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CHAPTER I
(a) . . REVIEW OF THE PREVIOUS WORK::

(1) DETERNINATION OF PLASMA PARAMETERS WITH
SPECIAL EMPHASIS ON RADIO FREQUENCY
CONTUCTIVITY MEASUREWENT.

The atudy‘éf the ¢lectric discharge pheno-
mena in the ateady-state by meané of a radio frequency
wignal es a prche waes first suggested by Vander ?ol
(1919). If & r.f. voltage not sufficient +0 cause the
breakdown, be applied to an ionisced gas, then the r.f.
current Irf that-ilows.through the gés is givou by
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where n 1is the number of electrons per c.c. of the

ionized mediﬁm, € and W ', the chérge and mass of thé
electron respecti%ely; w the angular frequenecy of the
applied r.f. fisld and ». the collisional frequency of

the electrons. Hence the complex conductivity G. is

given by
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It is then seen that both ¢ . and §, are functions of

(i) frequeney
(i1) electron density ¥ =and
(111) the collision freguency ), which is itself a function

of pressure, The value of o’;, is maximum when P, =W, 1i.e,,
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Thus by measuring the conductivity of an ionised gss
in a high freguency field the electron concentration. can be
obtained, The conductivity of ionized air was measured by
Childs in (1932) by substituition of a resistance of khowm
value for the leskage resistance of the ioniged gas, the osci-
~ llation frequency being 1 MHz, The variation of the radio fre=-
quency conductivity of ionized air with pressure at frequencies
of the order of 1000 MHz using a 1egher wire system coupled tq.
the;condenser,within which the discharge %ube was placed was
studied by Appleton and Chapmen (1932), the radio frequency
current béing rectified by means of a galena crystal and de-
tected by the golvanometer. As the conductivity incréaaeo,
the galvanometer deflection falls and Appleton and Chepman |
-observed thot the conductivity attains a maximum value at a
certain pressure and then decreases in accordance with the
theory; but they did not report:: any ebsolute value of the
conducetivity for the gas invesgtigated, namely air, Simila: :



gtudy was made in case of sulphur dioxide and xzenon by Imam
and Khastgir (1937) in the pressure range 10 - 120 em of
mercury using - radio waves of A = 481 om and a8 lecher
- wire system. The above sinple theory has been modified by
Margenau (1946) by taking into consideration the distribu~

,tion of velocitles and employing Boltzmanntransfer equation,
 The modified expresaion for ¢ is given by
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for values of ~. ) w

DO"fson Md Obemw (1962, 1963) daveloped an elementary- model

to 031°U1at9 the high frequency electrical conductivity of
plasma, Berk (1964) showed how the plasma model of Dowson

and.Oberman can be adopted to yield a kinetic description
,of eleetrical transport processes, which ia uniformly valid
vfor high and 1ow freqnencmes, as well as for finite wave
lengtha, - |

»The theory of the electriéai conduectivity of a gas which
’ is either fully ionized or weakly ionised has been well estabe
lished fbr a number of years. Although the 6onductivity of a
partially ionized gas is qualitatively well understood, very
little quantitative infbfmation exista, prinéipally because of
the mathematicel compiicaiions which arise when the electron=
electron interaction is included in the Boltzman equation for
the electron velocity distribution function. Johnson (1967)

_aalcﬁlated the electrical conductivity for a variety of assumed



electron-mélegule collision freqnenqigg. The regnlts differ
only by a few:perqent from those obtainédsua%ng an approxi-
* mation suggesfed by Frost (1964). A simple procedu:e,':equi-
| ring no numperical integrations has been given reléting ele-
ctron temperature to electrical condﬁctiVity'fbr a partislly
ionized gas. Sen and Ghosh (1966) studied the properties of
ionized gasee experimentally by using radio frequeney probe.
The r.f. conductivity (G, ) of the ionised Hair—and nitrogen
has been determined at various pressures and also at various
“vaiugs ef discharge cﬁrrent, They 6hgerved that ¢ increases
. with pressure and aﬁtaining a maximum value greduelly dec-
reases, The maximum value of ¢, eccurs at the same pressure
. fb; different discharge'curzentsgfor the same gas. The. expe-
rimént wae carried out specislly at loﬁgpreSSnre ( a fow
microna), |
Negata (1966) presented a simple technique for mea-
suring the plasma conductivity. The method is based on the
' observa&ion that Hall eurr&nt and Hell voltage are related
" ginply to an electrical resistance. This method may also be
appiied to %he’measurement of electgon density in high pre-
ssure plasua. An improve& probé method of measuring the cle-
gtrigal conductivity of low‘temperaturé‘plasma is set out by
KhdzhabloW'and'Yariﬁ (1966) . They preseﬁted experimenfal data
. regarding the effect-Of”layers.near,the electrode, om the
probe raaﬁingag Ciampi and Talint (1967) meésured the average
- plasna conéuctivity by r.f. probe for a cylindrieal Plasna
agsuned radially inhom@geneoua. They obtained the average

© frequency

" eonductivity of 75 to 100 wmho/m with a Qsﬁasiﬁr ranging



from 0.5 to 1.5 MHz. The probe used is calibrated with
electrolytic solution (H,80,) of standard conductiviiy.

From the study of the complex copductivity of
nercury vapoui,at microwave frequencies, Adler (194%) hes
shown plots of (7. and ¢} with current or pressure when the
other ig fixed. Usging the theoretical expression of Margenan,

‘Adler calculated values of the electron densityiin the dig-
charge space and compared the value obtained with those
obtainedAexperimentally uging Langmuir probe measurements,
Adler found thet the theoretical snd experimental values
agree closely and that ¢ ‘varies linearly with the discharge
current. Aleksardrov and Yalsenke (1965) studied the complex
conduetivity of neon plésma by the Q meter method. The resultis
are given regarding the meagurenents of the active and reac-
tive components of the conductivit; of the parallel-plate-
capacitor containing between its electrodes &f the plasma of
a2 positive gas discharge columg.‘The freaquency renge was
0.5 to 25 MHz, the discharge currents were 5 to 100 mA, angd
éarious gas pressures were used, Egperimeutal results are in

good agreement with the theoretically calculated valuéa.

- The effect of Masmetic field on the Conductivity of

~ioniged gas.
As the various characteristics of a discharge chenge

due to the presence of o magnetic field, it is clear that the
conductivity of en lonised gas will also change in presence
of a magnetic.field. The copductivity of an ioniged gas such

es air, nitrogen and hydrogen in o magnetic field was neasured
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by Ionesru and Mlhul (1932) for pressure greater than 1077 mm
of Hg., who found that max1ma othsr than those due to free
electrons could be obtained. With very 1ntense fields, only
the var1at10n due to free electrons remained, the others
disappearlng and the values of the magnetlc field giving
maxlma conductiv1ty varied with pressure. : " N

| | A theory regarding the varlatlon of r.f.leonductl- '
v1ty w1th magnetic fleld w as proposed by Appleton and . '
‘Boohariwala (1935) who showed that the real part of rof,

i
oondictivity in a magnetlc field is given by
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rwhere n is the number of electrons per wunit volume and Ve
~ the COlllSlon frequency w is the angular frequency of the-

€H
: .applled fleld and COs ™o

A general theory regardlng the variation of r. f.
.conduct1v1ty of ionized gases and its varlation with pressure
~ and magnetic field has beenvworked out by Gilardini (1959)
who derlved the expression for the cond10t1v1ty of an

1onlzed gas under the follow1ng assumption.v

(a) When the dlstrlbutlon funetlon is predominantly sphe-~
rlcally symmetrlcal in’ velocluy space but not neoessarlly

Maxwelllan. )

(5) When the electron EOlllsion frequency is an arbitrsry
function of electron velocity. The value of the complex |
condiictivity is given by
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In presence of meghnetle fleld he defined two cone
ductivities; & conductivity . for the right hendeled pole-
rization and eonductlvity o, - for ‘the left hended polari-

" gation where .
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and the conduetivity in the direction of the field is given

by
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and after simplification it reduces to the result obtained
earlier by Appleton and Boohariwalla .

| Latter on several authors (WU,1965; Obermaen and Shure,
1963; Scheweitzir and Milchmner,1967; Green e% s1,1965) studied
the ionized gas in preseneé of magnetic fileld and devqlaﬁed
tﬁa theory conslderably.

In 1967 the complex conduotivity of a plasms in a

steady magnetic field wes studied by Prodhan end Dasgupta(1967).

They derived en expression for ihe complex conductivity tengor



‘of a homogeneous classical plasma in an external uniform
nagnetic field using the Kubo theory 6f transport phenomena
and obtained exsct relations beﬁweeﬁ the conductivity tensor
in:the presence of the magnefic field and in its absence. -
The gxpetimentai determination of radio frequency con-
ductivity has been carried on in presence of a transverse
nagnetic field by Sen and Gupta (1969), Gupta and Mandal(1967)
and Gupta (196é) from which variastion of plasma perameters
in a magnetic field havé béen‘measured. The method is useful
due to thé fact that from the r.f. condﬁctivity measuremnent
it is posslble ‘o calculaxe the plasma parametere such as
'oollision frequﬂncy, electron density, electron tempera&ure,
' Debye shielding distance and the dielectric constant of the
‘plasma. A precise knowledge of these parameters, their vari-
ation with preasure, diacharge eurrent and magnetic fleld is
essantial for the prop@r understanding of the mechanism ope-
rating in the discharge. Through there have been some mea-
surenents of these parameters in the microwave region the
corresponding data in the r.f, range has been comparatively
little reported. Between 1966 to 1960 alternative method has
been developed in this laboratory for measurement of r.f.
conductivity and measurementa have been made - in case of
nelium, neon, argon, hydrogen air and carbondioxide and the
- plasma parameters and their variatlion with pressure,diacharge
current and'magnetic field have been studied by Sen, Gupta
and Magdal .



2.‘( MEASUREMENT OF MOMENTﬁE TRANSFER GGLLISIQN OROSS—
SECTION WITH AND WITHOUT ﬁAGﬁBTIC FIEEB;

' . The measurement of momentum transfer erogs section of
p eleetrone for elestic gecattering has been caxrieé out in a
e large number of atomic and molecular gases for a wide range
of electron energies by various standerd methods (1) Sworn
experiment,'(é) Microwave after-glow method and (3) Cyclotron
resonance method with snd wihout magnetic field. .
In Swarn experiments Townsend ond Bailey (1922) end
Ramgayer (1921) carried out the compariaen of momentum
‘tr&nsfer (dif?usion) cross-section with total collision cross-
seetion for He, Ne anﬁ A in +the wide range of electron ener-
gies by measuring the arift velocity glectran shutter method.
The operation of shutter principle consists of two
shutters 5S4, 82 Placed at different 1evels in the difﬁueing
electron swarm. At regular intervals of these shutters open
for short interval of times ao that clectrons may pass through,
They are synchronized in phase 5o that both are open at the
gamne time, Electwons will succeed in pageing through botﬁ
shutters only 1f they traverse the distance between them in
an integral numbeﬁ of e¢ycles. By observing the vériation of
the current passing through 8, a8 & function of the frequency
of shutter operation, the drift velocity may bhe determined,
The metﬁoa wag adepteﬂfby Bradbury and Nielsen (1936) (1937),
Loeb and Cravelhs(1929, 1935). and has been further modyfyed:
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by Phelps, Pack asnd Frost (1960) Pack and Phelps (1961) with
-and without d.c. bias covering the higher wvalues of (E/P)
grom 10~% o0 40 V cn™' tors.

Secondly Hornbeck (1951) measured the drift velocities
of positive ions and Bowe (1960) measured the drift veloci-
ties 6f'electran in varioﬁs rare gases hsing different methods.
The methods of Hornbeck’@ were further developed by Lowkg(1962).

Bortner, Hurst and Stone (1957) have developed o pﬁlse
me thod, which was. originally suggested by Stevenson (1952) for
meaguring the drift velociiiea of electrong, wh;ch is parti-
cularly:su;table for otudying gases commonly used in lonizae~-
tion chambers and counters. _ )

The microwave after glow method was used for measuring
the edmplex coﬁductivity of a'plasma by Nargenau (1946),
Phelps, Fundingslaﬁﬁ and Brown {1951). The other related
parameters were measured and their variation with wide range
of praséure‘waé measuréd by many workers largenaun and Adler
(1950), Varnerin (1951) Gould and Brown (1953, 1954) end
Gheﬁ (1964), specinlly for Neon and Helium,

A theory was developed by Allis and Allen (1937) in a
combined electric (F) end Magnetic field (1) and it has been
ghown that the anéle of deflgotion ialgiVen by

8= Ow'c{:an‘(ﬁ““’/E )

where gy 1 depends on the varistion of momentum trensfer

_ eross-section with velocity and 3 = 1.06 the cross-section



independent of velocity
R drlf't veloc:.ty. _

Huxley and Zaaz.ov. (1949) modified the procedure of Townsend
and Bailey (1922) and their collaborators measured the drift
velocities using the modern vacwum techniques in a number of
gas,e.s.,' This ,mKethodl has been;deve‘loped particularly by Jory
. (1965) who has used the. ?.samé appatatus as that of Compton and
Elford and Gageoigue. (1965) .in the measurement of D/w , the
ratio of Diffusion .eoefi'ici‘en;b to the drift velocity. .

| In the Cﬁgtron r;es<‘§nanqe methodrn a un;i.foxfm steady mag-
netic field H and a Microwave electrié' fi¢1d1 E coswt are app-
lied at right angles and then the variation of absorbed power
;ny the electron in the re',géhnalnceufarm.is meéasured about the .
cyclotron angular frequency wy = e of the electron and
‘the width of the régonange curve veried with the collision
.fre‘q_.uéncy of ‘the e'l_ec"brpi'i in the plasma.

_;Cn"préSenpe of a magnetic field the interaction between

lla, rznicro%:vave, fi‘.eld ézqd a plésma has been fo;muigted by Allis(1956),
‘;n 'termé of -high ,fre».quen'qy conductivity tensor, whose corﬁponent

traneverse to the field was

_gmne [ v tin o
o, = =° \9 V2
£ T5m  Sra(vaiey 08 VA (1.5)
and the imaginary part of o
\\ [~ ] .
4Trne/ w (P I =) 2fo W34y
3im 17’>+(60+va)1'§9)?+ (w-—wH)?’} ouv
V] ' .

(1.6)



consiaeringrb to be independent of'\S.it can be shown that
@y = P e (1.7)
Thus the collision frequency of the plasma can be determined
knowing the values of reéonance frequency with magnetic field
in presence of discharge plasma and the resonance frequency o
is equal %o tﬁat of the'cawity in the absence of plasnma.
Hiranfield and Brown (1958) determined the momentum
transfer cross section in helium using this method and
Fehasenfeld (1963) studied the collision frequencieé in helium,

argony 002 and oxygen‘by the cyclotron resonsnce method.
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3e VOLTAGE CURRENT CHARACTERISTICS IN A GLOW DISCHARGE
IN LONGITUDINAL MAGWETIC FIELD,

In the absence of.spaee charge effects the motion of
a\swarm of electrons moving in electric and magnetic fields
was worked out by Townsend (19%2) who showed that the coeffi-
clent of diffusién Dy perpendiéular to the magnetic field and
the mobility Mw parallel to the field are reduced according

t0 the equations

D _ N
DH»T;ﬁfﬂm*ﬂH—dﬁ%; (1.8)
where & = %HT N » the cyclotron frequency and » is the

frequency of collision of electrons, for momentum transier
.with neutral molecules, ‘

In the Townsend experiment Lorentz method was applidd
to the combined drift and diffusion of the electron stream
end the Zeroth % order approximation waé considered for the
detailed calowlation.Allis and Allen (1937) applied the same
method to the drift of electrons in crossed electric and mag-
netic fields. It was found by Allis end Allen (1937) that the
magnetic fleld chenges the energy distribution as well as the
direction of drifi.

For electrons which, 1ikelarc plaswa electrons have
a Maxwell distribution to a first approximation, the first
order correction to the distribution function which arises
from the drift motion was calculated by Tonks and Allis (1937)

and from this exact averaging of component velocities was
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cerried aut; Tonks also pointed'outfthaf the drift speed is
the saﬁe as would oceur if the components of concentration’
gradient and eleetric field perpendicular to it ap well as
the magnetic field itself did not axlsf‘, is found o hold
- within twelve percent.

Eh@ condition in a cylin&rical plaéma undexr the inf~ '
luence of trénsﬁerse hnmpgenedus magnetic field was treated
by(Beakman (1948) in a menner anelogous %o that given by
Von Engel and Stepnbeek (1934) for the case without magnetic.

- field, The genersl effect of @ transverse magnetic field on
the positive column of a glow discharge has beén theoretica11y
gtudied byiBeekman (1948)'wha ghowed thet the current is forced
;foﬁwarde'the t@be wall %hereby inereasing the loss of eléetrons
'éhﬁ'ions. In order to compensate this lnsa the sxigl electric
field increasedg thus increasing the ioniza%ion and the ele-
ctron temperature, Based on thege agssumptions the variation

of discharge current in a glow discharge in air, carbon dioxide,
helium, hydrogen and neon in a verisble transverse magnetic
field has been satisfactorily explained by Sen and Gupta(1972).
They showed that the current graduzlly rises with the increase
_of the magnetic field, attains a maximum value at a particular
Valué'df the magnetie field which is the same for all the
gases and independent of pressure for the same initial @ie-
‘charge current and then graduslly decreases. The value of the
magnetic field at which the dischafge current is maximum is
found to be proportional to the square root of the initial

discharge current and the maximum value of the current is
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inversely proportional to pressure in all the geses} Utilizing
Beekman’é expression for the axial e}ectric field snd the ra-
digl electron density distribution in a transverse magnetic
field. a mathemstical expression for the discharge current

and ite variation with magnetic field was deduced and is

given by
' \
' — A E c, \'2
boar, = P\t ?ii) (1.9)
where ¥, = radial electron density in presence of magnetic

field.
E = axial electric field ,

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

When a magnétic field parallel to the axis of the +ve
column'of a discharge was applied this was known to iﬁpart“a
rokdry eomponent on ‘the radial motion of electrons. As a
result the—Skow—odf both positive icns and Pleefron§f$3 the
wall, causing o corresponding decrease¢ in the radisl and
longitudingl components of the electric field and in the

electron temperature.




4, RADIO FREQIENCY BREAKIOWN IN MOLECULAR GASES
IN LONGITUDINAL MAGNETIC PIELD,

The secondary effects in a2 d.c. discharge with elect-
rodealﬁade of diffevent elements have been studied quite
extensively by Tcwnsend and others from as early as 1904¢-
The mechanism of discharge exclted by o transformer is i
however substantially the same as that ¢f a d«c. discharge,
Towngend (1902) in his ionization theory derived an expre-
ssion for the ionisation current flowing in a‘gab (d) when

‘the cathode is irrdadisted as
%A = é?_occJl
Lo : (1,100

where \, = initiel current, « = number of ion pairs produced
per unit length per primary electron. It suggeotés that the
. plot of log { i7to ) ageinst 4 would be a straight line. But
it was found that the current terminetes ebruptly to a value
prcdﬁcing a spark. This iﬁdicates that egnother source of
ionisation hes arlsen other than ionisation by electron co-

lligion. Townsend's obqious choice wae'a relation of the

form <d
U = ———F3 Xd- ,
yio = - Byet (1.11)

where F.: ionisation coefficient due to positive lons,.
The positive iom theory was criticised by Thomson (1912)
Bohy (1913) and others.: The mechanism was however studied by

meny workers; Sultan end Muzon (1930, 1931), Muzon (1932),
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Beoglk (1930. 1934) . No?dméyer (1933), Varney (1935!, 1936,
11938) ; Rastagin (1934). These results have been discussed by
lioeb (1947) . However Fetz and Medicus (1948) have given st-
TONg supporf to the meehéniema as a possible proceas of ige
nisation. - | '

RADIO FREQUENCY BREAKDOWN OF GASES.
() ¥Without Magnetic field: \’

’ The mechenism of the breakdown of~gases for an alternating
voltage at 50 cycles/sec 1s substantially the sanme as that for
de.ce voltage. Howgver. under the influence of a hiéh frequency
alterngiing field, free eléctrcns in a geos may acquire energiea'

sufficient to excite and to ionisei: the neutral gas molecules,

w=hen the eleétric field is sﬁfficiently larges the ionisation
process is cumpulative and the gas hresks down iﬁto a2 luminous
glow discharge. The exeiting field may be applied directly by

electrodes connected to the source of high frequency potential,

Alternatively the gas may be excited by a h.f. current flowing
in a nearby conductor. The first type of discharge is called
I -discharge and aecoﬁd type H discharge, The mechanism of E & H
discharpes are fundamentslly the game and aiyision into two
types uX is justified only when the waveiength of the excita~-
ting voltege is large compared with the‘}inear dimension of
the discharge tube. Comparatively little study has béen nade
of H-discharge. The reason is probsbly to be found in the

difficulties experienced in making precise neasurements as -
the path of the digcharge current is closed and tﬁeié are no

elecirodies between which current and p.d. ﬁay'be measured.
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The breakdown mechenism in T-discharge and the magnitade of
the biea&down'voltage vs of a gaseéuavdischafge in an e.c.
fiéid dopenﬁ upon the neture and the:prégapre oflthe gaa; the
freqyegcy of the applled field énd'the linear dimension of?the
diséhaigé tube, The general characteristics of the breskdown
curves have been studied by meny workers and it has been
reviewed by DaerW'(1932, f???). One of the earliest workers,
Thomson (1930, 1934) emunciated two conditions for breékdown
iﬁ high frequency field. Aaauminglthe alectron'nnderltha ing-
luence of an a.c. field, the firet criterian was that in time
't' the electros must ecquire sufficient energy from the field
80 that the energy is either equal or'greater than the ioni-
sation ehergy of the gma; conseguently the first condition
states that 0

| _%m[%.%g;mwélg evq (1.12)
where \/; = ionisétion.patentiai of the gas. The second cone-
dition was the distancs transversed by the electron in the
time 't° must be sither coual to or smalier than the mean
freq path of the eslectron iq the gas.

E

flence 5'~%-(I—Cgswf) £ 7(6. (1.13)

combining these two conditions he obtained an equation for
the breakdown voltage which is a function of pressure and
frequency end shows that at 2 certaln pressure the breskdown
voliage becoues s minimum. Thomson (1937) next ptudied the
starting potential for hydrogen within the pressure rénge

40 99 MH=» .
(0.25 mm 0 9.5 om) and for frequency 1.8 MHzs In case of a
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1dwex frequency (below 2.83 MHz) he obtained double minima
and sbove this frequency single minima. Double ma minime was
also observed by Giittons (1928) who concluded that thése
were due to reaonaﬁce phenomena in the gas;'Gill and'Benalé-
gon (1931) found thet ths d9ub19 minimum disappeared if the
ﬂischarges were away from the walls of the tube., To explain
_this, Thomson (1937) attempted to modify his theory. In order
that a typical eledtron may acquire the riaximum energy at a
time, it is assumed that the electron bé&ngs 40 move at a
time t = O, when the electric field is E Cos (- P ). Then
the ionising velocity will be most quickly attained if it
is acquired in a time +, such that the electric field at
time ¢, i8 E Cos (+ ¢ ) for under this condition
t.

f Cos(amft ~p) dt o is a maxinum.

0 ; - o |
Gill and Donaldson (1931) showed that when the excitation
wes by & fleld at right angles to the long axig of the tube,
double minima sppear end when the field was along the axis
bne.minimum (that at higher pressures-aiag disappeared. .

The explenation is seen by considexing'a cloud of
electrons oecillating in the gas under the influence of the
field., At o fixed pressure, as the field is increased the
rate of ionization increases and when this is just greater
then the rate of'lbsa{ due mainly to diffusion, the glow |

sppears, Now if the pressure is reduced the electrons



acquire ﬁore energy from the field awing to their increased
free path and the eritical force required for breakdown is
less, However as the pressure is reduced the amplitude of
ogeillation of the electrona also incresses and when this
becomes of the same order as the distance apaxt_of the walls,
rate of loss of electrons increases rapidly and the breakdown
voltage is increased. The calculations of Gill and Downaldson
relating $o their conditions of experiments are in agreement
with their views. _

Breskdown in hydrogen for freguencies 5 to 11 MHz for
pxd=0,2 to 30 om Cm of Hg. was studied by Githens(1940)
who attempted to correlaté the appearance of the minima of
(Vgr P x @) curves with the position of the walls of the
discharge tube relative to the electrodes. He coneluded that
the breakdown ef the h.f. discharge occured through three
different: pracesé?which he denoted by modes,; a,b,c, cach of
which gave rise to a.miniﬁum in (Vs,p x d4) curve.

Similar resulis were observed by Pim (1948, 1949) ueing
small gaps in air at preésures from 59 mm to 764 mm for fré—
quencies renging from 100 MHz to 300 Miz. -

H&@e (1948) tried to explain his measurements in ¢
argon and xenon over the range of frequencies 5 lillz to EO'MHz
and at gas preasure 20 - 50 microns by assuming that the bre-
ékdown potential'fbr hef. field is determined by those elect-

rons in the gag which succedd in acquiring ionising energy in‘



one mean free path; there ig considerable divergence'cf the
theoretically calculated bremkdown voltage with experimental
results in case of lower frequencies. The value of the mean
' free path of the electron used was that given by kinetie
theory which can hardly be correet. As is known, the mean :
free path of thé electron varieg with the energy of theﬁeleé
ctron and as the energy of the electron varies between zero
. and ionising energy;‘what is needed is sn effective mean
free path. Also the assumption that the probability of ioni-
zation becomes a maximum when the electron acquires the::
ioniging energy is not supported by experimental resulis
because it has been shown by Smith (1930) that efficiency of
ionisation increases quite repidly with increasing electron
en?rgies elightly above the ionising ehergy.

The extent of the influence of the discharge in the
walls and electrodesupon breskdown mechanism depends upon
the relative magnitudes of b , f end d ,where b is the
pressure, f is the fraqueney end d igs the electmode sepa~
ration. Llewellyn Jones and mﬁrgan (1951) showed that when
'ﬁ‘ and>'p' are sufficiently 5igh the amplitude of motion
of the electron.cloud is 3mali, and it can be much less
. than the linear dimension of the discherge tube, VB is inde~
pendent of the nature of electrode surfaces and secondary
electron production at the electrode surfaces does not
appeaf to p&af?impoitént parﬁq,ﬁowever at very low pressure,

experiments of Gill and Von Engel (1948, 1949) and also



those of Ohenoo (1948) show that a digcharge can be .started,
provided the frequency is greater than a. ceritieal value, at
~Quite a 1ow potentlal whlch is indepéndent of . the pressure
'of the gas. In this caae Gill and Von Engel have assumed ix
4that a single electron strikes the opposite glass surface
and releasesthe eecondamy electrons which move in phase: wi+h o
‘tha applied electrlc field and releage further electrons f
'frcm the walls.‘ _ , : J
Applicabili%y of szmilarltyy principla in hef. dlacharge

hes been studled by Elewellyn Jones (1951, 1953) and hie Cco-
'workera. Townsend and Willlehs (1958) studied ‘the. breskdown
condition in_air and hydrogen uaing a pair of geometrically
similar electrode system and measurements were made for
valuzs of= in = 15mm. em. of Hg. and fregggncy 5 MHz to
70'352 for {‘a 10 Mﬁz;oﬁ more double min;ma appeared,

 The first minim@m.was not very sensitive to. change of
féaquehej but ﬁheésécand ninimun moved to higher vélues%of
Vf and p aé th& frequeney is decreased. The similarity thecrem
was mound to be obeyed wixhln the frequency range invegtigated.
They have ‘concluded that the multlple minima in (V, P.d)
curves at hlgh frequency can be interpreied on the lmks basis
df a singlé breékﬁown meehanism‘involving electron generation
by collision with gas mclecule and loss by diffusion and
ﬁrift to the electrodea and to the walls of the: diseharge
tubey The flrst pub;ished resu;ts_for breakdown in ultrahigh-

freqﬁéncy'regién, appear o be those . of Cooper(1247) who made



measurements of the breakdown in eir, in co-axiasl lines and
wave guldes for gaps between 0.1 and 0.3 om at gas pressure
20 « 760 mm. 0t the two wave lengths {10.7 cm and 3.1 cm)
and the breskdown gradient was found to be 70% 6£ the d.c.
breakdbwn value. Similar measurements ware made by Poain
'(1948) who found that for 3 cm. wave, breakdown voltagé for
a 0.04%cm. gap in alr under stmospheric condition is subs~
tantially independent oj pulse duration provided that dura-
tion eéxceeds 4 sec.The nature 6f spark mechonism in a cavity
resonatorsk at the%wavelengtha has been gtudied by Prowse
and Cooper (1948) and by Prowae and Jesinaki (1947) using
photographic and spectroscopic methods.

Sefiea of invegtigations on microwave breakdown in
i gaées in cylindrical cavities and between co-axial cylinders
at a wavelength of 9.6 cm have been made by Brown and his
collegues (1948, 1949, 1959, 1959). The gape studied range
from 0.06 to 7.6 cm in air at pressure from O.1 to 100 mm.
of Hg. The results are discussed in terms of a new théory
for ultra high frequency breakdown, which is based on the
criterion thét at the point of breakdown, ionisation rate
eqnalé the rate of losa due to diffusion. Other processes of
removal of electrons, such as attachment and recombination are
congidered to be negligible for the type of the discharges I
 studied; when the g8p length is small compared with the wave-
1ength'ﬁhe'élac£ronic mean frée pa#h‘and the smplitude of
oscillation, the breakdown condition is obtained from consi-

deration of the continuity equations for electrons as

om _ - (1514)
g—g - Qn -~ . |
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. when 'n' is the electron demsity, » is the net production
rate of electrons per electron and dénotes the differences
betﬁeen thevionisation'rate ané the‘atfachment rate. [ rep-
regents the electron currenﬁldensity 103% to the walls by
diffusion. _ |

| The thrasﬁold for breakdown is considered 1o occur

when on goes through zero. The breakdown is then the

t
characteristieg value of the elpptic field obtained from the

solution of the equztion.

n -7 =0, (1.15)
with the boundary condition that the eleciron density
ek ‘
vaff@s at the cavity surface. A high frequency lonisation

coeffident con be defined as

f = 2 " (1.16)

= Der
where D = diffusion”poefficient.

;Values of f have been calculated by Brown and others
| from:%he breakdown measurements under parallel plate condi-
"tion in éylindriéal cavity and are expressed as function of

E/p and P)\ , where .\ is the ﬁavelength, The data are
then used %o calculate breskdown voltaées in air between
co-axigl cylinders and resulis are fouﬁd 0 be in close
agreement with the experimentally determined values. If the
applied frequéncy is greater than the fregquency of inelas-
tic collision and less then the frequency of elastic colli-
sion, Holstein (1946) showed that the energy distribution of

essentially

electronsg in h.f. field is easily the same as that of



electrons in & static field equél in magnitﬁﬁe o the PelleBe
value of h.f. fleld. Hbl-teln deduced the breakdown ccndi-~
‘tion that $he rate of production of electron by ionlzation
must exceed the rate of loss due to ﬁlffusion for non aﬁ*a-
' ehlng gases. in case of a uniform flela between paraﬂlel plates
the ealculated relation between the breakdown gradient E, the
gap length *d" end the gap pressure 'p* is

i/

, .Ol — ___'(E_',‘_I‘E__ ' _
Q) ) ’e(E/p)-“/b’ (1-17)

km 02 is the Townsend's first ionisation coefficient,

_ In'a»aeries of theoretical papers on h.f. discharge,
mgrgaﬁvénd Hartman (1948) heve discussed methods for deter-
mining the electron emergy distribution and have shown how
such functions can be used in the calculation of the break-
dovm fields on the assumption that the only mechanism for
electron removal is récombingxibn with positive ions, The

calculated values are apprecisbly lower then the measured
| Wwaluea and the discrepancy is explained by the congiderg-
tion that eleciron must also be removed by other mechanisma.

Kihara (1952) assuming & proper model for collision
proeesaea in the molecular kinetic theory of electrical ais-
| charge and modifying the Boltzmanks trangport eguation obtained
- expregsions for the fundamental parameters involved in the
disqhérge phenomena of gases,. ﬁividing the whole problem
into different parts, Kihars obtained absqlufe expresasion
foriﬁoaility coefficient, diffﬁsion goefficient and eleétron
temperature in terms of some molecular constants, and some -
measurablé-parameters. The proceésea by which these mole-~

cular constants for different gases and vapoura,are‘toAbQ-
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caleulated have also beeﬁ; provided. Sterting from Boltzmann
distribu$1sn of charged particlee in a gap wmth uniform
temnerature and pressure and nonuniform density and applied

external electric field, Kihare (1952) also obtained the

well known relation, diffusion coefficient = ng x
noblllity whe;i-e Te = electron tempergtumre and K the Boltgmenn
constant. o '

. Aseuming that the coefficlent of elastic scattering
- between gﬁs molecules and electron or ion is invérsely pro=-
portional to the relative speed between the colliding&parti.
cles an expression for the difference of gas temperatupe and
- electron 'tempexfatuz’e in terms of applied fielé end frequency

has been obtsined by Kihera. Extending this idea, the mobi-
lity coefficient of electron in goses is given by

| K = m‘;‘ | (1.18)

where N = nunbey of molecules per c.c. and )\ is & mole~
cular constent introduced by Kihera in this theory { dinen-
sion om> sec.). Rihara accounted for the excitation by
electron w:.i‘.h the help of a model giving cross gection of
excitation as Qi ¢, ) =7 C7C: i.e. which involves
a proecess sfich that the speeds of electrons decrease from

| Go t0 values below C because of inelastic collisions,
Here f 1is a molecular ﬁodel constent which hes the dimen~
sion of ares divided by velocity. Aeéording to this model
the total cross section Q( C,Co ) = F Co is pro-

portionsl to the speed of colliding electrons. For high



freguency field, the eleactron temperature is obtained as

p—

o ) |
. K—‘r ey 11_23_" | . e.Eo'
KTe =( A ) Ty g (119

poi—

and the dielegtric cdnetan# )

EICETLE IR

The process of ionisation by collision with electron was

explained assuming a wodel cross section.

0 a2
| g -, )AE’ (c>c)
Q = : (1.21)
@) L (C < C;)_
where ¢ 18 a moleculer constant with the dimension of area
mmd C; corresponds %0 electron velocity at first ionizstion
potential, Since a few él_ectmns with exceptionéliy large
energies usuaiiy tanke the main part of ilonisation, Kihara
considered that the veloecity distribution of electrons is
not dieturbed by the ionisation process so that 1t can be
| taken as Maxwellian., From this rea‘:soning he obtained the

expression for the first Townsend coefficient < am

P
Yp = Roexp(® /) (1,220
. - \/ )
where A, :%E(_ (_5?7_\) 2
.\/Q_
‘ . N 'mc:*(
and By = § o 3X)
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wWhen the gas ls excited by Microwaves snd the pressure is high
the loss of electrons is generally attributed to diffusion
but in case of excitations by radio frequencies the loss is
due both to mobility and diffugion and the continuity eqa-
 tion in one dimensional treafment is given by
n | S - S :
— = 9 g~ KEJbgwq~3 .
Y3 n+D.co [ <5 (1.23)
where K is the mobility coefficlent of electron. The
breakdown conditior for r.f. discharge is

i = Eo 17 -
L2k E ) = (1.24) .
On the assumption that electrons veloecity distribution is

Maxwellian, the solution of equation (1.24) is

exp(B, %) =APL (1- E’E{’_ ) (1.25)
. Cy =

wheré A1,,and 02 are two derived molecular constanfe int-
roduced by Kihara, A is the wavelength of the applied ».f.
field., This theoretical expression ls in agreement with the
experimental observations upto a certain limited range. _
Teillet and Brunet (1965) in their conference paper inves—
tigated the physical mechsnism of high frequency @ischarge
maintained by resonance. It was concluded that when a redic
frequency discharge is excited with a frequancy L%éﬂ higher

than the collision frequency » , & resonsnce due to the



dispersibile properties of the plasma can control the steady
state of the discharge and determine the value of the electron
density for a given geometry and frequency. Besideg the two
general type of loss of electrons in high frequﬁhcy discharge
namely mobility and diffusion, there may be a third type of
loss mechaniem which becomes very prominent in caese of cer-
tain goses. This is the loss by formation of nn'negative ions.
Negative ions appear in gases under two circumstances (a) fhey
may be created in the gas largely through attachment of free
electrons to atoms and molécules om by dissoclation of mole~
cules in the polar pﬁaee by,eléctron impact (b) they may be
iatroduced in the gas by intéraotion of fast particlhes of
atornic mass with surfaces or by liberation from hot surfaces.
Attachment of electrons causes loss of the former as lonising
agents and leads to delayed and undesirable elegtronic ionie
sing évents in assymetricallfield breakdown. 1t ﬁay further
act to increase the rate of losa of cerriers by recpﬁiﬁatton.

This loss of e¥eoctron by attachgment is-é’very pre-
doninent factor in case of certain tyfes of gas e.g. 02. ¢02,
802, halogens, some organic vapours etc. which have a strong
affinity to attach the electrons to neutral atoms or molecules
to form negative ion directly or by diéﬁiation. The electron
is Bound to the molecule witﬁ an energy Ea which is called
the electron affinity. The phenomenan of electron atischement
%o neutral atom is a comnmon s occuraqéé for gases whose

outer electronic shelds are nearly filled, The measurement
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of the ease with which an electron can attach to a neutrsl
atom or molecule is given by the slectron af;finity .energyj
which varies from about 4 volts for gases like F, and 0, to
nearly gerc for those geaes whi.ch ex%bit amell attachment and
' is —Ve for those which do not. Atoms characterised by closed
eleetromc shells ax'e inert to extra atomic electrons. Hole-
cules in a L ground state are charac serised by neEkk no-
resulting spix; oy angular momen‘tnm. As elegtron that makes -,
impacts per sec. end under the action of the figld 'E' moves
ME centimeters per second and takes /7;";. seconds %o go one
centimeter, Starting with M electrons, the number dn out of
'n! that. attach in going dx centimeters with ﬁepend’ on 'n'
%fpeana on dx . If W is the proportzonaliy constant,
'. then do =—hne Ifz' Cand 'is czlled the probability
of attgchment and is the reciproeal of the average number of
impscts an electron mwakes te attach and /‘4 iz the mobility
coefficients Another gquantity /.‘a may be défi;ned ag the
probability of attachment per em. travel in analogy t0 io-
nisaetion coefficient X and like wise //p is a function of
B/p. These two attachment coefficients are related by h = /5 /‘:
Hence smother coefficient .), mey be defined in analogy to >
jonisation frequency, and may be called the attachment fre~
quency =né it is relsted to h by h — QQ/D,_- ) Paking into
congideration this new mechenisg, the conductivity equation
. for number of electrons/c.c. msy be modified by putiing
£ (ai”ba) %”\] in plage of (2in) es the frequency of



- 31 -

production of electrons, when'the breakdown condition in case
of high frequency discharge with Mexwellian velocity distribue-
tion of electron can be’given by

£, - - 2 n n Vowg

’p ﬁ-_‘f/P 3 (Fp)(pa)”
where Ee=‘effeetive field, Wowe = average electron energy in
e.v. The quantities */p. F/p eand Ug,, are all functions of f¢/p,
and depend on the energy distribution function. Different authors
measured the variation of <y and £/p with E/p. Gensidering'diffe-
rent possibilities of energy digsipation of electran after atta-
chment to the molecules and astoms and applying continnity equa—
“tlon Herrigon and GeWballe (1953) obteined the expression for d.c.

current for applied d.c. voliage E as

=[] exp[-md ] - Ry © (1.26)

where @ = distance between the clectrodes. Variation cf-d.c.

current with different électrode sepaﬁation for values of E/p =

60 to E/p = 25 volts/cm/mm. of Hg. were obtained. Varietions of
f/p with «/p were obtained for eir, Freon, CFs, SF;. Mea-

‘surements of variation of h with B/p were made by Brodhury and

Talel (1939) for gases, 80y, N30, HyS, NHg, H0, Hel, Cl, and

. @ifferent mixtures of attaching gases. Burch and Gebbale (1957)

measured the variation of A/p with E/p of oxygen, Veasurements

of cross section of attachmeni of halogens 012, Bra,:I for di-

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

2 volts at - energy of clectrons for all three gases. Qhese are some

of the observations of variation of f/p with E/p.
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These measurements of variétien'bf /p and K /p with

E/p help to compare the bréakd.own voltage date observed in
high frequency discharge of attaching gases faking the effe-
ctive high frequency fieldas as the apyl:ied d.c. Tield,
Harlin and ‘Br.own '(1948) meafsuréa the breakdown voltage in
air at 3000 MHz with the distance varying from 0.63%5 cm to
0.158 cm end the presaﬁre varying from 70 am Hg. to 2 mm Hg,
Similar measurements ﬁvere. done by Pim (1949) at 200 EHz with
the gap length va:cying_y from 0,08 em to 0.06 cm and the pre-

ssure 'varying from 760 mm Hg. to 160 mm Hg., The discrepancy
| b\etwee‘nﬂ thege observations end theoreticel plot of breakdown
curve, obtained by tgking 'help of measizrements of Heaie‘y and
Reed (1941) for average electron energy as function of E/p
was of the order of 10%, However with increased purity of
alr by taking observations with fresgh air aftéx: exhauating
all air of the previous obs ervation the experiﬁental curve
'_ shows much betier agréement_ with the theoreticel curve. The
data of microwave bréakdcwn measuremepts in oxygen at 35000NHz
with gep length 0.635 cm over = range of pressure from 70 to
2 mm Hg. are in good sgreement wit_:h the theoretical value cal-
culated with the he;i.p Qf measurement o'f- °‘/p and 1B/P for
oxygen from the work of Harﬁson and Gebballe (1953) and
taking the value of w' = 3.5 x 107p. obtained from
mobility measurements of Niclsz{sen Bredby (1937) end the
relation forxr the a,.c. mobili'hy, @9 get the value of B given

by

kil (e
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where Ep exp { dwt ) is the applied field (high freauency)

and m is the collision freguency.
(b) BREAKDOWN IN PRESENCE OF MAGNETIC FLELD:

-Breakdown of a high frequemcy diacharge in a gas in
presence of magnetic field has been studied previously by
some workers. Townsend and Gill (1937) caleulated the effect
of 2 magnetic field on the breakdown potential of a gas under
r.f. excitation and chowed that the mobility of the electrons
in the direction of the electric field is reduced and is given
by the equation |

= K o
Kn= Troro” (1.28)
where Oy . = g%gl s. the cyclotron frequency, and T is

the time between successive collision. The diffusion coefii-
cient D is reduced in a direction perpendicular to the mag-

netic field in the ratio,

From these considefations, they observed that if the electric
and magnetic fields are parallel, the diffusion perpendicular
to the field is reduced and hence a smaller breakdovm field
i9 necegsary. Ix the fields ares perpendicular not only the
breakdown voltag§ is redubed but for certain value of the
magnetic field and the'applied frequency pesonance will occur

vhen

(1.30)

‘ 5 applied = ZnmcC
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They carried out experiments in air for two frequencies
namely 48 MHz end 30 MHz and the range of pressure varying
from a few mm. Hg. to 24 nm. Hg. A decregse of the gtarting
potential was noted for values of pressure less than the mk
minimum without field and incrgase}of sradting potential
for values of pressure gpeater than that at which the break-
" down voltage becomes minimum when the magnetic field is
applied. The values of the magnetic field were so chosen:
that the resonance condition was satisfied. The work has
further been extended by Brown (1940) to the case of hydro-
gen who obtained almost similar resulis.

Lex, Allis end Brown (1950) carried out experiments
on the breaskdown voltage of a gas excited by a microwave
field in presence of a transversge magnetic'field. The gas
used was helium containing a small sdmixture of Hg. vapour
and- they obtained breakdown curves for different values of
"pressure. The breakdown voltage becomes a minimum for a
magnetic field (1155 gouss) for all values of the pressure,
the effect of resonence heing most marked at low valuéa of
preasureil. v

Ferritti and Ver&éeiv(1955) performed experiments in
eir for frequencies rangihg from 10 MHz to 30 MHz in air,
the magnetic fie;d varying'frdm 0 to 600 gauss. They uged
eylindrical.eieétro&es.and observed & lowering of brezkdown

potential in presence of magnstic field.
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Most of the work in thig line was done in resonance
magnetic field such that the fréguency of the applied and

the megnetude of the magnetic field are of such a velue that
. :
omme.’

eally little work has been done in which the magnetic field

Sapplied was satisfieé. So far practi-
is far removed from the resrience value., Sen and Ghosh (1963)
gtudied the breakdown in air and nitrogen x in crossed non-
resonance nagnetic field applying the radio fregquency veltage
of frequency 8,1 Mz and 7.15 MHg respecti?ely'in the ére-
ssure range of a few microna Hg, to 500 microns Hg. They
obtained Xa family of curves for difﬁer;nt steady megnetic
fields whose vzalue 1ies\within 100 gauvas. It was observed
that each curve for o steady crossed megnetic field has got
a minimum breakdown volitage at & certain preseuré which
shifts to higher preasure as the magnetic field is'increased.
An incregse of bregkdown voltage was also observed on the
epplication of transverse mggnetic field within the range of
pressure for which the measurements were taken, Follauing
the theory of Kihara (1952) for breakdown of gases by radio
freqnency'field and equivalent pressure concept introduced
by Blevin and Haydon (1950) with the variathon of mobility
and diffusion coefficient in a magnetic field, an expression
for the breakdoan voltage of gages by r.f. fiéld was deve=-
loﬁed to explain'their'experimental resulis. it'was obsexrved
that the theoreticsl results are in faiily good agreement
with experimental results. The digcrepancy was attributed to

uncertainties in the values of molecular conétants introduced
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by Kihera in his theory. They also considered the effect of
attachment loss to the breakdown condition and obtaeined the

modification in thelr breakdown iroltage expression as

Eo= (E) b+ LGt (1.31)
2K ’
’ e - \/Z &L — \/2
- Where b:[ - q] :‘lﬁ_ﬂf—]
Vi “p L

and T( = mobllity coeffigient;
L = length of ths gap, (U & applied frequency.

E:” = Breskdovm voltage without consideration of attachment,

E, = Breakdown voltage with consideration of abtachment,
This new modification with the consideration of attachement
1osé ghowed a better agreement between theoretical and expe-
rimental breakdown voltage.

Bagnall and Haydon (1965) gtudied the pre-breakdown ipni-
aatioﬁ in molecular ni‘i;rogen tb estaioiish whether the influence
of a transverse magnetic field is equivalent to an inérease in
the gas pressure from & 'p' to PL =D (14- C"Zv }% where (© 419
electron cyclotron frequency and 3 e oonstgn'h, which is the
effeetive‘electron moiecular collision frequency. When the
" value of B/p_ lies within the vange 150 & E/p {250
PR ¥ em™! torf,"_ > hés a constant vaolue equal
0 8.3 x 107 Do sen,"’ but when B/, < 150, “/p must

decrease with increasing E/P o Tor satisfaetory agreement X
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to be msintained. The possibility of extendiﬁg the concept
40 account for the cﬁanges in secondary ionization and the
breaskdovn potential in nitrogen are also discussed., Conei-
dering the different complex situationg of pre—bﬁeakdown
ionisation at diffevent I/P, , they observed that the com-
plex situation is not restricted to nitpogen so that an
apﬁroach t0 the problem of breakdown in terms of an equiva3d
lent incresse iu sgas pressure is by no means simple and

2t least for nitrogen the equi¥mlent pressure concept is

valid@ within e limit range of E/P values.
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{5)  PLASHA DIFFUSION IN A MAGNETIC FIXLD.

Ordinary diffusion of slectrons and ione across e
negnetic field is caused by collisions. The claesical bi-
nary colligion diffusion theory(Normal giffusion theory)
'which is based upon the equation of motion of charged
particles is Boltzmen's equation which predicta a greatly
reduced diffusion rate in the direction across a strong
megnetic field. The: theory has been configmed by experi-
mente with low temperature plaswmag, only under restricted
conditions. ,

The development of this pubject during the past decade
has been'highly‘influenced by the pioneer work of Bohm,
Burphopg, Massey and Willisms and theilr collaborators(1949).

| Earlier reviews of this topic have been given by
Simon (1958), Lust (1960), by Paulikes (1962), by Hoh (1962),
by Boesehoten {1964) and by Granoveskii (1966). An extensive
discussion on these problems is also due +to Lehnert (1961).

The binery collision diffugion coefficient of charged
particles perpendicular to a.homogeneous magnetic field %z
_has been given by Townsend (1937) |

Dy De (
- - _ e (1432)
:Dt"L - 1+&)2/3".:v > :DQ_L - 1_‘,&)'?‘:’(3
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and where D; is the diffusion coefficienﬁ of ions in the
gbsence of a magnetic field, € the electronic charge, M;.
the ion mass, ¢ +the gyrofrequency of ions, and 7; the
collision time b#tween ions and neutrals. The same notations
are valid for electrons where € ig used as subsqriﬁt. Here
we meinly confine the discussion to a weakly and singly io-
niged gas in which only collisione withk neutrsl particles
are important, A rigovous treatment §f diffusion coefficient
(eqn. 1.32) in such a gas has been given by Chapmen and
Cowling (1958). Golent (1960) has extended their célculaﬁion
to include the effect of electron ion interactions.

DIF?&SIQN IN ARC CHAMBERS:

An sre o$ gome emperes is struck between the iilament
and the anode, Ionization tekes place in arc column continup
ously, end the produeed charged particles diffuse radially
out wards. Thése form a secondsry plasma body, having a
tenperatures upto 2 e.,v. around the arc, In general, electron
neutral and ion neutral collisions dominate.

The secondary plasma body ls kept in a steady state,
pertly by its diffusion at the walls snd partly by radial
diffusion scross the magnetic field., Obviously, the cha-
ractcriatieffolding length %, , by which the plasma
denéity decaysradially, depends upon the‘raxio between the
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diffugion rate at the secondary plasma along and across the
magnetic field. The values j(o can be cbtained by measu-
ring the ion density dlstrabution with probes. With shese
values, the transverse diffusion coefficient of ions can be
etermined and compared to that given Ln eqn. (1.32), ‘

A correct apprbach of the “Normal Diffusion Theory"
geemingly ie simple, but in reality a very complicated,
problém and was first given by Simon (1958) and then by
Zharinov (1960). A more detailed analysis of this problem
has been given by Tonks (1929) who approached the problem
by assuming an approximate Bolitzman equalibrium for the
electrons along the magnetic field, but allowed & omall
deviation in the potentigl, "

With a cylindriecal geométry Heidigh and Simon (1958)
were able to show that ., ¢ i, and that X, € K,
is in accordance with the theory of Simon. At lower pressure,

Ko K Pyz was found in agreement with the results of

Tonks. As celculated from equation (1 32), Simon cleimed a
atatisfactory agreement. Further, we 1ound simllar agreement
from Bohms' date. Simon (1958) concluded that plasma osci-
l1lationg have little effect on diffusion and that no drain
diffusion mechanism need he proposed.

Later, Boeschten and Sehwirzke (1961) studied the

trangverse diffusion of elecirons and ionsg in a large drif+
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tube inserted in a magnetic mirror field with a small mirror
ratio. The dependence X, % %Bz was found in agree-
uent with the observation by Simon end Neidigh.

Instead of inserting probes into the plasma body,
Zharinov (1960) mounted his probes outside the plasmé, Thoough
holes in the anode, electron and ion currants along the no-
rresponding lines of force could he collected. He found that
the electron currents 4o the probss were much larger than
that predicted fxém the electron diffusion coefficient im
aquation (1.32). They also found that the electron probable
currsnt euddengly increased by an order of magnitude at a
certain criticel magnetic field, where os the ion current
remained vnaltered.,

DIFFUSION IN POSITIVE COLUMN:

In contrasdiction to the arc plaswa, the radial density
digtribution in & cylindrical ‘positive column immersed in a
strong exlal magnetie field is inﬁepenﬁanﬁ-of the magnetic
fiald. Neverthless, the particle flux'tq the wall greatiy
decreases as a consequence of eqn. €%9x%2 (1.32)., The re-
duged particle less reflecfs iteelf in the diminished rote
of ions electron palr production. This decreased the axiel
electric field. Thus, the transverse diffusion coefficient

can be egtimated from the measured axigl electric field.
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ﬁehottky’s theory of positive column has been'exﬁended‘
by Tonks (1934) amd by Bickerton and Von Engel (1956) to
include the influence of an axial magnetic fieid. Later
Lehnert (1958) rég&?ﬁusly-re-examined various aspects of the
theory, starting f?om the macroscopic equatioﬁs of the mofion‘
of cherged particles. The corresponding extensiyion of Liang-
muir and Tonk's theory has been carried out by Bickerton and
Von Engel; who glso experimentally veridied their theory.
Hon (1960).ma&§‘the same initial assumpiions as those listed
by Lehnert, to write the basic equations in & suitable form.

The electron temperature neceséamy to produce the
required ionization rate Z(Te)  may be obtained from
a relation given 5y'Vbn Engel ahd-Ste%nbe@k (1955).\0n the
other hand, the axial electrie iield Ez is glso commected
with elsoiron temperature through the energy balance rela-
tion; i.e, the snergy gain of an eleciron ?n the field Ez |
betwgen two collisious shoéld, on the aversge, compensate
the energy loss of the electron in a collision. Denoting the

average fractional energy loss of. the electron in one colli-

sion by Ko (Te) , it was found that
7 7 '
_[&a\? l;x Te) ] KT
Ez“(‘n-> e ( QD-] Z?;E (1.33)
e

where Ae -is the eleciron mean free path. The sbove equation
ie plotted by using Kg(Te) £Uncﬁion given by kelmeri{ti®



- 43 =

Lehnert (1958) and by Hoh snd Lehnert (1960) end Wajeiszek
(1960). The diffusion'coefficient Doy 13 now expressed
as a funetion of E, via the functions Z (o) amd K. (Te)
Epsentially the effect of an axlal magnetic field B, is

~ to decrease Pai, Tz and hence elso E,.

The use of the axial electric field as a measure of
the radisl @iffusion has been criticized. Firstly it has been
pointed out tham the axisl electric field is s rathér ingen-
gitive méasure of the particle lésses {Lehnert,1958; Eckers
G. 1961). Secondaly, both 2 { Te ) and Ko(Te)  were
calculated assuming & Maxwellian distribution of the elect-
rons . (Lehnert 1958, Von Engel 1955, Ecker 1961). It has been
suggested that uge of the radial potentizl xdistridbution
provides a more sensitive method for the study of radial
diffusior.

In apite of thege facts, experiments with & helium po-
sitive column in a magnetic field showed good egreement with
the theory. Actuzlly, in 19561 probe meésurememts in the ex-
periments of Von Gierke and Wohler showed thst the electron
veloecity distributioﬂra helium positive colum is very nearly
Maxwelllian and ddes no#b chénge very much with the magnetic
field. | | .

Early experiments by Rohklin (1939), hy Cuimmings and
Tonks (1941) and by Relchrudel and Spivalk (1941) of the po-

eitive column in magnetic fields available were found to give
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resulte in agreement with the theoriea (Tonks and Langﬁuir
1929, 1939, Schottky, 1924) » Let¥er, Bickerton end Von Bngsl
(1956) showed that the positive column behaves in accordance
with the normal-diffusion theory in an axizsl nagnetic f{ield
| upte 500 gauss. | .

 In extending these experimente to stronger magnetic
fields and 4o longer tube lengths, Lehner (1958) mede the
imporiant discovery that the positive column suddnly becaus
unsteble and that the transverse diffusion increased greatly
when the axial magnétiq Tield exceeded a-certain eriticel
value,..

Hoh and Lehnert (1960) measured the axial electric
field by the probep, as a function of fthe magﬂétic field
and when compared with the normal diffusion theory, the
theory fits the experimental wvalues quentitatively upto a
cerdain critical magnetic field.

The depandance of the criticalimagnetic field on the
pressure, tubs redius, different gases, and the end effects
has been explored systematieally (Hoh and Lehnert,1960).
From the currents collected by probes Inside the plasua,
Wasileva snd Granowalid (1959)>fcund some kind of anomalous
diffuaion by using probe techniques.

With stereo-stmeak photo graphs, Allen, Penlikes and
Pyle (1966) found that the current in the positive column
concentrated in a rotating screw shaéeﬁ channel when the

megnetic field just passed its critisal velue. The ratational
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frequency and the wavelength of the helix, as well as the
eritical magnetic fiel¢=measured thereby, were of decisi%e
importance in checking and confirming the theoreticel pre-
dictions made by Kadomlaey and Nedospasov (1960}, The cri-
tigal field measgred under varioug conditions wae in good
agreement with previous experimental results (Hoh and Leﬁﬁrt,
1960) . Further, the radial potentisl observed also seems to
agree with theoretical predictions (Hoh,1962), Han Johnson
end ¥ Jerde, 1962), |

In a low pregsure PIG dlucharge, Bermel, Brifford.
Gregoire and Manus (1961) found that the radisl anomalous
diffusion decreased agein with increasing magnetic field at
magnetic fields much larger then the critical field,

Further, no rotatiné screw shaped qurrent chonnel was
observed in contrast to. other experimente (Allen et al,1960;
Johnson. and Jerds, 1962).

Von Gierke and Wohler (1961) have extended the experi-
ments to include the effecfs of additional r.f. ionization
(4 ¥Hz), helical multipolar magneitic fielgg and a pure azi-
nuthal magnetic field. Johnson and Jarde (1962) studied the
screw instability in a magnetic field m thaet smoothly rose to
its full value in a time of the order‘oftfew milliseconds. 1t
was found that the criticsl mognetic field obmerved x was
three times higher than the corresponding static critical
magnetic field. Thi?i%ﬁgt the rising magnetic field induced
an azimuthal electric field which d epressed the onset of the



ingtebllity. Further, if the static axial electric field were
replaced by an a.c. field (Panliker,1961), the instability
‘disappresd when the frequency of the B.c. Tield wes higher
than some tens of KHz. All these obeervations seem 10 be com-
perative with the screw instability theory (Kadamtger, 1960,
Hoh, 1961, 1962, Johnson,1962) although a detailed prvof has
not yet been given., The screw ingtabiliity also seems to be
operative in heavily distorted geometries (Ekman, Hoh and
Lehnert,1960) znd ‘secms to be observed in connection with
microwave megsurements of the electron temperature of 2 po-v
gitive coluum in magnetic fields (Browa et al,1962),

A new method for obiazining electron diffusion-éoeffieignt
has been introduced by Jurst and his co-workers (1963) et the
Oak Ridge National Leboratory. This method diffsws from Tovm-
gend's (1915} in that it requives pulssd rather than cteedy
state operation. The technique differs from the Townsend and
eleotrical shutter methéds in that it pea pernits the simul-
ﬁaneous'independent evaluation of both the drift veloeity and
diffusion coefficients. |

The theory snd mechanism was Bowever, further studled by
many workers, Granovskii and Yrazgkov {1964), Uouthasn {1965),
Granovaskii (1966), Schowirzki (1866) and others.

Bulanin, Zhillnskii, Smirnov (1970} showed that the apeed
of endwmously fast diffusion of plesnn Transverse to a homo-

genecus magnetic field found under ceriain conditions, does not
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depend upon the type of gas (such as helium, argon, hydrogen, ca@-,
gium and mercury) or pressure of neutral particles. | A

Takeda (1970), Tekeda, Kando (1970) showed a diffusion of
plasma particles in helium gas by measuring the decay time of the
electron density in decaying plesma using microwave techniques,
The measured decay time constants are coﬁpéred with valuen predie-
ted theoretically and seen to indicate a chenge from embipolar dis
ffusion to Bohm diffusion with increasing megnetic field, although
the variation of the time constents with pressure is greater than
expected for Bohm diffusion. An oselllation of the plasma density
with a fregquency of the order of tené of Kiloherts has been 2lso |
detected. |

Vehal (1972) has carried out calculation regarding the re-
lation between the tré@averse spatiad diffusion end conduetivity
coefficients comsidering o generalized Einstein relstion. Thege
coefficienta have both a 1/B (volume dependent) terms (with B
uniform magnetic field as well as 1/B° (volume independent) term
for a finite plasma. For an infinite plasma, the coefficients have.
8 ‘classical 1/3 dependence.
_ Toylar (1973) investigated diffusibn in tﬁo diﬁensiénal
plasmag and showed that at high magnetic fields it is always pro=-
portionsl to 1/B When this 1nvestigation is extended ts three
dimensions a 2D-like contribution to diffusion is found which
dominntes the elassical (1/8%) diffusion at high fields. This
2D-like contribution diminished slowly with the size of the

gystem and is



sugeceptlible to ehear.

The plasma transport rates'in the d.c. octapoles device
waa measured by Ohkawa, Tamsko, Prater (1973) for various
valﬁes of collision frsaquency. The diffusion rates are proe-
portionsl to the inverse square of the magnetic field stre-
ngth, independeﬂt of collision frequency. For short meen
free pgth reginent, the experimental resulits agree with the
Pfirsch-Schluter theory‘in wagnitude of the coefficient and
dependence on tempersature and ddnsity. For long mesn free
path regime, the regults agree with the neoclassical theory,
Okuda, Dawson (1973) has carried out calculation on the plasma
diffusion acrosé a magnetic field considering three regions;
for sufficiently weak magnetic fields the diffusion coefficient
is the classicsl one with Bl_ikng going 1ikevB'2 for moderate
magnetic fields ( O = W, ) the éiffusion rate is
enhanced =and Ql_ia alnoat independent of B ; finally for very
large fields ( (W ; = Wp; ) the diffusion coefficient g&ta
like B'?.-The enhahceé diffusion at moderaxe.andahigh nagnetie
fields is dominated by collective models; i.e. by thermally
excited convective modes. They have also shown that the di-
ffusion coefficient behaves eagentially the same way for a
three-dimensional plasma when the magnetic fieldhlines are
closed,

The diffusion coefficient of the electrons across a

fidd .
nagnetic, (with strength B) wes also calculated by Ichimaru,
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Tange (9974), in terms of the spectral function of the elect-
ric field fluctuations. For a Mexwellisx plasma it is found
that the diffusicn coefficient constains an anomdlous term

® *

D, in addition to the usual clagsical term, Dy i8 propor-

" -1 v s Q.Y = -2 ‘
tional to B™' when We (1+Te/t)> Sle snd to B Aoy

+ ¥ '
when co, (1 +7TefT, ) € SUe o where We is the electron

plasma frequency, and ~Sl,‘;the‘alectmn oyclotron frequency.
The contributions of the like-particle interactions vanish

identicelly in the diffusion coefficient.

1



(6)  ELECTRON TEMPERATURE AND ELECTRON DENSITY MEASUREMENT
IN IONIZED GASES IN MAGNETIC FIELD.

The simple single wire Langmuir probe is undoubtedly
the most widely used diasgnostic tcol in plesma (i.e. mea-
surement Of‘Eleotron temperature snd electrondensity etc.)
'even to-day. Such probée, thyough indeed rather simple me-
chanieally, ore quite the opposite in regard to the theory -
of current collection. In fact in most probe applications
with plasma lmmersed in magnetic fields, rigorous theory
does not exist, Nevertheless probes continue to receive
wide uge since they can yield measurements with a degree
of locelization difficult to achieve by other methods. Even
when operating in doﬁins where approximations can not be
made 30 reduce the theory to a tractable fégm they provide .
relative measﬁrements that show a great deal of the struc-
ture of the usual mon-quicgcent plasma. .

The @ingle probe characteristics rely on establishment
of a firm plasme potential that serves as & reference for the
probe voltage. In some dlscharges a good reference point does
not exist end in others fairly large electron currents are
drawn to eatablish the probe characteristics, which cause
perturbation sufficient to alter the plasma conditions. The
doublgzg;;tem was proposed to sllevgiate this diffheulty.

Two proﬁee are spaeced sufficiently cloze to ensuve uniform
plasma in the intervening region. The probe system is allowed

to float relative to the plasma so that no net current is
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N

drewn from the system. The resulting potential is the
"floating potential® which is aufficiently négative with
reapect to the plasma to repegl enough kafih of the higher .
mobility electrons to meintain 1,=T, where 1, is
the electron current and I, that due to jons.

Between tﬁe probes one placed a bias V=1V, - V, 50
positive cu;:ent flows i@ the external circuits from probe-2
%o probe-i, If the probe aress are such that Ay o A, both
probes are negative relative to plasma but V1 is legs nega-
tive‘and Vz more negative. Thus more electrons flow to 1 and
fewer to 2. Fé% larie positive V, probé 2 will draw only ion
saturetion current while probe 1 collect juét enough net
electron current to cancel the ion current to 2, The double
probe characteristics is thus gynmetriec when A1 ='A2 gnd the
total current to either ﬁrobe can not be greater than the ion
saturation current, This condition has the advantage of mini-
miging the plesma perturbation since the current flow is
smell; a% the same time however only the electrons in the
tail of the distribution enter the probe current.

The clésaical theory of probe measurenents in gas
discharge [Lengmuir (1923), Languuir and Mott-Smith (1924)
and Lengmuir (1926)] containg the basic essumption that the

<

potentisl difference between & probe and the plasma in which
it is immersed, is confined to a space charge region or

"Sheath" which surrounds the probe, i.ei it is postulated
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that the Plagma out side the sheath, is unperturbed by the
presence of the probe. However, during the course of their
regearches on the low pressure mercury arc; L;ﬁgmuir and his
collegues found that the potential difference existing between
the axis of thé discharge tube and the wall was not entirely
sssociated with the wall sheath. The effect of this field,
penetration of probe measurenents was ignored until +the study
of Bohm, Burhop end Massey (1949). The subject has been dis-
cussed by several writers (Bayd, 1950; 1954) VWenzl, 1950,
Allen and Thonemann, 1954.

Bohm et al (1949) showed that the ion current depends
on the electron temperature, and noﬁt%he ion temperature
because the electyon temperature determines the strength of
the electric field which deaws the ions towards the sheath,
However, their theory does not deal with the potential dis-
Yribution within the s%éath, nor with the increase in ion
current which i1s obgerved as & probe ié-made more negative,
Allen, Bayd and Reynolds (1956) presented a treatment which
gives potential distributions both for the plgsma and the
sheath, together with the positive ion current voitage cha-
racteristics. This work presents a method suitable for the
computation of the.characteristics of electrostatic probes
in caze where collisions ére'neéligiblé. The method is app-
licable only %o probe of such symmetry that the charged
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particle orbits can be characterized in terms of explicit
time independent cohqtant of motion., Bernstein, Irving and
Rabindwitz (1959) used apherical and cylindrical probes to
the collection of positive ions. The method is completely
self consistent and requires no apprio:i seperation of the
discherge into plasma and sheath. They formulate the thedry
of spherical cjlindrical probes immerged in plasma of such
low density that collisidns cen be neglected. Medicus (1956),
Boyd and Twiddy (1959) developed the practical techniques for
extracting and displaying the second derivative of current
by voltage to the distribution function in connection to the
theory of Moltsmith and Langmuir (1926). A simple and accurate
elaotrie electronic device for reducing the probe data and
displaying the results on an oscilloscope is described by
Harp (1963), The circuit employs commercially avéilable plug
in amplifiers to provide maximum.éﬁse‘of construction and high
accuracy is obtained with a minimum of calibration adjustments.
The probe characteristics of electron and ion currents for
simne single electrode {cylindricel snd pain) snd for two,
three gnd_four electrode plane probes are studied by Ionov
and Tongegode (1964). They found that the most complete and
corract data an electron and ion diatribution in a plasme can
be obtained using three and four electrode probves, A four
elegtrode probe should be used when photo and secondary
pmisaioh oécurs under the action of fast pariticles, ie.when

studying low density cosmic.plasha. Application of megnetic
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field B hos the immediate effect of decreasing the ratio
of electron to ion saturation currents. This ratio which for
23 ;,o is (Te,”fw / T.\mp)‘/?’ >~ 100 can decrease by an or-
der of magni‘bude when the magnetic field is such that the
probe radius and Debyé length are large compa:cged 1:0 the ele=-
ctron Larmor radius Y, but still smell Vcompared to the
ion Tarmor radius Y3 whereas the electron current that
is normally asvailable with B =0 is tha:b'due to diffusion
. into & surface surrounding the probe of ‘radius aqﬁal 10 one
mesn free path, electrons in the magnedic field can. move in
into the probe only slong the direction of the field. Ele-
ctron motion along the field is essentially unhin&e*ced‘
whereas across the fleld the diffusion coefficient is rg;;"eﬁu-
ced {classically) by the ratio
I | v v
jj-r/fDL - /(1+'COQQT ) (1.34)
where WeeT = (€B[m) ( 1/“(") is the produck of the
electron cyclotron frequency emd mean collision time with
ions or neutrals whichever is dominamﬁ,, Tor even very low
fields (eoT Y7 1 s hence classical diffusion varies
as Vo~ 8nd becomes extremely small, Classical diffusion is
seldom obmerved in practice, the cross field diffusion

being given rather by Bohm expression which varies as To [B.
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Nevertﬁiess electron collecﬁion-is mainly along the flux tube
of radius O+¥e with diffusion scross the entire tube boun-
dary meinthbning the particlie flux,

When 8 steady uniform positive column of a low
pressure discharge is acted upon by a longitudinal magnetic
field the charged particles heving veloéity components in
2ll directions, spiral about the megnetic lines of force.
Because 0f their small masa, only the electrons are appre-
ciablj affected by magnetic field. The spiralling parmllel
to the axis of the +tube between collisions reduces the radial
diffugion of electrons and thus s smaller radial electric
£ield is required to maintain the equality between the numbers
of ions and electrons arriving at the non-conducting tube wall.
- Since their radisl welocities sre the game, the radial flow of
both chargea will decrease. A longitudinal megnetioc field
should thus reduce the electron temperature and the eleciric
field in the column. | |

In an atﬁempt by Tonks (1939) to formulate a quan~
titative theory, use was made of f theoretical resultes (Town-
gend, 1959) for the &ffect of = magnetic field on electron
diffusion in the abaence of space charge. This resultg wes
configmed in experiments with electron swarms for photo ele-
etric currents (Balley,1930). It holds also for largercurrents
(£ IO—'%iNWﬁ' ) when allowance is made for the space charge,
Other experiments (Cummings snd Tonks,1941) with a positive

columa in mercury vepour were inconclusive because of the



Qifficulty ofﬂinterpreting probe characterigtice taken in the
‘presence of a magnetic field. Davies (1953) used the spectros-
copic method to inveatigate the £ximk influence of o megnetic
field on the electron temperature in a low pressure pogltive
column in é?siuﬁ vapour. Instead of a large reduction, however,
a small increase in the electron temperature was observed. The
effect of a magnetic field on the loss of chargea from a plasma
t0 the walls of a closed condgcting box has been shown by Simon
(1955) to be controlled by currents'in the plasmé which ars flo=-
wing essentiglly along the field and not by plasma oscillations
. as preyiously suggesfea.,Thesé;argumgnts do not apply here be-
cause the plesma of a positivéicolumn is uniform in the direction
of the magneticifiéld, Bickerton and Von Engelv(1956) presented
.a probe (movable prove) measgreﬁent in e posi%ivg column in he-
‘lium in longitudinel megnetic fields and the effect of such
fields on the_cpiumn is discussed theoretically. Bertotti (1961)
developed a theor&'of probe eﬁavacferistics in presence 0f-a
strong magnetic field Virmant (1063) studied the Langmuir probe
‘in presence of magnetlc fleld, Nohata (1963) gstudied the che=
racteristics of’Langmuir probe in presence of a atrong nagnetic

. fleld. The mechaﬂism of the eolleetion of charged particles by
 hangmuir probe in a strong magnetic fleld has been theoretically

- _investlgated by him, The magnetic field is assumed 10 be muffi-

.,clent;y strpng i.p,'the electron,cyclotgqn_frequency exceddo

. the cqlligion frequency o:_electron:with neutral gas molecules,
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and he obtained the following results (1) when the length of
the probe in the direction of magnetic field is larger thah
the average gyration dismeter of electrons, the probe current
is determined by the éyration(diameter. Wheieas when the probe
length 18 smaller, the probe current is free from the effect of
magnetic field., Experimental results concerned with the satu-
ration electron current, agree with the calculated values.
From a 24 probe azimuthal Array Bol (1965) has produced a
béhtiful display of dénaity fluctuations occuring for given
operating conditions of the Etudetétellaratorq

Uchera, Yetsu, Hagiwara, Kojima (1975) have deve-
loped the probe theory of the positive ion saturation reglon
for a plasma having two electron temperature according to
Bohm's criterion of ion gheath formation. They have checked
this theory exﬁerimenta;ly by neasuring the floating potentisl
and two electron temperatures, appearing on the probe characte-
ristics and showed their variation with pressure and discharge

currentf



(B) SCOPE AND OBJECT OF THE PRESENT INVESTfGATION;

The properties of ioniged gaées under the getion -
of either a longitudinal or a transverse megnetic field have
 been investigated by a large number of workers. Starting from .
the study of icﬁosphere end that of agroraborealis and Van
Allen radiatien:belt where the interaction of earths megnetic
field with an ionised gas is taken into consideration, the
subject has assumed considerable inportance due to the uti-
lization of the Qagnetic fields in various geometrical shapes |
end formes for the confinement ,0f plasma for thermonuclear
povwer generation. In the present work the following properties
have been investigated.

(a) Plasme conductivity in o magnetic fields

It has been shown in previous communications]Sen

and Ghosh (1966), Gupta and Mandasl (1967) and Sen and CGupta
(1969) | that the measurement of radio frequenéy'cunﬁuctivity
of an ionised gas and its variation with pressure ensblex us
to célculate the varioué raremeters aﬁdhkas electron density
collision frequéncy and electron temperature of the gas. The
epplication of the megnetic fisld enableshs to study the
variatien of electron temperature with magnetic fielé algoe
In the interpretation of theae results the only effect that
has been taken into consiﬁeréxion is the inﬁroduction of the
concept“of equivalent pressure as was deduced by Blevin and

Haydon (1958), namely

% = P }L-\—C‘HZ)'»
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end it has been'ébservad that the theoretical deduction can
giplain the experimental fesulté only for small values of (H/?).
Beckmen (1948) has theoretically calculated the effectlbf a
tranéverse mégﬁafie field in an ionised gasiand haé showm that
the magnetic field (1) changes the radial electron density
_distribution and (11) inereases the axial electric field of

the discharge. The incorporation of these deductions has ena-
bled us 0 explain satisfactorily the variation of current in

8 glow discharge (Sen end Gupta,1971) veriation of current vo- ’
ltege and powest in an arc plasma (Sen & Das, 1973) and the va-
riation of intensity of line spectra in a glow discharge {Sen,
Das and Gupta,1972). It is thus worith while to study and &%
analyee the experimentsl results regarding the variation of
radio frequeﬁzg&3§&§bniaed gases in a transverse magnetic £imd
field taking into congideration the theoretical deduction of
Beckmsn, The plasn of the present work is to derive the va-
riation of r.f. conductivity from theoretical consideration

‘and predict results for =mmik some specified cases, The ex-
- perimental results obtained in the present work in the radio
frequency range will be compared with the theoretical cal-

culation.

(b) Momentum Tronsfer Collision Cross-Section for slow
elee%rons'in magnetic field from radio frequency éogduetivity
megsursments | | q | ‘ '

It has been well established that the measurement

‘of redio frequency conductivity of an ionised gas and its ve-
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riation with pressure cen enable us to calculate the electran
density,collision frequency and electron temperature of the
gas. It is the purposé of this semtion fo show that from these
. measurements it is possible to obtein the momentum transfer
colligion cross-section of electrons with neutral molecules
and to study its variation with thg energy of the electrons.
The measurement of the momentum transfer cross section of
electrons for elagtic secattering has been carried oﬁt in

a large number of atomic and molecular gases for a wide range
of electron energies by various siandard methods such as
swarm eexe experimen%s, microwave after glow method and the
cyclotron resonance method. A comprehensive réview of thece
methodé and the snalysis of these results has been provided
by Masaey and Burhop (1969). The effect of & magnetic field
on the collision cross-gection of electrons with atoms and
molecules is important not omly for understanding the nature
of interaction of magnetic field with ionised gases but is
also necessary for explaining the phenomena of breakdown in a
nagnetic field. In the prgsent gection experimehtal measuremns
ent of momentum transfer collision cross section Xaw of low
energy clectrons in some moleculsr gases will be reported

and a theoretical analysis of the experimental resuvlts will

be presented.



electron temperature,radial electron density and the mx axial
field by the probe method in case of a glow discharge in k&
helivm under a 10ﬁgitudinal magnetic field has been carried
out by Bickerton & Von Engel (1956). The experimental results
gre in general agreement with the theoretical predictions. It
however remeins to ﬁe examined whether the application of the
magnetic field changes the radial distribution of electrons
‘from the normel Bessel function. In order to studﬁ the effect
of o longitudinal magnetic field X on the glow discharge and
hence to bring out clearly the salient diffsrvsnces from the
' case when the magnetic fiéld is transverse it m is proposed to
8tudy the variation of current and volitage.in a glow discharge
.ﬁﬁiﬁig;ﬂhyﬁfﬁﬁ@nﬁﬁﬁ@?ﬂ#&ﬁﬁndin presance of a longltudinal mag-
netic field at different pressures. From Xka an analysis of
the experimentsl results it will be possible to qbta,iﬁx the
axi~l varistion of the distribution of electrons with the .
magnetic field end this study will ensble us %o understand
more clearly the generation end loss mechénism of electrons
in s longitudinel u;agnetic field. |
(&) Veligity of diffuefon theory in redio frequency

It is experimentally well established that when

o gas under reduced pressure is exclted by neans of a high
frequency electric field then the electrons genergted due to

lonization of the gas are lost by diffusion and robility and |
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if the gas is en electron attaching one then electrons are
lost by attachment as well, It hes further been shown by
Herlin and Brown (1948) that if the gas pressure is high
{ 2 few millimeters of mercury) and the exéiting frequency
lies in ‘the microwave region then the electrons sre lost meinly
by diffusion,sterting from a molecular model, Kihara_(1952).
developed a uvethod o calculate theoretically the breskdown
voltage of a gas under a high frequency field taking both
mobility snd diffupion logses into consideration. 1t hsg been
clearly demonstreted by a series of experimental work in this
laboretory (Sen & Ghosh,1963; Sen & Bharracharjee, 1965, 1966,
1967; Sen & Gupia,1969) that both the diffusion and mobility
are responsible for los ses when the pressure is of the order
of a few millitorr and the exciting frequency of the order of
a few Magahertg. To test the limitations of the diffusion.
- theory it is proposed here to undertake some breskdown mee-
surenent experiments when the exeiting frequency is of the
order of a few megahertz aud the pressure of tne gas is of
the order of a2 few torr. The effect of attachment will also
be taken into consideration by studylng the breakdown in
electron atitaching gases as well,

The effect of magnetic field on the loss due to
diffusion is also of considerable interest not only from the

theoreticsl stand point but glso from the consideration that
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diffusion loss is 8lso effecte&lin‘a Plasma which is confined
by a magnetic field. Considerable expérimental work hes been
done in thig line byviax et al (1950), Ferritbi and Veronesi
(1955),'Brown (1956), Sen and Bhattacharjee (1969). The ob-
jeet is 2lso to test the validity of the diffusion theory

in presence of the magnetic field..

(e) __Diffusion of a Plagma in o Macnetic Tield:
The problem of plasma diffusion in a magnetic

field has been . a subject of both theoretical and experimental

-invegstigation by a large number of workers. Townsend and Gill
~(1937) caleulated that if DH represents the diffusion coe-

Fficient 1n a magnetic field then
D, = D/ 1+wn/,;, T

Where D is the diffusion coefficient in agbsence of the mag-
- netic field end Wy thﬂ electron cyclotron frequency and

e the collision frequency of the electrons with neutral
molecules., It has however bef%hown by Bohm, Burhop, lassey
end Williams (1949) fhat some drain diffusion mechanism
. engbled an are plasma to escape across ﬂhe magnetic Pield at
a cpeéd nuch y faster ga$é then that exp“essed by the normal
diffusion theory. Bickerton and‘Vbn Engel (1956) ‘ghowed how-
.evér that the positive columm behaved in accordance with the
. normal diffusion theory upto a magnetic field of 500 gauss.
In extending these results to stronger magnetic fields and
to longer tube lengths Lehnert (1958) nade the important
. Obpervation that the positive columm suddenily beeomes
unstable and the transverse diffusion inereased greatly

when the axial magnetic field exceeded ceriain critical value,
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Hence it is thought worthwhile to undertake some experiments
to measure the difPu31on length in presence of magnetic field
‘quite independent of breakdown measurements end the method
of'meésurement proposed here involves. the maasurgmenﬁ of'thg
‘GeCe ceﬁductivity of the‘plasma.in presence of magnetic field,
The results are expected to indieate the iimit of the values
of magnetic field and pressure under which the norngl diffu-

gion theo;y rensing velid,

£}  Flectron Temperature and Electron Density
v Maasurﬁment in an ipnizeaigas in Tremsverse an&'Logg;tudinal
Maggetﬁc Iieldsa

The siﬁgle snd doubke probe measurement of electron

temperature and electron density in an ionised gas have been
the mostiwidely used methods of determining these @éramatprs.
~ Whén a magnetic field is present of such strength that the
electron cyeclotron radii are comparable to the #rabe dimen-
sion the situstion is significantly sltered. Since the effe-
ctive mean free pathé are now comparable to probe dimensions
the electron space charge saturation current is considerably
iredueed. It ip only the mobility transverse t& the field
”awhich is eltered and slectrons mey flow along the lineg =
essentially unimpeded. Thus if the megnetic field is not
very 1argé the seme probe technigue can be wtilized to ocale
culate the electron temperatﬁre gnd electron density in

- presence of a magnetic field.
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The objeet of this seetion of the present work is to
£ind out the essentizl Qifference between the effect of &
transvers@ snd longitudinal Tield in changing the glectron
tenperature md electron dén#iﬁy. itihas been shown by
Beckman (1948) that the effect of a trensverse magnelio .
field is %o increase the axial eTectri@ field and hence
as has been chowm by Sen and Gupte (1971) it will lead
0 an inexrease of elec%ron tenpergture which ias given
by Ten=Te @+c”ﬁ)
wheresas it lesds to a decrease in the radial electron
density by the equation

nH:hexp[ﬁﬂa Jq

42mk A Te
An indirect verification of the sbove deductious has been
obtained in explaining in a satisfacotry manner th@g
varia tion of discharge current in the positive column
in a magnetig i eld (Sen and Gupta, 1971) and in vari-
ation 6f_intanaity of spegtral lines in a transverse
magnetic field (Sen, Gupte & Das, 1972). To put the
. gbove deductions t0 a direct experimental test it is
propesed to measure these parameters directly with the
probe method in presence of the ftransverse mégnetie field.
1% hes been shown by the probe method (Bickerton snd Von
Engel, 1956) that a converse effect is obmerved in &
longitudinal fiéld. The & electron temperature dec-

reased and the
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redial electron density increases in presence of the longi-
tudinal magnetic field. We have also obtained similay results
when we studied the varistion of current and voltage in a
glow digcharge in preéenee of a longltudinal magnetic fielé.
To have & direct experimental support of this result it is
proposed to measure by the probe method the electron temn-
perature and electron denaity in presan% of longitudinel
field. This will help us %o understand not only the intere-
otion of the magnetic field with en ioniged gas but will
clearly slucldiats the difference regarding the effect of
transverse and 1pngitudina1 magnetic field on these

m@e paraneters.
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