resonance form is measured about the . 
. . ' ' . ' . ' > ' • ' ' ~ 

cyclo.~ron. ~gu,J.ar freqllency w" = e! o,.f,. tp.e eleQtron and 

the width of· the resonance curv~ varied vr.i._th the collision 
' . : ' 

frequency o£ the electron in the plasma. 
. ' .. ' ' .. . . . ' \ 

.!n · presence o_f a magnetic field th~ ini;;er~ctioi,L between 
·' 

) 

a. mi.C:z:'OWave field and a plasma has been formulated by Allis( 1956), . ' . . . . [ 

· in te~~. of high fre.gy.ency conductivity t.ensor, whose component 

tranav:erse to the ~ield was 
-=> 

.CJ ~ 47il'l e').-J ' -v + i.~ C)fo \93 d\9-
t ~ m . o t-VH'j.. + ( v + i. t.J),.. a ~ ( 1. 5) 

and the imaginary part of CJ t 
0() 

_ t,rrne...,f L.)(v..,.-rc.J'-c..J;;) e>-fa \~. 
-- 3m.'<!> "V'Y+(c.v+c..:>H),_t'))--v;- (c.u-c.:>H),_} o'L9" \.9-

( 1.6) 
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considering ~ to be ind.ependent of \9 . 1 t c.:an be shown that 

(1.7) 

Thus the collision frequency of the plasma can be determined 

knowing the values of reaonanae :frequency with magnetic field 

in :presence o:r discharge plasma and the resonance frequency w 

is equal to that of the Qavi ty in the absence f>f plasma. 

Hirahf1eld and Brown (1958) determined the momentum 

transfer croes section in helium using tbia method and 

Feheenfeld (1963) studied the collision !requenoiee in helium, 

argon, co2 rotd oxygen by the cyclotron reoone.nce ·method. 
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VOLTAGE CURRENT oa~RACTERISTIOS IN A GLOW DISCHARGE 

IN LONGITUDDIAL MAGNETIC FIELD • 

In the absence of space charge effects the motion of 

a S~arm of electrons moving in electric and magnetic fields 

was worked out by Townsend (191:2) who showed tha.t the coeffi­

cient of diffusion DH perpendicular to the magnetic field and 

the mobility f H p~allel to the field are reduced according 

to the equations 

W"". 
1.+ ~y 

( 1.8) 

where eJ , the cyclotron frequency and .)) is the 

frequency of collision of electrons, for momentum transfer 
. I 

.with neutral molecules. 

In the Townsend experiment Lorentz method was applied 

to the combined d~ift and «iffusion of the electron stream 

and the Zeroth ~ order approximation was considered for the 

detailed calcUlation.Allis and Allen ( 1937) applied the same 

method to the drift of electrons in crossed electric and mag­
netic field~. It was found by Allis and Allen (1937) that the 

magnetic field changes the energy distribution as well as the 

direction of drift. 

~or electrons which, like arc plasma electrons have · 

a Maxwell distribution to a first approximation, the first 

order correction to the distribution function which arisee 

from th~ drift motion was· calculated by Tonks and Allis (1937) 

, and from this exact averaging of component velocities was 
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c~ried out. Tonks· also pointed· out-that the drift speed is 

the same as would. occur if the components . of concentration· 

gradient and electric field perpendicular to it as well as .. , 

the magnetic field itself did not e.xist.t , is found to hold 

within twelve percent. 

IJ!he condi ·tion in a cylindrical plasma under· t~e in;t-
. -

luence of transverse hom9geneous magnetic field was treated 
I 

by Beakman (1948) in a manner analogous to that given by 

. Von Engel and Stepnbeek ( 1934) for' the case without magneti9· 

field• The generSl e:f'feot .of a. transverse magnetic ;t"ield ·on 

the positive· column of a glow aischarge has been theoretically 

studied by Beekman (1~48) who showed that the current is forced 

to;fiwards the tube wall thereb~ inere~sing the loss of electrons 

·and iona. In order to compensate this loss the. axial el~ctric· 

field increased; thus increasing the ionization and the ele• 

ctron temperature, Based on these assumptions the variation 

· o£ discharge current in a glow discharge in air; carbon dioxide, 

helium, hydrogen· and neon in a variable transverse magnetic 
. . 

field has been sattafactorily explained by Sen and Gupta(1972). 

They showed that . the current gradually riee.s with the increase 

. Qf the magnetic tieid 9 a-f?tains a lllB.Ximum value at a partic.ular 

value· of the magnetic field which is the same for'all the 

gases and :tndep~ndent of pressure for the same initial di·e­

charge current and then gradually decreases •. The' value of the 
' . . 

I . 

magnetic field at which the discharge current is maximum is 

:found to be propo~tional to the square root of the initial. 
' 

discharge current and t}le maximum value of the current is 

•'. '' 
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inversely proportional to pressure ;ln all ttle gase~}. Utilizing 

Beekman's expression for the axial electric ~ield and the ra­

dial electron density distribution in a transverse magnetic 

field, a mathematical expression for the disch~ge current 

and its variation w~th magnetic field was deduced and is 

given by 

. 
l n\Ci\X (1.91 

where Yl~ = radial electron density in presence of magnetic 

f1eid. 

E = axial electric field • 

c1, A, A1 =constants, P =pressure. 

When a magnetic field paral:i.al to th~ arle of the +ve 

column o~ a discharge was applied this was kno\v.n to impart a 

roiary component on the radial motion of electrons. Ae a 
· · floeo 

resu1 t '&he n-ew M; both :poai ti ve icns and elect.rona "to the 

wall, causing a corresponding decrease in the radial and 

longitudinal· components of the electric field and in the 

electron. temperature. 

19 81 
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F..ADIO FREQJ EI'iCY BREAKIOWN IN MOLECULA.R GASES 

IN LOUGITl.IDIN'AL MAGUETI C FIBLD. 

The secondary effects in a d.c. discharge with elect­

rodes made of different elements have been studie~ qui t.e 

extensively by Townsend and others from as early as 1904. 

The mechanism o:f discharge exci-ted by a transformer is i,t 

however substantially the same as that of a d.c. discharge, 

Townsend (1902) in his ionization theory derived an expre­

ssion for the ionisation current flowing in a gap (d) when 

the cathode ia irrdadiated as 

. 
where l 0 = initial current, o( = number of ion pairs produced 

per unit·length per primar.y electron~ It auggeet~s that the .. 
· . plot of log ( 1"/i

0 
) a.ge.inst d would be a. straight line. But 

it waa ~ound that the current terminates abruptly to a value 

:producing e. spark. This inclica.tea that another source of 
. ' 

ionisation has arisen other than :J.onieation by electron co-

llision. Townsend's obvlous choice was a relation of the 

form 

{1.11) 

whel'.'e f = ionisation coeffic~ent due to positive ions"! 

~~he poai:tiv~ ion theory was criticised by Thomson (1912) 

Bo~ { 1913) and othera. The mechanism was however studied by 

many workers; Sultan and Ivluzon (1930, .1931), Muzon (1932), 
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Bec¢k ( 1930, 1934). No~drneyer ( 1933), Varney ( 193~), 1936, 

-1938); Raatagin ·(1934). These results have been discussed by 

Loeb (1947). However Fetz and Medious (1948) haVe given st­

rong support to the mechanisms as a possible process of io­

nisation., 

.nADIO FREQUENCY BREAIGlOWN OF GASES. 

(a) Without ~agnetio fielq: 

The mechenism of the breakdown of gases for an a1 ternating 

voltage at 50 cycles/sec is substantially the same as tba.t for 

d.c. voltage. However, under the influence of a high frequency 

alternating :field, free electrons in a gas may acquire energies 

sufficient to excite and to ioniser~ the neutral gas molecules, 

w=hen the electric field is sufficiently large, the ionisation 

process is cu~ulative and the gas·breaka down into a luminous 

glow discharge. The exciting field may be applied directly by 

electr9des connected to the source of high frequency potential. 

Alternatively the gas may be excited by a h.f. current-flowing 

in a nearby conduoto~~ The first type of discharge is called 
' . 

E ·discharge and second type H discharge. The tnechanism of E & H 

discharges are fundamentally the same and division into two 

t¥pes ~Ji. is justified only when the wav~length of the excita­

.ting voltage is large oompar~d with the linear dimension of 

the discharge tube. Comparatively little study haa been made 

of H-diacharge •. The reason is probably to be :fbund in. the 

difficulties experienced in making precise measurements ae 

the path of the di~charge current is c~oeed ~ld there are· no 

electrodes between which current and P.~d:• ma.y >be measured. 
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. . 
!J.:·he breakdown Iueche.niem in E-diacharge and the magrh~tude o:f 

the breakdown ·voltage v$ of a gaseous discharge in an a.c·. 

field depend upon the nature and the pressure of the gas, the 

frequency of the applied :f'ield and the linear dimension of the 

discharge tube. 'tbe general cbaracteriEltice of. the breakdown 

curves have been. studied by meny workers and it hae been 
. . 

reviewed by Darrow (1932, 193,). One of the earliest workere, 

Tllomaon ( 19301 1934) eaunciated two condi tiona for brealcdown 

in high frequency field. Assuming the electron·under tho inf­

luence of an a.c. field, the first criterign was that in time 

t t' the electro~ muot acquire sufi'icient energy from the field. 

eo that .the energy is either equal or greater than the ioni­

sation energy ot the gaa; conaequently the first condition 

states that 

( 1.12) 

where Vi = ionisation. potential of the gas. T:he second con­

dition was the diatanoe transversed by the electron in the 

ti;:ne 'tY muet be either equal to or am.aller than the mean 

free path o! the electron in the gas. 

Hence £ · ~ · ( J - Cos cvt) L.. A e U> '2- I1Yl.. ...... 

combining theee two conditione he obtained an equation for 

the breakdown voltage which is a funotion of pressure and 

frequency fl..Ild shows that at n certain pressure the breakdown 

voltage becotms a :mf.nimum. Thomson (1937) next studied the. 

starting potential fen:: hydrogen within the pressure range 
· -t.o991'1H~. 

(0.25 rom to 9.5 mm) and for frequency 1.8 MHrM In case of a 
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lowe~ £requency (below 2.83 MHz) he obtained double mini111a 

and above th~s frequency single minima. Double u minima was 

also observed by Gil.ttons ( 1925)· who concluded t~t these 

were due to resonance phenomena in the gas; Gill and Do'ttald­

son (1931) found that the. double minimum diaappeared.if the 

discharges were away from the walls of the tube. To.explain 

. this,, Thomson_ (1937) att.empted ·to modiff his theory. In order 

tha:t a typical electron may- acquire the . maximum energy at a 
:l 

time,_ it is assumed that the electron b~in¢s to move at a 

time t = o, when the electric field is E Cos (- t ) . Then 

the ionising velocity will be most quio~l~ attained if it 

is acquired in a time t, such that the electric field at 

time t, is E Cos ( + 4' ) for under this condition 

t 

f Cos(:wl'-t -4') dt. is a maximum. 
0 . 

G~ll ap.d Donaldson (1931) showed that when the excitation 

was by a field at right angl~s to the lo_!!g axis of the tube,, 

double minima appear and when the field was along the axis 

one minimum (that at higher pressure) ri:kap disappeared~., 

The explanation is seen by considering a cloud-of 

electrons oscillating in the gas under the influence of the 

·field., At a fixed pressure. as the field ia increased the 
I • 

rate of ionization increases and when this is just greater 

than ·the rate ot loss.: due mainly to diffusion., the glow 
\ ··. 

appears.~•,_ Now .if t~e pressure is, reduced the electrons 

. ,, 
. . t 
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acquire more energy from the field ;QWing to their increased 

free path and the critical force required for breakdown is 

lees. B~wever as the pressure ie reduced the amplitude of 

oscillation of the electrons also increa~es and when this 

becomes of the same order as the distance ap~t of the walle, 

rate of loss of electrons increases rapidly and the breakdown 

voltage is increasod. The calculations of Gill and Do~aldson 

relating to their conditions of experiments are in agreement 

with their views. 

Breakdown in eydrogen for frequencies 5 t.o 11 MHz for 

p x d = 0.2 to 30 mm C~ of Hg. was studied by Githens(1940) 

who attempted to correlate the appearanoe o:f the minima of 

(V
8

, p x d) curve~with the position of the walls of the 

diacharge_tube relative to the electrodes. He concluded that 

the bre~cdown of the h.f. discharge occured through three 
es 

di:f:terentr;, proceseAwhich he denoted by modes; a,.b,c, each of 

which gave rise to a minimum in (V
9
,p x d) curve. 

Similar resuJ.ta were observed by Pim ( 194~ •. 1949) using 

small gape in air at pressures from 59 mm to 764 mm for fre-

quencies ranging from 100 h1Hz to 300 MIIz. 
0.. 

HSJ)e ( 1948) tried to explain his measurements in Iii 

argon and xenon over the range of frequencies 5 M!Iz to 50, MHz 

and at gas pre a sure 20 - 50 microns by assuming that the . bre­

akdown potential !or h.f. field is determined by those elect­

rons in the gas which succeed in acquiring ionising energy in 
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one mean free path; there is co~siderable divergence of the 

theoretically calculated breakdown voltage with experimental 

rea~te in case of lower frequencies. The value of the mean 

free path of the electron used· was that given by kinetic 

theory which can hardly be correct. As is known, the mean 

free path of the electron varies with the energy of the ele.o. 

ctron and as the energy of the electron varies between zero 

and ionising energy,'what is needed is an effective mean 

free path. Also the assumption that the probability of ioni­

zation becomes a maximum when the electron acquires the:: 

ionisin~ energy is not supported by experimental results 

because it has been· shown by 'smith (1930) the.t efficiency of 

ionisation increa.see quite r_Q.pidly with increasing electron 

energies slightly above the ionising ener~· 

!l!he extent of the infiue~ce of th~ discharge in the 

walls and eleotrod.llis upon breakdown mechanism depends upon 

the relative magnitudes of' p ' f and d , where' p' is the 

pr~ss~e, f is the frequency and. d is the elect110de sepa­

ration~ Llewellyn Jones and M~rgan ( 1951) showed that when 

• j,• and 'p' are sufficiently high the amplitude of motion 

of the electron cloud is small; and it' can be much leas 

. than .th~ linear dimension of the discharge tube, vt'J is inde­

pendent of' the nature of electrode surfaces and secondary 

electron production at the electrode surfaces does not 
'{.,')!. 

appear to pllay ~important part •. However at very low pressure,, 

experiments of Gill and Von Engel {1948,. 1949) and also 



411._,. ... 

I ,ll_ 
': __ I 

- 22 -

those of Ohenoo ( 1948) show that a di~.oh~rg~ .o~ ,be .. started, .· ,·. 
' . ··. 

provided the frequency. is greater th~ ~. critical value.&· ·at 
' ' : l ' ' • • ~ 

'' 

. quite a.· low pottm,tia.l which .is inde:pt!nd.eni; of. the ·pressure 
\ ', :·· 

of the gas. In this case. Gill ~4 Von Enge~.,bave assumed tx 
. ' ' ' ' . ', ' ' ~ ' . ' . . ' ] ' . ' ' : . . . 

that a single .el~ctron strikes the opposit~ glass aurfsce 
{ :· . . 

and releases the secondary electrons wh.i.ch. move in phase. \vith 
• • ' ' ·' ,, 1 ' • ' 

the applied elec'tric f]. eld and release f:urtber ~lectrons . 
' 

from the walls. 

Applicability of similarity 1 ·principle :in h~ f. discharge 
• ' . ' ' t • " 

has been studied by Llewellyn Jones (1951, 1.953) and his co­

workers. Townsend and. Williaiis .(195a) studied .the· breakdown 
' . ,, ,.. ' 

condition in ·ai~ and hydroer;en using a. pair of geom·etrioally · 

similar electrode s~stem and measurements were made for 

values of- p.J. = 15mm.. om. of .Hg. and ;freq'\J.ency 5 rmz to - . ' 

70 MHz for r = 10 DJ1Hz '.or more double Iidnima. appe.ared~ 

. !he first minimum was not ver,y sensitive to· change of . . ' ; . . . . . ' 

f~equency but "che ,second minimum. moved to higher values .of 

V
8 

and p aa the frequency is decreased_. The similarity theorem 

was :found to be obeyed within th~ frequency range investigated. 
• :; . I ,· 

They ·have ·eonolude.d that the multiple. minima in. (V
9

, ·P~.d). 
' . ' 

ourvee at high frequency ~an. be. interpreted on tlle lmXal:'basis 

of a single breakd9wn m.ecbanism i:nvol ving .electron gen,ration 
' ' ' ,• : I' '' ' ' • 

by ~ollision vli'th gas molecule. and lose "by diffusion arid· 

drift to t~e electrodes and to the walla o~ the· dis?harge 

tube. The first publishe(l rf!sults.for breakdown in ultrahig~· 
. . . ' ', ' 

. . . ' 

:frequency region, appeaz.o to be . those . ot .cooper( 1947) \Vho made 
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measurements ·of the breakdown in air, in co-axial linea and 

wave guides· for gaps between 0.1 and 0.3 em at gas pressure 

20 •' 760 mm. O..t the two wave l'engths,·(1~.7 ·em and _3.1 em) 

and.the breakdown gradient was found to be 70% ot the d.c. 

brealtdown value. Similar measurements were made. ·by Poein 

( 1948) who found that :for 3 em. wave, brea.blown voltage for 

a 0.043cm. gap in air under atmospheric condition is aubs­

ta.ntial.ly independent o.f pulse duration provided that dura­

tion exceeds 4 ael.The nature of spark mechanism in a cavity 
· Se 

resonatorat at the~wavelengths has been studied by Peowse 

and Cooper ( 1948) and by Prowse and Jasinald. ( 1947) using 

photographic and spe_ctroscopic methode. 

Series of investigations on microwave breakdown in 

gases in cylindrical oaviti~s and between co-axial cylinders 

at a wavelength of 9.6 c:m have been made by Brown and his 
. ()._ 

colleguea (1948, 1949, 1956, 1959). The gaps studied range 

from 0.06 to 7.6 em in air at- pressure from 0~1 to 100 mm. 
of,Hg. The results are discusaed.in terms of a new theor,y 

for ultra high ·frequency breakdown, which is based on the 

criterion that at the point of breakdown, ionisation rate 

equals the rate of loss due to diffusion. Ot~er processes of 

removal o.f electrons,, such as attachment and recombination are 

considered to be negligible for the type of ~le discharges 
' ' ' 

stUdied; when the gap length is small compared with the wave-
' . 

length the electronic mean free path and the amplitude of 

oscillation, the breakdown condition is obtained from consi­

deration of the continuity equations for electrons as 
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, ·when •n• is. the electron density, ~ .is the net production 

ra.t.e of electrons. per electron and denotes the differences 
' ' 

between the ionisation rate and the ·attachment rate. r rep-
~ . 

resents tne electron 9urrent densit,y lost to the wails by 

di :ff'usi on~ 

The t~;eshold for brealtdown is considered to occur 
bn -- goes through zero. The bre~cdow.n is then the bt. when 

e c. r<. 
charaQteristic~ value of the el~~\ic field obtained from the 

solution o:r the equation. 

( 1 .15) 

with the boundary condition that the elec~ron density 
. n Sl- · 

vatf~a at the cavity surface. A high ~requency ionisation 

coeffident can be defined as 

( 1.16) 

where D = diffusion coefficient • 

. Values ?f f have been calculated by Brown and other• 

from the breakdown measurements under parallel plate cond~-
·' 

' 
tion in cylindrical caylty and are expressed as function of 

E/p a11.d p A " wher8 . ?\ is the wavelength"! The data are 

then uaed to cSlc"Ulate breakdown voltages in air between 

co-axial cylinders and reeults are found to be in close 

agreement with the experimentally dete~ined values. If the 

applied fret:p ency is greater than the frequency of inelas­

tic collision and less than the frequency of elastic colli­

sion, Hol~tein {1946) showed that the energy distribution of 
e. .sse. "r1. ti o.Rt,Y 

electrons in h.f. field is e~ the same as that or 
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electrons in a static field equal in magnitude to the ~.m.s. 

value of h~ f. field. Holstein· deduced the breakdown condi­

tion that the rate of production of electron by ionization 

must exceed the rate of loss due to diffusion for non atta-
. ' 

ching gases~ in case of a uniform field between parallel plates . 

the calcUlated relation between the· breakdo\m gradient E, the 

gap length • d' and the gap pressure 'p' is 

. 'V 'Y 
(.I c! ) , if K Te 
~· ~ . ( E ) f>(J . e lp . 'P 

( 1.17) 

0 

:kll ()(. is the Towr.u:;end• s first ionisation coefficient. 

In a series of theoretical papers· on h.f. discharge, 

·Marga!\~ll. and Hartman ( 1948) have discussed methods for deter­

mining the electron energy.distribution and _have shown how 

such :functions can b~ used in the caloulatiC?n :(if the break­

down fields on the assumption that the only mechanism for 

electron removal is recombination with positi;ve ions. The 

calculated values are appreciably lower than the measured 

val lies and the di screpa.ncy is explained by the oonsidera­

t~on that electron-must also be removed br-other mechanisms. 
~ . ~ . 

Kih.ara ( 1952) assuming a proper .mo-del for collision 

processes in the molecular kinetic theory of electrical die-
,·. ~ -

charge and modifying the Bol tz~an~ s transport equation obtained ' 

expressions for the £undamental parameters involve~ in the 

disQharge phenomena of gases~ Dividing the whole problem 

into different pa.rte 11 Kihare. obtained absolute expression 

:for.moliility coefficient, diffusion coefficient end electron 

temperature in terms o:f'- some· molecular con$tante, ~d some­

~easurable parameters~ The processes by which t~~se mole-

cular constants for different gases-and vapoura are_ to b~ 

.. ; 

'.'.· 



_)__ 
I 

- 26 

calculated have also been~ prov.Lded. Starting from Bolt~mann 

distribution o:f ch-"lrged part'-olea in a gap with uniform 

temperature and pressure and nonuniform density and applied 

external electric field. Kihara (1952) also.obtained the 

well known relation, diffusion coefficient = 
mobility where Te ='electron temperatuee and K the Boltzmann 

constant. 

Aseuming that the coefficient of elastic scattering 

between gas molecules and electron or ion \ts inversely prQ­

portional to the relat~ve speed.bemveen the collidin~ parti­

cles an expression for the difference of gas temperatuee and 
' ' 

electron ·temperature in terms of applied field and frequency 
. . . 

has been obtained by Kihara. Extending_ tbia idea, the mobi­

lity coefficient or electron in gases is given by 

- e.. 
K = trn')t>. .(1.18) 

where. N = nwriber of molecules per c.c~ and 'A i~ a mole­

euler constant ir.ttroduced by Kiharra. in this theory. ( dimen­

sion o~3/sec.). R:iha.ra accounted for the excitation by 

electron \vith the help of a model giving cross section of 
c3 

excitation as Q. ( C.o , C.. ) = f /c: i ~e. which invol vee 

.a process sich that the speeds of electrons decrease from 

00 to values below C because ·of inelastic collisions~ , 

Here f is a molecular model constant which has the dimen­

sion of area. di vicled by veloci.ty. According to this model 

the total cross section Q { c~ C a ) = fCo is pro-

portional to the speed of ~olliding electrons. For high 
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frequencr field, the electron temperature is obtained as 

·. KTe =(tt-WY )-1_ I . e. Eo 
. tJ..,. ;>.." \~"Af)Y~ N J2. ( 1.19) 

and the dielectric constant 

{1.20) 

The process of ionisation by collision with electron was 

explained assuming a model cross sec-tion. 
S/2. 

o'(c. 1-_ci'\o') / ,'}- (c. )C, ). 
/c,;C 

0 

( 1. 21) 

where o is a molecular constant with the dimension of area 

-and C 1. cor:r.,spo:nds to electron velocity at first ionization 

potential. Since a few electrons with exceptionally large 

energies usually take the main part of ionisation, Kihara 

considered that the velocity diatri.bution of' electrons is 

not disturbed by the ionisation process so that it can be· 
~ 

take.llt aa Maxwellia~n. From this rei3oning he obtained the 

expression for the first Townsend coeffici~nt o< ae 

{ 1 ~22t) 

where 

and· ::: ~ me( (3 A f)-Y2.. 
'Bo p 2. e . 
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\then the gas is excited by Microwaves and the pressure ie ~gh 

the iosa of electrons is generally attributed to diffusion 

but in case of excitations by radio £requencies th~ loss ia 

due both to mobility and diffusion and the continuity eqa-

. tion in one dimensional treatmen~ i~ given by 

where ~ is the mobility coefficient of electron. The 

breakdown condition for r.f. discharge is 

( 1. 24) ' 

On the assumptio~ that electrons velocity distribution ie 

Maxwellian, the solution of equation (1.24) is 

( 1. 25) 

where A1, _and o2 are two derived molecular constants int­

roduced by Kihara, " is the wavelength of the applied r.:r. 

f:J.eld. Tlie theoretical expression is in agreexnent with the 

experimental observations upto a certain'limited range. 

Te.illet and Brunet (1~65) in their confere!nce paper inves­

tigated the physical mecbgnism of high frequency discharge 

maintained by· resonance. It was concluded that when a. raiic 

frequency ·discharge ia excited with a frequ<!ncy ~ rt hi.gher 

tb.an the collision frequency ~ 1 a resonance due to the 
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dispersib1e properties of the plasma·can control the steady 

state of the discharge and determine the value of the electron 

density for a g.L ven geometry and frequency. Beside·s· the two 

general type of loss o~ electrons in high frequency di$charge 

namely mobility and diffusion, there may be a third type of 

loss mechanis~ whioh becomes v~ry prominent in case of cer­

"t?ai.n gases. This is the loss by formation of aa negative ions. 

Negative ions . appear in gases under two circumstances (a) they 

may ·be created in the gas largely through attachment of free 

e1eQtrons to atoms and molecules om by dissociation of mole­

cules in the polar phase by_eleetron impact (b) they may be 

introduced in the gas by interaction o£ fast partiomes of 

atomic mass with surfaces or by liberation from hot surfaces. 

Attachment of elec·trons oauses lo::Js of the former as ionising 

agents and lea.ds to delayed and undesirable electronic ioni­

sing events in assymetrical field breakdown. It may further 
b ' 

act to increase the rate of loss of carriers by recominathon. . . ~ . 
I 

Tlt..is loss o£ e!ceotron by attacli~!Jnent is a very pre- . 

dominent factor in case of certain types of gas e.g. o2, co2, 

so2, halogens, some organic vapours etc. which have a strong 

affinity to attach the electrons-to neutral atoms or m9lecules 
so 

to form negative ion directly or by diapiation. The electron 

is 11ound to the molecule with an energy Ea. which is called 

the electron. affinity. Phe phenomenan of ~leotron attaohement 

to neutra1 atom ia a common mBa occurance for gases whose 

outer electronic she lie are nearly filled~ The measurement 
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of the ease with which an electron can attach to a neutral 

atom or molecule is given by the electron affinity energy·· 

which varies from about 4 volta for gases ~ike F2 and o2 to 
' h. ' 

nearly zero fo~ those gases which exibit sma11 attachment and 
~ ' ' 

is - ve for those which do not. Atoms characterised by closed 

electronic shells a:te inert to extra atomic electrons .• Mole­

cules in a L groUl'ld state are characterised by JHltii no-

. resulting spin or a.'l'lgU.lar momentum. As electron that makes -:Je.. 

impacts per sec. and under the action of the fi~ld 'E' moveo 
L . I r · E centimeters per second and takes f' E se,oonds to · go one 

een·timeter. Starting w1 th "n el0otrons, the number dn out of 

'n' tllat attach in going d~ centimeters wit:.h depend on •n• 

::Je--{ r~ anc;l on d?C • I:f t is the px·oportional~y constant, 

then · d-x::_ -=- h'h ~~ J~ and --h is c~~led the proba.bili ty 

of at·liachment and is the rec~procal o! the average number of 

impa.eta an electron makes to attach and f is the mobility 

coefficient. Another que.nti ty f may be defined as the 

probabitity of attachment per em. travel in analogy to io-

nisation coefficient o( and like wiae f/ p ia a function of' 
, . fE 

E/p. These two ·attachment coefficients are related by h. -:::. f· T · 
' GL 

Hence another o'oef:ficient ~a.. may be defined in analogy to ~. 
, I (. :J 

ionisation frequency, Flnd may be called the attac~ent fre-

quency and it ie related to h. by h :::. ~'i;:;,e... • Taking into 

consideration this new m.~chaniaijt·• the conductivity equation 

~or number of elsctrona/a.c. may. be modified by putting 

[ l-v. ~ ~ ~a.) rt j in place of ( ::;>, l1. ) as the frequency of 
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production of electrons, when the breakdovnt condition in case 

of high frequency discharge with Maxwellian velocity distribu­

tion of electron can be .g~ven by 

oy -=- ·f;, + ~ . n v U01."e. ,.. 
P . "i · P J .(_Eejp)\'pd.) 

where Ee= ef£ective field, lJo..,e. · = average el:ectron energy in 

e.v. The quantities ol/p ~ f'/p and Uo..ve. are all functions of ~o/p, 

and depend on the energy distribution function. Different authors 

measured the variation of. ot/p and f jp with E/p. Considering diffe­

rent possibilities of energy aissipation of electron after atta­

chment to the molecules and atoms and app~ying continuity equa­

tion Harrison and Ge,balle (1953) obtained the expression for d.c. 

current for·applied d.c •. voltage E as 

( 1.26) 

where d = distance between the electrodes. Variation of d.c. 

current \vith different ~lectrode separation for values of E/p = 

60 to E/p = 25 volts/om/mm. of Hg. were' obtained~ Variations of 

13/p with cl..jp were obtained for air, Freon, CF3, sF3• 'Mea­

. aurements of variation of h with. E/p were made by Brodh~ry and 

Talel (1939) for gases, so2, N2o, H2s, NH3, H2o, Bel, 012 .and 
. ., \- • .... ·· 

. different mixtures of attaching gases. Burch and Gebbale ( 1957) 

measured the ve:riation o:r h/P with E/p of oxygen, Measurements 

of cross section of attachmen~ of halogens 012, Br2, i t 2 tor ,di-

. fferent energy of the electron ·by Healey (1958) show a maximum near 

2 volte~ at-energy of electrons for all three gases. Tpese are some 

of the observations of variation or ·p;p with E/p. ·~:· 
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'.l:hese measurements o:r variation· oi f!P and o<; P with 

E/p help to compare the breakdo\vn voltage data observed in 

high frequency discharge of attaching gases taking the effe­

ctive high frequency fieldBS as the applied d.c. field. 

Harlin and Brown ( 1948) measured the breakdown voltage in . 
air a~ 3000 MHz with the distance varying from 0. 635 em .to 

0~158 em and the pressure varying from 70 mm Hg. to 2 mm Hg. 

Similar measurements were. done by Pim ( 1949) at 200 MHz with 

the gap length var,Jing from O.OB em to 0.06 em and the pre­

seure vaeying from 760 mm Hg. to 160 mm Hg• The discrepancy 

bemveen these observations and theoretical plot of breakdown . . 
curve, obtained by taking help o:f' measurements of Healey end 

Reed ( 1941) for average electron energy as function of E/p 

Yfaa of the order o£ 10%. However with increased purity of 

air by taking observati.ons with fresh atr after exhausting 

all air of. the previous observation the experimental. curve 

. sh~ws much better agreemen~ with the theoretical curve. The 

data of miorowavt9 breakdown measurements in oxygen at ,ooormz 
with gap length 0 ~.635 em over a range of pressure from 70 to 

2 mm Hg._ are in good agreement wi ~h the theoretical value cal-. 

cula ted with the help o:f measurement of ri/ p and f /P · for 
. ' 

oxygen from the work of Harrison and Gebbe.lle ( 1953) and 

taking the val. ue of ~-m · = 3•~5 x 109p. obtained from 

mobility measurements of Ni~t~~en BredbJr C1937) and the 
. A cue.. 

relation fo~ the a. •. c.. mo~ili ty, to get the value of E given 
-~. -

by 

( 1 •. 27) 
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where Ep exp ( Jwt ) is the applied field (high frequency) 

and ~'11'1 is the collision. fre·qu!!ll.P.Y.:• 

(b) BREAKOOWN IN PRESIDfCE Ol!' MAGNETIC FIELD: 

Breakdown of a high fTequenoy di acharge in a gas in 

presence of magnetic field has been studied previously by 

some workers. Townsend and Gill (1937) calculated the effect 

of a magnetic field on the breakdo~. potential of a gas under 

r.f. excitation and snowed that the mobility of the electrons 

in the direction of the electric field is reduced and is given 

by the equation 

( 1.28) 

eH where Cc)H. = - •· the cyclotron frequency, and 't' ie rme. 
the time between successive collision. The diffusion coeffi-

cient D is reduced in a direction perpendicular to the mag­

netic field in the ratio~ 

1) 

( 1. 29). 

From these consideltationa,, they ob~erved that if the electric 

and magnetic fields are parallel, the diffusion perpendicular 

to the field is reduced and hence a smaller breakdown ~ield 

i~ necessary. If the fields are perpendicu1ar not only the 

breakdown voltage is reduced 9ut for certain value of the 

magnetic field'and the applied frequency pesonance will occur 

when 
( eH 
J applied = 2-1T m c ( 1_~,0) 
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They carried out experiments in air for two frequencies 

namely 48 .MHz end 30 MHz and the range or pressure varying 

from a few mm. Hg. to 24 rom. Hg. A decrease of the starting 

potential was noted for values of pressure ~css than the mi 

minimum without fie1d and increase of srdting potential 

for 'values of pr,ssure. peater than that at which the break­

doWn voltage beco~es mi,nimum w~en the magnetic field is · 

applied. .The value~ of the magnetic field were so chosen: 

- that the resonance condition was satisfied. The wrirk has 

further been extended b~ Brown (1940) to the case of hydro­

gen who obtained almost similar results. 

Lex, Allis and Brown (1950) carried out experiment• 

on the breakdO\v.n voltage of a gas excited by a microwave 

field in presence of a transverse magnetic field. The gas 

used was helium containing a small admixture of Hg. vapour 

and· they obtained breakdown curvea for different values·or 

.pressure. The breakdmv.n voltage becomes a minimum for a 

magnetic field (1125 gauss) for all values of the pressure, 

the effect of resonance being most mark~d at low values of 

preaaureli. 

Ferritti and Verdeei. (1955) performed experiments in 
" 

air for frequencies ranging 'from 10 MHz to 30 MHz i.n a,ir, 

the mt:tgnetie field varying from 0 to GOO· gauss. They used 

cyli~drical. electrodes and observed a.· lowering of brealcdown 

potential in presence of magtl.etic field.: 
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Most of the work in this line was done in resonance 

magnetic field such that the frequency of the applied and 

the magnetude of the magnetic :field are of such a value that 

~app~ied = ~~~~· was satisfied. So far practi-

cally li t·tle work has been doni!! in which the ma.gn~tic field 

.ie far ;t'emoved from the reronance value. Sen and Ghosh ( 1963) 

studied the breakdown in air and nitrogen x in crossed non­

resonance magnetic field applying the radio frequency voltage 

of frequency 8.1 MHz and 7.15 MHz respectively in the pre­

ssure range of e. few microns llg. to 500 microns Hg. They 
. f ,. 

obtained 1a family of curves for dit~erent steady magnetic 
' 

fields whose value lies within 100 gauss. It was observed 

t_hat each curve for a steady crossed magnetic field has got 

a minimum breakdown vol·~e.ge at 8. certai.n pressure which 

·shifts to bighe:r pressure as the magnetic field is increased. 

An increase of breakdown voltage was also observed on the 

application of transverse magnetic field within the range of 

pressure for which the- measurements were taken~ Following 

the theory of Kihara {1952) for breakdown of gases by radio 

frequency field and aquivalent pressure concept introduced 

by Blevin and Haydon (1950) with the variatbon of mobility 

and diffusion coefficient in a magnetic field, an expression 

for the breakdown vpltage of gases by r.f. field was deve­

loped to explain their·experimental resUl~s. It· was observed 

that the theoretical results are in fairly good agreement 

with experimental results. The discrepancy was attributed to 

Uncer~aintiea in the values of molecular constants introduced 
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by Kihara in bis theory. 'lthey also considered the effect of 

attachment loss to th.e breakdown condition and obtained the 

modification in their breakdown-voltage expression ae 

. where 

and K = mob~lity coeff1qient; 

L = length of the gap, cJ a applied frequency. 
Q . . 

£
0 

= Breakdov.rn voltage without consideration of attachment. 

Eo = Breakdown voltage with consideration of attachment. 

Thia new modification with -~he consideration of attachement 

loss showed a better agreement between theoretical and expe­

rimental breakdown voltage. 

Bagnal.land Haydon ( 1965) studied the pre-breakdown irmi-
- -

eation in molecular nitrogen to establish whether the influence 
' o:r a. transverse magnetic field is equivalent to an increase in 

the gas pressure from (t 'p' to Pc... = :P { 1+ (..) ~ -v rt where w is 

electron cyclotron :f'requ.ency and :)) a constant, which is tlu~ 

effective electron molecular collisio~ frequency. When the 

· value o£ E/p
0 

lies within the range 150 <. E / pc. <.. 2 5O 

~'>:": v cm-1 torr~ ~ h~s ~ constant value equal. 

to 8.3 x 109 p., se~~-1 but when' E/:P
0 

< 1501: ~/p must 

decrease with increasing E/l?
0 

for satisfactory agreement :t 
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to be maintained. The possibility of extending the concept 

to account for the changes in se.condary ionization and the 

breakdovm potential in nitrogen are also discussed. Consi­

dering the dif£erent complex situations of pre-breakdown 

ionisation at different E/1' 
0 

~ they observed that the com­

plex situation is not restricted to nit~ogen so that an 

approach to the problem of breakdown in terms of an equi vai; 

lent increase in &J.gae pressure ia by no means simple and 
' 
at least for nitrogen the eqtutalent pressure concept is 

valid within a limit range of E/P values. 
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.(5). PLA~HA DIFFUSION IN A ~UGNETIO FI}~D. 

.• 
Ordinary diffusion of electrons and ions across a 

magnetic field is caused by collisions. The classical bi~ 

nary collision diffUaion theory(Normal diffusion theory) 

which is based upon the equation of motion of charged 
. . Yl 

particles is Boltzman~s equation which predicts a greatly 

reduced diffusion rate in the direction across a strong 

magn,etio field. The: theory has ~een confiemed by experi­

ments with low temperatur., plasmas. only tu1der restricted 

conditions. 

The development of this Jubject during the past decade 

has been highly influenced by the pioneftr work of Bobm, 

Burphop¢1 Massey and Williams and their collaborators(1949). 

Earlier reviews of this topic have been given by 

Simon {1958), Lust {1960), by Paulikas (1962), by Hoh {1962), 

by Bocaehoten (1964) and by Granoveskii {1966}. An extensive 

discussion on these problema is alao due to Lehnsrt (1961). 

The binary collision·diffusion coefficient of charged 
H 

particles perpendicular to a homogeneous magnetic field »z 

. has been given by Townsend ( 1937) 



where 

·&nd where Di is the diffusion coefficient of ions in the 

absence of a magnetic field, e the electronic charge, m~. 

the ion mass, Wl. the gyrofrequency of ions, and 1". the 
I 

collision time between ~one and neutrals. The same notation• 

are valid for electrons where e is used as subscript. Here 

we mainly confine the discussion to a weakly and singly io­

nized gas in w}lich only collisions wi thi: neutral particles 

are :t.mportant. A r}i:goroue treatment of diffuaio!\ coefficient 

(eqn. 1.32) in such a gas has been given by Chapman and 

Cowling (1958). Golent (1960) ltaa extended their calculation 

to include the effect of electron ion interactions. 

DIFFUSION I!I ARC OHAMBE'RS1 

An arc of some amperes is struck between the ±.ilament 

and the anode~ Ioniz~tion takes place in arc column oon~inu­

ously, and the produced charged particles diffuse radially 
' 

out wards. These form a secondary plasma body, having a 

temperature upto 2 e.v. around the arc, ·In general, electron 

neutral and ion ne~tral collisions dominate. 

~he secondary plasma body is kept in a steady state, 

ps.rtiy by its diffusion at the walls and pertly by radial 

diffusion across the magnetic field~ Obviously, the cba-
e· 

ract.eriettc A. folding length 'X 0 , by which the plasma 

density deQaysradially, depends upon the ratio between the 
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diffUsion rate at the secondary plasma along and acro~s the 

magnetic field. The values Xo can be obtained by measu­

ring the ion density distribution with probes. With mhese 
I , . 

values, the transverse di.f.tu:sion coefficient of ions can be 

.. de"'~$rn:tined and compared to that given in eqn. ( 1.32). 

A correct apprmach of.the "Normal Diffusio~ Theory" 

seemingly is simple, but in reality a very complicated~ 

probl0m and was first given by Simon (1958) and then by 

Zharinov ( 1960) • A more detailed analysis of this problem 

has be. en given by Tonks ( 1929) who approached the problem 

by assuming an approximate. Boltzman equalibrium for tbe 

electrons along the magnetic field, but allowed a sma11 

deviation in the potential. 

With a cylindrical geome·try Noidigll and Stmon ( 1958) 

were able to a how that ~o oG Y~ '2: a:nd ·that X a o< ~ 

is in accordance with the theory of Simon. At 1ower pressure, 

was found in agreement with the resUlts of 

Tonks. As-calculated from equation {1.32), Simon claimed a 

atatisfaotory agreement. Further, we found similar agreement 

from Bohma' data. Simon (1958) conclud$d that plaama osci­

llations have little effect on diffusion and that no drain 

diffusion mechanism need be proposed. 

Later, Boeschten and Sehwirzke (19~1) studied the 

transverse diffusi~n of electrons and ions in a large drift 
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tube inserted in a magnetic mirror field with a small mirror 

ratio. The dependence :X:o o<. YP.> 2 was found in .agree­

men·t with the observation by Simon and· Neidigh. 

Instead of inserting probes into the plasma body, 

Zharinov ( 1960) mounted his probes outside the plasma. Thl7ough 

hol-es in the anode, .. electron and ion currents along the oo­

rresponding linea o£ force could be collected. He found. that 

the elec·t~n currents to the probes \\'ere much larger than 

that predicted from the electron diffusion coefficient in 

equation ( 1 .. 32). ·'l:hey .also found. that the electron probable 

curr~nt euddentl.y increased by an order of magnitude at a. 

certain criticP~ magnetic field, where as the ion cUrrent 

remained unaltered. 

In contradiction to the arc plasma, the radial density 

distribui~io:n in e. oylindri.cal. 'positive column immersed in a 

strong ar~al magnetic field is independent of the magnetic 

field. Neverthless, the particle flux-to the wall greatly 

deoreaee's as a consequence of. eqn. it.9%ft { 1. :;2). The re­

duced particle lesa reflects iteelf in the diminished rate 

of ions electron pair production. This decreased the axial 

electric field. Thus, the transverse diffusion coefficient 

can·be estimated from the measured aXial eleotrio .field. 
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Schottky•s theory of posit~ve column has been extended 

by Tonks (1934) and by Bickerton and Von Engel (1956) to 

include the influence of an axial magnetic field. Later 

( ) 
l. u. l 

Lehnert 1958 rpgop~usly ·re-0xamined various aspects of the 
. . 

theory, starting from the macroscopic equations of the motion, 
' 

of ebarged particles. The corresponding extensi%ion of Lang­

muir and Tonk's theory baa been carried out by Bickerton and 
' 

Von Engel, who also experimentally veritried their tlleory. 

Hob. {1960). ma.de the same initial assumptions a.a those listed 

by Lehn~rt,, to write the basic equations in a suitable form. 

The electron temperature necessary to produce the 

required ionization rate . Z (-fe) may be obtained from 

a relation ~lven by Von Engel and Ste~nbeOk (1955). On the 
' 

other b.and, the ax;lal electric !ield Ez ia also connected 

with eleotron temperature through the energy balance rela­

tion; i.e. the energy gain of an electron ~n the field Ez 

be~veen two collisions should, on the average, compensate 
' . 

the energy loss of the electron in a collision. Denoting the 
,, 

average frsctional energy l~ss' of· the ~leotron in one colli-

sion by , it was'found that 

~ y; 
E l ·_ ( 

6:) 
4 

[ k e ( T e-) 1 2 
K Te. 

e ~e ( 1.;33) 

where )\e -is the electron mean free path. The above equation 

ie plotted by using function given by ~~tt~ 
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Lehnert (1958) and by Hoh and Lehnert '(1960) and Wajaizek 

(1960). The diffusion coefficient 1D~~ is now expressed 

as a function of Ez via the functions Z ere..) and Ke(1 e). 

Essentially the effect of an axial magnetic field ~ 2_ is 

to decrease 'Do.. 1. " Te 

The uae of the axial electric field as a measure of 

the radial diffusion has been critfcized. Firstly it has been 

pointed out that the axial electric field is a rather inseu­

aitive measure of the particle loaaes (Lehn~rt,1958; Eokers 

G. 1961) ~ Second~ly, both Z { Te ) and Ke (Te._) were 

calculated assuming a :M~wellian distri"bution of the elect­

rona.(Lehnert 1958, Von Engel 1955, Ecker 1961). It has be6n 

suggested the.t use of the radial potential :kdis·tribution 

provides a mor~ sensitive method for tne atudy of radial 

di:f:fusion. 

In spite of these facts, experiments with a helium po­

sitive column in a magnetic field showed good agreement with 

the theory. Actually, in 1961. probe measurements in the ~x­

per:i.mente of Von Gierke and Wohler showed tlw.t the electron 
. •"'-velocity d1etribution~a helium positive column ia very nearly 

f,'[axwell.ian and daea not change very much with the magnetic 

;field. 

Early experiments by Rohklin (1939), by Cummings and 

Tonks ( 1941) and by Rei ehrudel an.d Spi vall: ( 1941) of the po­

sitive column in magnetic fields available were found to give 

. : 
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results in agreement wi:th the theorieo (Tonks and Langmuir 

1929t 19,9, Schottky, 1924) .l\. Latt'er, Bickerton and Von Engel. 

(1956) showed that the positive column behaves in accordance 

with the normal-diffusion theory in an axie.l magnetic field 

upt~ 500 gauss • 

In extending these experiments to stronger magnetic 

fields and to longer tube lengths, L;ebner: ( 1958) made the 

important discovery that the pasitive column sudinly beoam~ 

unstable and that the .transverse diffUsion increased great~y 

when the·axial magnetic field exceeded a certain critical 

vslue •. 

Bob and Lehnert (1960) measured the axial electric 

:field by the probes,· as· a function o:f the :magnetic field 

and when compared with the normal dif:fusio11 theJory, the 

thoo:ey :fits the expc~n:imental values quanti tati ,rely upto a 

cer*ain critical magnetic field. 

The dependance of ·the critical ma.gn~tio field on the 

pressure, tube rediua,, different gases, artd the end 6ffecta 

has be$». explored aystematical2y (Hoh and Lehnert,1960). 
' ' 

From the currents collected by probes inside the plasma, 

Yasileva. and Gr.anowak:~i ( 1959) found some kind of anomalous 

diffusion by using prob~ techniques. 

With stereo-ataeak photo graphs, All~n. Penlikes and 

Pyle (1966~~ found that "the current in the positive column 

concentrated in a rotating screw shaped chgnnel. when the 

magnetic field just passed ita criti~a.l value. The re.tational 
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frequency and the wavelength of the helix, ae well as the 

critic~l ma~etic fiel~ measured ther~by, were of decisive 

importance in checking and confirming ·the theoretical pre­

dictions made by ~adomleev and Nedospasov (1960). The cri­

tical field measured under various conditions was in good .. ' 

agreement with previous experimental results (Hoh and Le~;~t, 

1960). Further, the radial potential observed also seems to 

agree with theoretical predictions (Hoh,1962), HWH Johnson 

end x Jerde, 1962). 

In a.low pressure PIG di~charge, Bo~~alp Brifford. 

Gregoire and Manus ( 1961) found that the radial anomalous 

diffusion decreased again \vith i~creasing magnetic field at 

magnetic fields much larger than ·the critical field. 

~'urther, no rotating screw shaped. current chJ.mnel was 

observed irt contrast to. other experiments (Allen et al, 19601 

J"obnson and Jerde,, 1962). 

Von Gierke and Wohler (1961) have extended the experi­

ments to i~clude the effects of additional r.f. ionization 

(4 M.Hz), helical multipolar magnetic fiel~, and a pure azi­

muthal. magnetic field. J"ohnson and J'a.rde ( 1962) studied the 

screw inatabil.ity in e. magnetic -field x that smoothly rose to 
0... 

its full value in a time of the order of f~w milliseconds.· It 
' " 

waa found that the critical magnetic field observed oc was 

three times higher than the corresponding static critical 
s ... atte.+--J.. 

magnetic field. They Athat the rising ma..,Q;neti.c field induced 

an a~mutbal electric field whiohdeprensed the onset of the 

' ' 
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instebility. Further, if the static axial electric field were 

rep1a~ed by an a.c. field (Paulikar,1961), the instability 

diea:ppretid when the frequency of. the a.e. field was higher ,.. 

than some tens of KHz. All these observations seem to be com­

perative with t~e screw instability theory (Kadamtzer, 1960, 

Hoh, 1961, 1962, Jobnaon,1962) although a detailed prDof has 

not yet been given. The screw instability also seems to be 

operative in heavily distorted geometries (E'kma.n, Roh and 

Lehnert, 1960) and :seems to· be observed in co:r...neetion vn. th 

microwave measurements of the el-ectro·n temperature of a po­

sitive column in magnetic fields (Brown et a1,1962). 

A new method for obtaining electron diffusion coefficien' 

ha.s been introduced by Jurat and his co-workers ( 1963) at the 

Oak Rid~e Ilational. LeJ,boratory. 'j~his me-lihod diff\o;::r.s from Town­

send's ( 1915) in that it requires pulsed rather than atead~r 

state operation. The technique dif"fers from the Townsend and 

electrical shutter methods in th'1 t it ~u penni ts the simul-

taneoua independent evaluation of both the d:r.i.:ft velocity and 

dif£usion coe~ficienta. 

The theory and rnechanism was liowever, :fttrther studied by 

many wo~kers, Gr.ano,~kii and Vraz~kov (1964), Mouthasn (1965), 

Granovaakii ( 1966), Schowirzki (1966) and o·thers. 

Bulanin, Zhilinskii, Smirnov (1970) showed that the speed 

of end"Y:'.lmously fast diffusion of. p:l.asmn transve:rne to a homo­

geneous magnetic :field found under cer.tai.n cond:i. tiotl9, does not 
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depend upon the type of gas (such as. helium, argon, hydro'gen, cag­

sium and mercury) or pressure of neutrai particles. 

Takeda (1970), Takeda, Kando (1970) sho\'iad a diffusion of 

plasma particles in helium gas by measuring the decay time of the 

electron density in decaying plasma using microwave techniques. 

The measured decay time constants are compared with values predic­

tea theoretic~ly and seen to indicate Q change from ambipolar d14 

ffusion to Bohm diffusion \Vith increasing magnetic field, although. 
' 

the variation of the time constants with pressure is greater than 

expected for Bohm diffusion. An oscillation of the plasma density 

with a frequency o:f the order of tens of Kilohertz has been also 

detected. 

Vahal (1972) hae' carried out calculation regarding there­

lation between the tr~sverse spatial diffusion and conductivity 

coefficients considering a generaiiz~d Einstein relation. These 

coefficients have both a 1/B (volume dependent) terms (wit~ B 

uniform magnetic field as well as 1/B2 (volume independent) term 

for a finite plasma. For ~ infinite plasma, the coefficients have. 

a • classical' 1/D2 dependenc·e. 

Toylar (1973) investigated diffusion in two dimensional 

ple.omas and showed that at high magnetic fields it is always pro-
' ' ~ . 

portional to 1/B.\~en this .investigation is extended to three 
-

dimensions a 2D-11ke contribution· to diffusion is found which 

dominates the elassical (1/B2) diffUsion at high fields. This 

2D-like contribution diminished slowly \dth the size of the 

system and is 
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susceptible to ahear. 

The p1asma transport rates in the d.c. octapoles device 

waa measured by Obkawa, Tamako, Prater (1973) for various 

values of collision frequency. The diffuaion·rates are pro­

portional to the inverse . square of the magnetic field stre­

ngth, independent of collision frequency. For short mean 

free path regiment, the experimental results ~gree with the 

Pfirsoh-Scbluter theor,y in ma~itude of the coefficient and 

dependence on temperature and density. For long mean free 

path regime, the results agree \tith.the neoclassical theory. 

Okuda, Dawson ( 1973) has carried out calculation on the plasm& 

diffusion across a magnetic field considering three regions; 

for sufficiently weak ma~etic fields the diffusion coefficient 

is the classical one with n1 i±Rg going l~ke B-2 for moderate 

magnetic fiel.da ( cue~ ~. wpc ) the diffusion rate is 

enhanced and D.1. is almost independent of 'B ; finally for very 
e 

large fields ( Wc.t. ~ CJpl )· the diffusion coefficient gf)Jte 

like B-~. The enhinced diffusion at moderate and high magnetic 

fields is dominated by collective models, i.e~ by thermally 

excited oonvecti ve modes.. They nave also shown that the di­

ffusion coefficient behaves essentially the same way for a. 
'· 

three-dimensional plasma when the magnetic field linea are 

closed. 
) 

The diffusion coefficient of the electrons across a 
~;del 

magnetiqJwith strength B) was also calculated by Ichimaru, 
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Tange ~11974), Jn terms of the spectral function of th~ elect-

ric field fluctuations. For a Maxwelliau plasma it is found 

that the diffusion coe.fficient con8tains an anomalous tem 

* * D1 in addition to the usual classical term, D1 i$ propor-
- ')..... - -2. 

tional to B-1 when w; (i•+ Te/T.) ~ Sle_ and to B .teal?:.. 

when cJ; ( 1. + Te/-r.) .$ ~-e.- , where We. is the electron 

plasma .frequency-, and J1., e. the electron cyclotron frequency. 

The contributions of the like"!'partiole interactions vanish 

identically in the diffusion coefficient. 

'. 

-------- -------------------- ___,_ 
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(6) ELECTRON Tm~PERATURE AND ELECTRON DENSITY fdEASUREMENT 

IN IONIZED GASES IN MAGNETIC FIELD. 

The simple singl~ wire Langmuir probe is undoubtedly 

the most widely used diagnostic tool in plasma (i.e. mea­

s~rement of Electron temperature and electrondensity etc.) 

even to-day. Such probes, thiough indeed rather simple me­

chanically, ~ quite the opposite in regard to the· theory 

of current colleotio~. In fact in most probe applications 

with_plasma immersed in magnetic fields, rigorous theory 

does not exist, Nevertheless probes continue to receive 

wide use since they can yield measurements with a degree 

of localization difficult to achieve by other methods. Even . 
Q.. 

when operating in do~ina where approximations can not be 
OIL- . 

made to reduce the theory to a tractable fr~m they provide 

relative measurements that show a great deal of the struc­

ture of the usual aon-qui~.scent plasma. 

The Single probe characteristics rely on establishment 
. . 

of a firm plasma potential that serves ae a reference for the 

probe voltage~ ln so1ll.e discharges a good reference point does 

not exist and in others f~irly large electron currents are 

drawn to establish the probe characteristics, which cause 

p~rturbat~on sufficient to alter the plasma conditions •. The 
p]"obe. 

doubleA~ysteln was proposed to allevpiate this diffhculty. 

Two prob.es are spaced sufficiently close to ensure uniform 

plasma in the intervening region.: The probe ayatem ia allow~d 

to float relative to the plasma so that no net current is 
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drawn from the system. The reaul·ting potential is the 

"floating potential" which is sufficiently negative with 

respect to the plasma to repe~ enough %«fik of the higher 

mobili t:,r electrons to maintain Ie-= T-t where Ie is 
' the eleQtron current and I..,. that due to ions. 

Between the probes one placed a bias V = V 1 - V 2 ) ·' 0 . . 
-;. 

posi·tive current f'lows in the e;xternal circuits from probe-2 . . . . 

' ' 

to probe-1. If the probe areas are such that A1 ~ A2 both 

probes are negative relative to plasma but v1 is le~s nega­

tive and v2 more negative. Thus more electrons flow to 1 and 
n . 

fewer to 2. For lar@e positive V, probe 2 Will draw only ion 

saturation current \Vh:tle probe 1 collect just enough net 

electron current to cancel the ion current to 2~ The double 

probe characteristics is thus symmetric when A1 = A2 and the 

total current to either probe can not be greater than the ion 
I . 

saturation current. This condition has the advantage of mini-
'· 

mi~ing the plasma ·perturbation since the current now is 

smell; at the same time however only the electrons in the 

tail of the distribution enter the probe current. 

The olasaical theoru of probe measurements in gas 

discha~ge [Langmuir (1923) 1 Langmuir and Mott-Smith (1924) 

and Langmuir ( 1926) J containQ the basic assumption that the 

potential dif£erenoe between a probe and the plasma in which 

it is immersed, is confined to a space charge region or.· 

"Shea.th" which surrounds the probe,. i•e~ it is postulated 
"' '_ ~.r 
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that the plaama·out side the sheath, is unperturbed by the 

presence of the probe. However, during the course of their 

researches on the low pressure mercury arc, Langmuir and hie 

oolleguee found that the potential di£ference existing between 
' tAe axie of the discharge tube and the wall was not entirely 

~aaociated with the wall sheath. The effect of this field, 

penetration of probe measurements was ignored until the study 

of Bobm, Burhop and Massey (1949). The subject has been dis-. . 

cussed by· several writers {Bayd, 1950; 1954) Wenzl, 1950, 

Allen and Thonemann, 1954. 

Bohm.et· al (1949) showed that the ion current depends 
on-

on th' electron temperature, and not~the ion temperature 

because the electwon temperature determines the strength of' 

the electric field which <maws the ions towards the sheath. 

However, their theory does not deal with the potential dis­

tribution within the skeath, nor with the increase in ion 

current which ia observed as a probe is ~de more negative. 

Allen, Bayd and Reynolds (1956) presented a treatment which 
"' 

gives potential distributions both for the plasma and the 

she~th, together with the positive ion current voltage cha­

racteristics. This work presents a ·method sui table for the 

computation of the characteristics of electrostatic probes 

in case where collisions are negligible. The method is app­

licable only to probe of such symmetry. that the charged 
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particle orbits can be characterize.d in terms of explicit 

time independent con~_tant of ~otion. Bernstein, Irving and 

Rabindwitz (1959) used spherical and cyli~drical probes to 

the collection of positive ions. The method is completely 

self consist;ent and requires no appriori seperation qf the 

discParge into plasma. and eheatp. They formulate the theory 

of spherical cyl~ndricel probes immersed in plasma of such 

low density that collisions can be neglected. Medicus (1956), 
' ' 

B~yd and·Twiddy (1959) developed the practical techniques for 

extracting and dtaplaying. the second derivative of current 

by voltage to the distribution function in connection to the 

theory of Mo±tsmi th and Lansmuir ( 1926). A simple and accurate 

~~ electronic d~vice for reducing the probe data and 

displaying the results on an oscilloscope is described by 

Harp ( 1~63) •. The circuit employs commercially available plug 
fl. 

in ~plifiers to provide ma~mum ~aso of construction and high 

accuracy is obtained \Vi th a minimum o.f calibration adjustments. 

The probe characteristics of electron and ion currents for 

~ single electrode (cylindrical and plain) and for two, 

three and four electrode plane probes are studied by Ionov 

and To~egode ( 1964) .. ~ They found tha.t the most complete md 

correct data an ~lectron and ion distribution in a plasma can 

be obtained using three and four electrQde probes~ A four 

eleqtrode probe should be used when photo and secondary 

emission occurs under the action of fast particles, ie •. when 
' 

' . 
studying low density cosmic plasm~~ Application of magnetic 
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field ~ ha~ the immediate effect of decreasing the ratio 

of electron to ion saturation -currents. This ratio which for 

100 can decrease by an or-

der of magnitude when the magnetic field is such that the 

probe radius and Debye length are large compared to the ele-

ctron La:rmor radius "'C'e 

ion Larmor radius ~ 

.. : ~ 

but still small compared to the 

whereas ·the electron current that 

i a normf;tlly available with 'B = o is that ·due to diffusion 

into a surface surrounding the probe of radius equal to one 

mean free path, electrons in the magnetic field can move b 

-into the probe only along the direction of the fieid. Ele­

ctron motion along the field is essentially unbindeYed 
tc.. 

wh~rees across the field the diffusion coefficient is ~edu-

ced (classically) by the ratio 

(1~34) 

where LJe.e'f' ~ (eB/(W\)( 1./"a~ J is the-product of the 

electron cyclotron frequency and mean collision time with 

ions or neutrals whichever is domina1llt .• 'For even very low 

fields We-e.'J /) 1 , hence classical diffusion varies 

OJ> '/r2>"' and becomes extremelY: am~ll~ Classical diffusion :i.e 

seldom observed in practice, the cross :field diffusion 

being given rather-by Bohm expression which varies as T~/E. 
' 
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e 
Neverthlese electron collection is mainly slong the flux tube ,.._ 

of radius 0..-+ 'll"e. with diffusion serosa the entire tube boun­

dary maintaining the particle flux. 

When a steady uniform positive column of a low 

pressure discharge is acted upon by a longitudinal magnetic 

.field. the charged particles having velooi ty components in 

all directions, spiral about the magnetic lines of force. 

Because of their small mass, only the electrons are eppre­

ciably affected by magnetic field. The spiralling parallel 

to the axis of the ·tube between collisions reduces the radial 

diffusion of electrons and thus a smaller radial electric 

field is required to maintain the equality bemveen the number~ 

of ions and electrons arriVing at the non-conducting tube wall. 

Since their radial velocities are the same, the radial flow of 

both charges will decrease. A longitudinal magnetic field 

should thus reduce the electron temperature and the electric 

field in the column. 

ln an attempt by Tonks (19'39) to formulate a. quan­

titative theory~ use was made of~ theoretical resUlts (Town­

send• 1959) for the *ffect of a magnetic field on electron 

diffusion in the absence of space charge. This result~ •ss 

confi~med in experiments_with electron swarms for photo ele­

ctric currents (Bailey• 1930) ~ It holds also for largercurrent'• 
- b . 

( ~ I o ~p ) when allowance is made for the space charge. 

Other experiments (Cummings and ~onks, 1941) with a poei ·ti ve 

column in mercury vapour were inconclusive because of thl! 
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. di£ficulty of interpreting probe characteristics taken in ·the 

presence of a magnetic field.· Davies (1953) used the spectros­

copic method to investigate the 1xiRx influence of a magnetic 

field on the electron temperature in a low P.ressure positive 
c.. 

column in c~sium vapour •. Instead of a large reduction, however, 

a small increase in the electron temperature \vas observed. The 

effect of a magnetic field on tne loss o~ charges from a plasma 

to the w~le of a closed conducting box baa been ehovt.n by Simon 

(1955) to be cqntrolled by currents in the plasma which· are no­

wi.ng essentially a.lo~ .the field and not by plasma oscillation~ 

as prev:iously suggested •. These arguments do not apply here be-
,. ·- ' 

cause .the plasma o£ a positive· column is Uniform in the direction 

.of the magne1;io field~ Bickerton and Von Engel ( 1956) presented 
I ' o' ' • t o . . 
.a probe (movable probe} measurement in a positive column in he-. . ' . ' ,; ' . 

_lium.in. longitudinal magnetic fields aqd the effect of such 
' . . ·: 

. . 
.. fields on the c()lu.mn is discussed theoretica11y. Bertotti (1961) 

> o • : o I > 

developed a theory ot probe charapteri sties in presence of -a. 

. strong magnetiC':. field ;Virmant ( 1963) studied the Langmuir probe 

i:D: presence of m$.gnetic fi~ld,_ Nobata ( 1963) studied the cha-
. ' . .·. . ' . ' 

. :racteriaties of Langmuir probe in presence of a. strong magnetic 

fiel<l.~. The. J11echanism o:f the collection of charged particles by 

.Langmuir.probe in. a stro:pg magnetic field has been theoretically 

.~nveetigated by him. The n~gnetic field is assumed to be suffi-
.' . ' ' ' ' ' \ . ' ' , ' . . . ' 

. ciently strong i.e~ the electron cyclotron frequency exobede 
' . . ' ' \ " . ' ' ' . : 

: the collision freq~ency of. electron _with neutra1 ~as molecu1es,-
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and he obtained the following results (1) when the length of 

the probe in the direction of magnetic field is l~ger than 

the average gyration diame'ter of electrons, the probe current 

is determined by the gyration.diameter. Whereas when the. probe 

length is smaJ.ler, the probe current is free from the effect ot 

magnetic f:l.eld. Experimental reau'lts concerned with the satu­

ration electron current, agree with the calculated values. 

From a 24 probe azimuthal Array Bol (1965) has produced a 
CL 

b~utitul display ot density fluctuations occuring for given 

operating conditions of the Etude .stellarator~ 

Uehara, Yatau, Hagiwara, Kojima (1975) have deve­

loped ·the probe theory of the poali.tive ion saturation region 

for a plasma linving two electron temperature according to 

.Bohm' s cri.terian · of ion sheath formation. They have checked 

this theory experiment~ly by measuring the floating potential 

and two electron temperatures, appearing on the probe characte­

ristics :and showed their variation with pressure and discharge 

'· 
\; 



(B) ·SCOP:E AND OBJECT OF '11iE PRESENT INVESTIGATION. 

The properties of ionised gases under the action 

of either a longitudinal or a transverse magneti~ field have 

. been investigated by a large number of workers. Starting from , 

the study of ionosphere and that of aur9raborealis and Va.Jt 

Allen ~adiation belt where the interactio~ of earths magnetic· 

fi.~ld with an. ionised gas is taken into consideration, the 

subject has assumed considerable importance due to the uti­

lization of the magnetic fields in various geometrical shapes 

and forma for the confi~ement ,of plasma for thermonuclear 

power generation. In the present work the following propert1ee 
' 

have been investigated. 

(a) :£!laetqa conductivitY in a mam~rtic field: 

It has been shown in previous communications[sen 

and-Ghoah {1966), Gupta end Mandal (1967) and Sen and Gupta 

( 1969)}tha.t the measurement of radio frequency conductivity 

of an ionised gas and its variation with pressure enablea us 

to calculate the various par~etere such as electron density 

collision frequency and electron temperature of the gas~ The · 

applioation of the magnetic field enablesps to study the 

variation of electron temperature with magnetic field also.· 

In the interpretation of these results the only effect that 

has been taken into consideration is the tntrod~ctio~ of the 

concept of equivalent pressure as was deduced by Blevin and 

Haydon· (1958), namely 
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and it has been observed that the theoretical deduction can 

~xplain the experimental results only for small v~ues of (H/P). 

Beeman ( 1948)' has. ·theoretically caloula.t;d th~ effect of a 

transverse magnetic field in an ionised gas and has shown that 

the magnetic field (i) changes the radial electron density 

. distribution and {_ii) increases the· axial electric field of 

the discharge. The incorporation of these deductions has ena­

bled us to explain s.atisfactorily the variation of current in 

a glow discharge (Sen and Gupta,1971} variation of current vo­

ltage and poweJl! in an arc plasma {Sen & Dasi 1973)·and ·the va­

riati·on o:f intensity of lin0 spectra in a glow discharge (Sen, 

Da.a and Gupta, 1972). It is thus worth vihile to study and ax 

analyse the experimental. reauite regarding the variation of 
. C.o~c...-k.~~-

radiO f~equenqyAof ionised gases in a transverse magnetic fXal 

field taking into consideration the theoretical deduction of 

Beckman. The pl~n of the present work ia t~ derive the va­

riation of r.f. oon4uctivity f~om theoretical consideration 

·and predict results for sm.XX some specified Qaees. The ex­

perimental. reaul te obtained in the present work in the radio 

frequency range will be compared with the theoretical cal­

culation. 

(b) Momentum Trensfer Collision Oross.-Segtion for slow 

~lect~ons in magnetic f.ie1d from radio frequency conductivity 

ll!!.asurement!p .. 

It has been well established that the measurement 

· of ·radio frequ.ency conduoti vi ty of an ionised gaa, and its va-

/ 
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rie.tion with pressure can enable us to calculate the electr.nn 

density~collision frequency and electron temperature of the 

gas. It is the purpose of this sention ~? show that from the~ 

. measurements it is pos~ible to obtain the momentum transfer 

collision croaa-seotion of electrons with neutral molecules 

and to study its variation with the energy of the electrons. 

The measurement of the momentum transfer cro~s section of 

elec.trons for elastic scattering has been carried out in 

a large number of atomic end molecular gases for a wide ranee 

of electron energies by various standard methods such as 

swarm ~ experiments, microwave after glow method and the 

cyclotron resonance method. A comprehensive review of these 

methods and the analysis of these results has been provided 

by Maaaey and Burhop (1969). The effect of a magnetic field 

on the colliai.on cross-section of electrons with atoms and 

molecUles is important not only for understanding the nature 

of interaction o£ ~agnetic field with-ionised gases but ia 

e.latr necessary for explaining the phenomena o:f breakdown in a 

magnetic field. In the present section ~xp~rimental meaaureme 

ent of momentum transfer collision cross section x3W of low 

energy electrons in some molecular gases will be reported 

and a theoretical analysis of the experimental results will 

be presented .... 
:;,• 
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el·ectron temperature ,radia1 electron density and the 8i: axiel 

field by the probe method in case of a glow discharge in k 

helium under·a longitudinal magnetic field' has been carried 

out by Bickerton & Von Engel (1956). The experimental results 

are in general agreement with the theoretical predictions. It 

however·remains to be examined whether the application of the 

magnetic field changes the radial distribution of electrons 

·from the normal Bes~e~ function. In order to study the effect 

of a longitudinal magnetic field x on the glow·disc~ge and 

hence to bring o~t clearly the salient differences :from the 

case when the magnetic £ield is tr~sverae it a is proposed to 

_ .study the va.riation of current and voltage. in ~ glow discharge 

. i1D. (rit~,?<-"'hy(ft:o~~n>:.~a1Jl~;~:o~:y,g~n. ,;.rln presece o:f a lonst tudinal mag­

netic field at different pressures.· From ika an analy~is of 

the exp~rimental results 1 t will be p~seible to o_btaini the 

raxirl var,i~tion ·o:r. the di~tribution of electrons with· the 

magnetic field and this study will enable us to understand 

more clearly the generation and loas mechanism of electrons 

in a longitudinal magnetic :field. 

(d) Va1id.i t:y: of diffusion ·theory ,i,n ,radio frequency; 

breakdown in molecular gasea in longi tud.inal magnetic field: 

It is experimentally w~ll established that when 

a gas under reduced pressure is-excited by means of a high 

frequency electric field then the el~ctrons generated due to 

ionization of the ~a~ are lost by diffusion and mobility and 
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if the gas is an electron attaching one then electrons are 

lost by attachment as well. It has further been shown by 

Herlin and Brown (1948) that if the gas pressure is high 

( a few millimeters of·mercury) and the exeiting frequency 

lies in the microwave region then the electrons are lost mainly 
• 

by diffusion:,etarting from a molecular model, Kiha.re. (1.952) 

developed a method to calculate theoretically the breakdown 

voltage o:f a gae under a high frequency field taking both 

mobility and «iffusion losses into consideration. It has been 

clearly demonstrated by a series of experimental work in this 

laboratory (Sen & Ghosh,1963; Sen'& Bharracharjee,1965 1 1966, 

1967; Sen & Gupta,1969) that both the diffusion and mobility 

are responsible for losses when the pressure is of the ord~r 

of a few millitorr and the exciting :frequency of' the order o£ 

e. few Magaherta. To te.at th~ limi tatio11s of the diffusion 

theory it is p~pos.ed here to und~rtake some breakdown mea­

surement experiments when the exciting frequency is of the 

order of a few megahertz and the presst~e of tne gas is of 

the order of a few torr. The ef£ect of attachment will also 

be taken into consideration by studying the breakdown in 

electron attaching gases as wello 

The effect o:f magnetic field on the l.oss due to 

diffusion is also of consid.erable interest- not only from the 

theoretical stand. point but also from the consideration that 
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dif.fusion loss .is also effected in. a plasma. which is confi:ned 

by a magnetic f:leld. Considerable experimental ''V1>rk has been 

done in 1;hie line by Lax et · al. (1950) ,. Ferritl~i and Yeronesi 

{1955),.Brown (1956), Sen and Bbattacharjee (1969). The ob• 

ject is a~so to test the validity of the diffusion theory 

in presence of the magnetic field •. 

(,e) Diffusion of ~ Plasma in e. Magnetic Field: 

The problem o~ plasma diffUsion in a magnetic 

field has been.a eubject.of both theoretical and experimental 

·investigat~on by a large number of ~orker~. Townsend and Gill 
(1937) calcul~ted that if. DH.rep~es~n~a the diffusion coe-

. f:f:'icie11t in a magnetic field then 
. j)H . :D/f i + ,CJ"(;f~: 1. 

wher~ D is the diffusion coefficient in absence of the mag­

netic field end CO\-\ the electron cyclotron frequency and 

~~ the colli~ion frequency of the electrons with neutral 

molecules. It has however be·:'shown by Bohm, Burhop, Massey 

end Williams ( 1949) that some drain d.iffus.ion mechanism 

enabled an arc plasma to escape aoroas the magnetic field at 

a speed much 1§ faster ~ than that expressed by the normal 

. . diffusion. theozr •. Bickerton and. Von Engel ( 1956) ·showed how-

. ever that the poei ti ve column behaved in acoordance with the 

normal diffusion theory upto a magnetic field of 500 ·gauss. 

In extending these results ·to st;ttonger magnetic fields and 

to lon~er.tube lengths Lehnert (1958) made the important 

.. observation tha~ the positive column.suddan~ly beeomea 

unstable.and the transverse diffusion increased greatly 

when the. axial magnetic field exceeded certain critical value. 
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·.Hence it is thought worthwhile to undertake some experimente 

to measure the diffusion length ·in presence of magnetic field 

·quite ind9pendent of·brea.kdown-measurements and the method 

of measurement proposed bere invoives the measurement of. the 

· d·. c. conduoti vi ty of the ·plasma. in presence of magnetic :field. 

The results ~e expected, to _indica:'lie the limit of the values 

of magnetic field and pressure under which the normal diffu­

sion theory remains val.id. 

Electron Tem~erature and Electron DensitX 

l.qaasure_ment ~n an ionized :gas in Transverse and .Loligi tu.S).nal 

Ma.gneti5c liel.dsu 

The single and doubie probe measurement of electron 

t~mpera.ture· and electron density in an ionised gas have been 

thfi :most_ widely used me·thoda o:r determini:t.'!g ·these yarametere. 

When a magnetic field is present o~ such strength that the 

ttlect:t·un cyclotron radii ~:n-e comparable to the probe dimen­

sion the situation is significantly altered. Since the effe­

ctive mean :free paths are ·now comp~able to probe dimensions 

the ~lectron space oharg0 satur'ation current is considerably 

reduced~ It ia only.the·mobility t~anaverae ta the field 
: ;; ~ ~ 0 L 

: ~~~};Ji·:-~ i . ,, . ' . ' • 

which :ts alter~d 'and electrons may now along the lines 11 

essentially unimpeded~ Thus if tht~! magnetic field is not 

· ve:ey large the same probe· technique can be util.ized to cal­

culate the electron temperature and electron density in 

presence of a magnetic· fieldo 
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~he object of this section of the present work is to 

find out the essential difterence between the effect of a 

transver~e and longitudinal field in changing the electron 

temperature and electron density. It_has be~n shown by 
' 

Beckman (1948) that the e.ffect f'Jf: a tr~verse magnetic. 
'· 

field is ·to tno~eaee the axial electric field and hence 
. .. , . 

aa has been shoVJn by Sen and Gupta ( 1971 ) it will lead 

to an i:ncreaae of electrOn temperature which ia given 
. . 2 .l 

by Te H = Te ( 1 + C1 ~ 2 r-
wher~$s it leads to a decrease in the-radial electron 

density by the e·~t~on l 
1 
. 

l"'H = n ex p - e \-\ r f1 
4)2m k A}Te 

An indirect verification of the nl>ove deductions has- been 

obtai ned in explaining in a sati efa.cotry manner the 

variation of dischax'ge current in the poai·tive column . 
' ' 

in a magnet! e fi eld (Sen and Gupta. 1971 ) and in vari-

ation of intensity of spectral lines iA a transverse 

magnetic field (Sen, G~pta & Daa, 1972). To put the 

. above deduCtions to a direct experimental test 1 t is 

propo:a ed. to .measure these paramettSl.'s directly with the 

probe method in presence of the transverse me~netic field. 

It has been shown by the probe method (Bickerton and Von · 

Engel, 1956) that a converse effect is observed in a 

longi tudi.na.l fi ~ld. The d: ele otron temperc:tture dec­

reaaed and the 
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radial electron <lensity increases in presence of the longi­

tudinal magnetic field. We have also obtained similar resUlts 

when we studied the variation of·current and voltage in· a 

glow discharge in presence of a longitudinal magnetic fi~ld. 

To have a direct experimental support of this result it is 

proposed to measure by the probe·method the electron te~ 
e.~ 

perature and electron density in presen~ of longitudinal 

field. This will help us to understand not only the intera­

ction of the magnetic field with an ionised gas but will 

cJ.early elucidiate the difference regarding the ef:fect of 

transverse and lo~tudinal magn~tio field on the3e 

PH parameters. 
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