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CHAPTER w I

IHTRODUCTION

(A) REVIEW OF THE PREVIOUS VORKS I

1,1, PLASMA CONDUCTIVITY AND COLL_PROBE DIAGNOSTICS
The knowledge of electrical canﬁuctivity.of a plasma
‘gometimes serves to enlighten the state ¢f the plasma and
‘hence to correlate other plasmé parameters, In certain appli.
cations of plasma Physics (e.g.y D genératar) the Knowledge
-0f electrical conductivity is of direect 4mportance in its cwn
right, The electrical conductivity of highly lonized gases
 plays an important role in high temperature gas dynamics
{speclally for large dimension as in celestial gas dynamles)
shrough the interaction of magnestic flelds with the gas motion‘ '
(magnatohydrodynanics ). ﬁeaaurément of eleetrical conductivity
of o plasme can be made using éariety of methods depending on |
the pature of the plasma (e.g. discharge plasma, shock induced
plasma, plaspma Jets and other {lov facility,plasmas etc.ﬁ. The
ﬁlaama‘eonductivity is moestly determined by conventignal prohesA
(electrodes)., The inadequacy of the usual probe methed
becomes obvious in several clrcumstances. It was ohserved by
Lin ot al (195E) that in hot ilonized gas the probe method is

" accompanied by diffieulties arising from the existence ef a cold



boundary layer arcund the preba; In'the case of cold plasma,
the probe current glves little information on the eondue%ivity.
In that case an atbtempt for indirect messurement of conductie
vity mey be made by measuring-ﬁhe electron densitys; but
evaluation of conductivity becones stlll diffiecult dne to the
fact that no exact method of measurement of collislion frequency

has yet been found,

The probe method ig not appliceble to a fisld.free
plastz such as after-glov plasmay diffusion plaswme and so on,
Further, in the case of flowing plasnma, the probe method shonld
not be used becanse the ingerted probe way appreciably disturbd
the dynamics of the flow. In some cases the plasme jet may
even destroy the dlagnostic probe, Hence coil probe tech.
nigque has become very much popular to deml with conductivity
problems in varlety of circumsiances. It has been ohgaerved
that with ion densities in the range 1033-1015 cﬁg it 15 one
of the few technigues that eanvbe nsed, The basle principle
involved in nmost of the coll probe diagnositle technique lies
in the fact that magnetic fleld asscelated with a solincidal
radio frequeney electric fisld induces solenoidal eurrent into
the plasma under stvdy, and the efiect is reflected back into
the probe coil wound arcund (and some times inserted in) the
plasma, lence this method is often termed as lnduction method

or magnetic f£lux method by different authors,



1.1,1. ZIn the coil probe'method devised by Lia @b al
(196E) for the determination of electrical condugtivity
profilés of highly ionized argen produced by shock waves,
however, no radio frequency source was emploved., In their
method the information was obtalned from the éearch coll
(probe) pick vp of electrommgnetic dlaturbances produced
by the passage of shoek wvaves through 1%, Possibly, the
paper of Lin et al (196E) represents the {irast record of
coil probe experiment {or the éetermination of electrical
condunetivity of a plaama,- whila experimenting on the
electrical conductivity of shock-produeed argon plaéma by
conventional probe methoé they vere enconntered with the

following difficultiese

It was showa by them that for swell degrees of
lonizatlon the electrical conduetiviiy of a plosma may he

approxinately given by : .
T ‘/2 '—%I/ZRT
L

¢ = Const X ova

vhere § is the density of the gas, T 1s the absolute
temperature, ¢, is the first ionizatlon potential of the
gas, and” K 1ig the Boltzman constant, According to the
resulis of thelr probe experiments it wae found that the
relation between ¢ and gas temperéture showed scmewhat

exponential character; however, the indicated conduetivity



was as much ag thouwsand times smaller than the theoretical
value. They also observed that for some range of gas
pressure the conductiviiy was found tQ_be approximately
proportional to the gas density instead of belng inversely
proporticunal to the aguere root as predicted by the theory.
The dlscrepency wes attributed to the non-equilibrinm

effects, It was conjecturad by thenm that the gas nezt to

the probe znd the shock tube walls was cooler than the gas awvay
from these snrfaées. It was thonght that these cool‘boundary
layers might greatly increass the apparent gas resistance,
Instead of trying to explore these effects quantitatlvely,they

rather concentrated on developing a new method,

To eliminate the inherent surface effects associated
with probe maasgremehts an experiment utilising the inters
actlon between a magnetic field and the conduetling gas héhind
the ghock wave wes designed, In theif method an axially
symmetric mognetic fileld vas introduced into the glass section
of the shock tube, A d.c., magnetic field was provided by &
short solenoid, the axis of which was common %o that of the
.shock tube. The probe coll (a small search coll) was placed
slightly ahead of the fleld coll Ve pick up the eleciromagnetiec
disturbances profnced by’the paésage of the shoek wéve through
ﬁhavmagnetic'fiald. The direct computation of electriecal

conductivity calls for the knowledge of the geometry of the



arrangemgnt and gas vélecity and involves severe ma%hematical
complicationsy hwwever, 1t was much easler to experimentelly
“obtaln the respouse of the anparatus to moving metallic rod,
This callbration was expected Yo serve to evsluate a geometric
function which was 4ifficult %o calculmﬁé othervise., The leack
of exact simnletion of the metal and the moving ges was easlly
taken 1nto account in thelr snalysis, According to them 1t

was observed that counductivity distribution O“<:§;> (They
ignored the effect of radlal none-uniformity and the term
vdistribution” meant exial distribution) eéuldAbe obtained by
solving an integral eguation of the first kind with the

metallic rod respénse functicn Vg (5 « E ) as the karnel,

wiere £ 1s the poSition.of_the shoek front with respeet to

the probe at & given time %, and g reprgseuts the axlal co-
ordinate of any point with respect tc the shock {ront, It i1s
‘now worthwhile to deseribe the constructlonal features of their
probe coil which hus got some ingenuity in avoiding the electro-
static efféct assoclated with the shock phenomenon, During the
early stages of The coll probe experiment, where a single
{0-t%urn coll was used, electirosbatlc eilfeects vere nobleced, Turing
the experiment i1t was observed that even when the shteady magnetic
fleld was put off, large signals were found to pass through the |
search coll during each shock, This was, &s termed by them, was
due to electrostatle eflescta, Actually thése plek-ups were due

to The formation of finite capacitance betwesn the search coll



and the gas inside the shock tube. This is observed by uwany
observers 1ncluﬁimg the present author (Ghosal et al, 19?6)
and this 1s termed as stray capaclitance effect, To get rid

of this effect Iin et al devised & centre-tapped search coil
arrangement, The search coll was a f0-turn 2 mwm, long
single-layered coll made of enamelled wire, the coll was
actually made up of two 25-turn coils wound side by side and
connected in series (Plg. l.l), The junctlon point of the

o colls wag groundedy and thé two ends of the combluned coll
were connected to the push-pull input of a Tekbtronix (£12)
oscilloscopa. The value of the shunt input resistance.
(1000 (1L ) was so chosen to give approximately critical damping
of the search ecoll cirenit, It may easlly be undéersstocod from
the figure that the capacitive pickeup from the two ends of
the coll cancelled out by the pushe.pull arrangemen%,‘wﬁile the
nagnetic pickeup was unaffected, The experimental ﬁeteréinau
tion of the electrical conductivity was clalmed to have agreed
with the 1limit of accuracy of the theory and the‘aiscrépancy
at lower temperatures was atiributed to the non-eguilibrium
effects, Latter, Lamb and Lin (18E7) Yook measurements in
shock wave alr plasma utllizing the same methda.and the results

corroborated with the theoretical predictlons.

1.1.,2 A fev years later K,B, Persson (Persson 1960, 1961)
developad a new coll probe method for measuring the conductia

vity in a high electron dengity'plasmc. The theoretical



aspect of Ghelr technique vag endowed with simplicity and
elegance which compensates for the teéhﬁical regonr of
thelr meéasuraenicat method, MHere the coll probe vas made to
send solenoidal elsctric field into the plasma ln order %o
collect informsilon from inside, This may be termed as
active probing in order to distingulsh it from the pasaive
probing arrangement of the experiment of Lin et al, where
| ﬁhe probe vas ueed as a plck.up device only, making the
method unsuihéble for stationary plesma. This active coll
probe mathod was based on the interactiém betwaeen the
solenoldal electric fileld and a cireular eylindrical plasma
column and this formed a basls to design a pulee-gperated
bridge sultable for transiant measurements of electrical
ebmductivity in high electron density after glov plasma. A
eylindrical plasma w;th rotational symmetry, long in compari-
son vith 1ts radius Y, 5 vas confined within a tube made of
| non=conducting maﬁeriai. inother tube carried z solenoid
which vas long relative to its wwa radiuvs but short in
comparison to the length of the plaesma columu, The uniform
plichepfs of the solenoid were such that the resonance
frequency of the coll was mch larger in comparison teo the
ppobing fragunency, The stray eapacitance effect was
eliminated by applying a thin tin-ozide ceating inside the
second tublng, The thickness of the shield was go adjusted
thnt the alternating fileld in one hanrd could penetrate into

the plasma (thickness wery amali in comparison to the
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skin.depth at the rele#ant frequency) and on_the other hand
the axial electric fleld assoclsted wvith the plain solenoid
could automatically be short-cireuwlted, The tin.oxlde
coating wvas applied 1n'ordar to ensure that only the tilme
varying nmagnetic ield generated by the solenoi& vas alloyed
to pgnetratafinﬁu the plasma,‘,The theory of their megsuré;
ments vas quite straight forvard and simple, The magﬁatic
flux generabted by the solencidal plasma currents'was eésily
evaluated sines the length of the ineteraﬁion zZone was large
in compsrison with the dlameter of thé plasna, The plosma
magnetic fleld induced a voltage A V 4in the solenold and
~could be treated as a.perturbétion guantity. AQuite justly
the solenold and the plasna vere considered &s o Lransformer
with the solenoid as the primary and the plasma as & one-turn
secondary winding wvith the resistances RS and ap and
inductances Lg and Lp respactively, and with the mutuval
 1nductance Mgps the ﬁerturbaﬁion voltage AV 3§tisfia$ the

differential eguation,
2 D
- o ° v =z -M _—
(Rs+ Ls “:;“E)@r»“bs’e‘%- o€

vhere V was the voltage impressed on the g primary winding,
The effect of Lp can completely be neglected 1 skinedepth
1s assumed to be large in comparison to the diameler of the

.plasma colunn an 1o that case fthe differential eguatlion



' which fuvolves the measurable guantity AV can be written as
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where _,_SE mey be expressed in terms of the geometry of
s : . :

the arrvangement and scme plasma parameters, viz,., &, (plasma

frequency ) ané gy (electron-atom collision frequency) as

sp/R L—s“rY\ <w\°>/873C

vhere the average < W > WGS dafined as

<w>_ J'ro('rfw ‘o’o(*r

In his papar the last c.ifi‘erw. ial eguetilon was solved hoth
for sinusocldal and causslon-like mlege voltages, The abeady
state solntion obbtained for the {'irst case with applied
frequency W was ,
2 > 4
AV Y W@ CE Mo W@
~ = = ' b/ = - <O‘>
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where <0) defined the sui.mble average conductivity. A

measureneat of the ratieo AV / V yielded information shout the
averagse conductivity, The proportionallty constant counld not
easlly bhe evaluated exactly due to the presence of end effsects

(though could be done 4in priaciple). It va a8 however easily



deternlned expsrimﬁntally by replacing the plasma vwith some
electrolyte with knﬁwn ccnﬁuctivity. - It is to be noted at
%his point that this calibration techuigue utilising eieetro-

lytic solubioneg was ueed hy varlons eunthors aftervards,

It was obsarved that for translent or deeayling plasma
tﬁe continuous sinusoldal probing was accompanied by
difficuliies. This denanded for low € of the meésﬁrament
gireult er higher probe frequency. Helther of the two

alternatives could be used without sacrificing the avelleble
range for measurenents, The diffienliy was overcore hy
replacing the simusoidal signal V in the last differential
equation with a auitable pulae function. This was-cﬁnva-
nlently done by expanding V in GSerms of Gansslan Tunetion
of the form Vf"f’[’ (%Y/Z] . ' It ves shovn that the -

uubalanced signal could be wrltien s
3 1
AV :_V°E<Msp>2<£;> 2xp[—"—2- G/w)] Hi - (/’Y>
L q’Rg
RP S 7 9
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whsre Hy (ﬁ/y) is the Hernite polynominl of the Ly‘degree.
It was further shown that the meximum of the unbalancéa
pulse (whea (%/%)a:B Jwas most coavenlent for the neasure-
meats oo the plaswae and hance,

9 Msp ' 97’ N Yé <(T'>

\_/\ \/\

. ’V';- max T Rp RS % RS(S "]/

It is now worthvhile to describe in briefl the operation of



the milse-operated bridge designsd by the aushor for
measurenents in transgient plasmas (FPilg, 1l.2)s Two singlee
lazyered solenolds vere mede as identlcal ag possible, They
wers located gymmetrically in sepavrate comparinents of a
shieldlng box of brésm. One of those solencids vas wound
around the tube contalnlng plasma.' The solenoids were
coupled together forwlng the bridge vhich was symmetric with
respect to ground or the shielding box, The pulse applied
to the bridge was supplled through toroldal ferrite core
transformer which wvas designed to deliver very symmetric
pulse with respect to the shield, The current pulse throngh
the primary of the tronsforuer vas generated hy high eurrent
thyratron‘sweap arrangewent. The pulse delivered by the

seconbary, hovever, resembled Gaussian pulse (Pulge VWidth =

1 /\Vt;“dee. Je

The dlscharge tube wag ilnserted Iin one of the
solenolds, The bridge constituting the symmetric transformer
and the two solenoids and other resistive and vYeactive
elenents was balanced by several trimaing arrvangements. The
basie principle on vhich the cperation of the bridge vas
based was that, provided the hridge 1s well balanced before
hand, 1t 1s driven off.~bhalance if the plasma 1s introduced
in one of the solénolids. The resulting resistively unbalanced
signal, when observed and recordsd, could yield informetions

of plasma conduectivity, The antonatic operation and
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recording arrangenents and $ime adjustmeats by various.
triggering mechenisms were explained in his paper, The
meésuraments were made for highly ionized afier-glov plasme
and the avthor obbtained the temporal conductlvity distri.
mtion, It was aleo indicated that linearity of the intere
setion (Logether with the slectronlc c??cuitry) was checked
by the use of elecirolyses, It is to be nuted here that the
use of elecirglyilic scoluticn for ealibration of the coll
probe anpparsing was alse reported by Blackmaun (1059), a year

before the work of Persson.

l.%.#. Blackman, in his paper entltled "Magnetohyarodynamic
Plow Hxperinmeunts of o steady state Hature! deseribed a methed in
which the inductance of z coll surrounding a plasma is reduced
by the shlelding efiect in the elecitrically conducking plasma, -
The reauced inductance increased the frequency of & cireuilt
resonant at about £0 MC and the shiit wes detected by a radic

recsiver,

»Savie_an& Roult (1962) intelligently utilized the above
idea, that the 1§dnctanee of a eoll surrcunding a condueting
£luild changes, to devige a frequency maﬂulation eircuit for
the measurereant of gaé condnctivity and boundary laeyer thick.
ness 1o a shock tube, They flrst theoretically calenlated the

change of inductance of & short ecoll due to the pregsence



around its axis of a eylindrical, noving eleetriealiy
condneting £iuvid end it was shown by them that the hydro.
magnetic influence could bhe kept small. The calibration
and design of the frequency modulation eircuit was based on
those calculatione, It wes observed that conduetivities of
gases behind strong shocks in shock tubes could he measured
with falr accuracy and adequabts tlme reselution fér the
detectlon of local variations ian flow structurs, A differeont
technigue was adeopted by Rosa (1961) in hls well known Eﬁmﬁ
experiments in determining the conduetivity of a flowing
plasma, In his nethod the coll was embedded in the fnsulator
wall of the IHD generator, The coll was resonated with a
condenser ai sbont 300 KHz and the éamping of the clreouit
due to the ezhaust of the gas through the insulating tube
ves measured to determine the gas conductivity, In this
experinent also the calibration vas effected by placing

variéus salt soluticns in the channel,

1.2.4¢, Olson end Lary (1961, 1962, 1063) suggested a differ.
ent approach vhere the coll probe vas immersed within the
plasma insﬁead of belng wound arvound it, The {first two
papers (Ulaon and Lary, 1961, Lery and Olsen, 1962) of their
series dlscussed the thecretical aspects of the technlqgue,
Thelr third paper (Glson and Lary, 1962) was concerned malnly

with the instrumental methods employed in the measurement of



conductivity of the positive column of a hydrogen giow
discharge and 4500°F rocltet nozzle flov, Later on, inner
give coil probe technigue was reported by some aubhors
(Houlin and Musse, 19643 Htubbe, 1068 and very recenily
Jayakumer et al, 1877). In &pite of the obvicus disadvan.
tages of lpmersive probe meﬁhads,elaon and Lary pleaded for
somne of its advantages, According o them the non-imnmersive
mathod appeared to be rather ingensitive to variatiens 1in
plasma ceondnctivity and were aifected by tﬁe propertles of
“the wall surrcunding the plasma aand by stray cepacitive

el fects, The methed deseribeé by them was 1ittle iniluenced
by electrostatie'aﬁfects and claimed to:have reéorﬁeé variow
tlons of nlasma conduetivity of as small as 1 mho/m or less,
The basic principle involved for this technicue was hovever
the sane as other pethols i,e, this method depended uﬁcn the
interactiion of the conducting fluld with imnosed v.f.
magnetic field, In particular, r.f, Aimpedance of a 30le-
noid woe affected by the presende of a condueting medinnm in
the nelghbourhood of the solencid, In the case of & coil
vound eround a conductor, the r. £, mognetle field of the
céil induces an azimuthal electric f4e1d which causes azimie
ﬁhal~currant to flow through the conductor, Thia couses an
increase 1In the apporent resistance of the coil, Similar
resulits are expeected to be obtained if the conductor surrounds

the finite coll rather than being surrounded by 1t, as may be



verified by applying the same argument to the external
return flux. The technique involved the use of amall
movablle probe conbaining the induetor (cmil).' $ince the
magnetic fleld diminishes rapildly with the distance from
the coll, the conductivity in the imnmediate vieinity of
the probe vasg sampieﬁ. The prébe conrld be moved ahont in
the plasma in order to resolve spatlal variation of Qlasﬁa

conduetivity,

The experinmentnl apparatus deslgned to record the
éhange in coll resistance as a function of conductivity and
impressad frequency had sone - novelty of its ovm, Thé
coil‘probe formed a part of the tank cirenit of a Colpitts
type oscillator, A wvacuum tube supplied the pover to
sustaln the oscillation of the tank circuit, At the on.set
of the plasma, pover dissipation due to the azimuthal
currents indueed by the coll 1n'ﬁhe conducting medium,
resulted in a reslstive loading of the tuned cireuit which
changed the grid current of the gseillator tube, the measure-
ment of which vias achieved through the use of a grid<.dip
'meter. The grid current veried almost linearly with the
pover Gissipated 1n the coll conductor ecireuls, As indicated
earlier slectrolytic solutlions, vhose condnetivities were in
the same rangze as plasmas were nsed to calibrate the cona

duetivity nrobe, The calibration vag further verified hy

e

the use of semleonductors for double check, ¥First the




measurements wvere madg in the ppsitive column of a glow
discharge in hydrogen. An 8 mm. (outer dia) probe was
immersed in a 25 mm, ‘diameter plesma column, Special
precauntion was taken to eliminate the heating effect of the
coil involving'change of coil dimension and resilstance,
which would othgrwise-lead‘tp erroneous results, To ensure
this the coil temperature wasAheld constant hy a cooling
flow of ‘dry nitrogen.. A thermo-gpuple vas used to monitor
the probe temperature, The performance of the coil probe
{(after suitable_modifications) was also .investigated for a
MHD flow environment, A coolqu:on'ﬁitritg probe was
inserted into a bubSOnig MHD flow with ﬁemperaturés in the
nelghbourhocd of QSOOOF; The same calibration method was

used in this experiment also,

1.1.8, Donskol, Dusev and Prokof'ev (1963) of U.S5.5.R. used
the same inductién technique of non-immersive type to measure
electrical4conductivity of heated gas streams;l The streams
were obtained as a resulﬁ.of-bﬁrping of ethyl alcohol in
oxygen contalning C.01% potassium. The pressure in the
cbmbﬁsﬁion chamber was maintained at 4 atm, The gés‘was
éuppliéd for 6=12 seqonds, thus necessitating semi;
transient measurements, IThe method was based on measurements
of the pargmeterg pf tank circuit whose coll surrounded the
heated gas. According-to_them"wheh the respective positions
Qf the qoil and the plasma.stream a:e‘kept constant, the

parameters of the circuit (effective inductance, circuit



reslgtance, § factor ete,) depend upon the magnitude and
distribution of electrical conduetivity over the cross-
gection of the st?aam and alsp on the 1mpressea frequency.
Therefore, by measuring the pafamétera of the cireult for
given dimensions of the ecoll and the stream at @1fferent
frequencies, one can deternine thé - msgnitude and fha distri.
bution-bf alectrical cbn&uctiviﬁy over the cross-section
either by calculaﬁion ortby calibéation curves; In practice
they have chosen the second method 1.e. the non-ebsolute
method as was done by previous suthors, It vae also assumed
by them that dletribuitlion of gas streams vas unifor@.
Accordingly they suggested that the observation of the change
of one clrouls parametér(viz, @ of the circuit) would only
sufiice to determine thevcondnctivity provided the apparatus
vas well calibrated beforehand, In éctual experimént the tank
eiveult vas fed by a radio frequency oscillator and the cutput
taken from the coll was amplified and fed to the oscllloscope
facilitating semi;transiant neasurenents, They thought that
the change of output was @ue to the change of Q-factor only,
hut in practice the change of inductance and severa cupacitive
effects might have played an important role., However, siuce
the method was based on previons calibration with slectrolytes
the resulis obtained nay be expected to be not far from the
true values. It 1s to be noted here that if the capacitive

efiects were prominent and the stream had a2 radiel distribution,
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the results would have beén far fram the true azimathal

value of the electrical conductivity,

1.1.6, Another teéhniqne vag described by Korltz and Keck
(1864) for measuring the electfieal conductivity of

hypersonic wakes aod any other condueting medium by measUra=
ment of Jonle losges nroducaed by the oscillatory magnetle
field of a cirenlar coll surromnding 1t. The teéhnique wag
similar in principle tovthat developed by Lin, FResler and
Kantrowitz (12858) to neasure the conductivity behind shook

| waves 1n'argon bt the drawback of thé passive probiug
arrengenent was prenovaed by substituting 1t by active probing
method (l.c., by impressing radio {requency f1sld te the

coll). Consequently the method had the advantage that it

may be employed in cases vhere the medlum is stationary,
Originally thé apparatus wvas designa& specifieally to investi-
gate the cmnductiviﬁy in the wake of hyperasonic pellets; bnt
later 1% ﬁaa alsg used to measure the conductivity of electro-
1ytic solutions, electrical discharges, flames, and plasmas
produced in shoek tubes, The results of thelir measureménta
for shaéklwave alr plasme vas corrcborated by that Qf Lamb and

Lin {1067).

The actual cirecult consiaﬁe& of a symmetrical »r.f.
bridge (The bridge developed by Persson (1961) may be recalled),

two arms of which coatainad identical coile, When a condueting
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nediun was inserted into one of the colls, the effective
impedance of the coil changed and the bridge becane
unbalanced, They cho@e the probe f{requency in such & way
so that asscclated dleplacement current was negligible and
the change of impedance of the coll was entirely resistive,
Further for the complete pepetration of the {ield the skine
éepth.wés required to be much grester than the rading Y
of the plasna calumn; Hathematically the following tvo

roelations vere patisfied

o~ > > W€ (for negligible displacement current)
and
~.| .
2
o <<2 (P WY, > (for complete penetralion of the fleld)

vaere € euﬁl/&,a?e the dielé¢ciric constanh aund magnetic
permeability of the medium and @ 1g the impressed frequency.
Under the above conditions the change of the impedance of the

call was

AR = P/IZ

vhere I 1is the rus ourrent in the coll and P 18 the power
disslpated In the medium, They-studied the coll plasna
(conductor) interaction first in & somewhat generalized way
and later nade relevent approximations. Since thay intended
t0 measurae the condnetivity of wakes hehind the hypersonic

pallets they considered both the radial { r ) and axlal (Z)
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non-unifornity of the conductlvity, - Thus assuming cylindri.

cal symmetry P was glven by
o 4%

p- /o~ £y (r a7 ydxdz
0 _oC.

wvhere ~E¢>(T}2) is the indueed sclenoldal electric field at
any polnt (v, E') wvithin the coll, This was caleunlated in a
standard vay to yleld |

N oT
N YC % 2 —

I, being the - number of turns of the ccll, ¢ (R?) 16 the
complete elliptic integrel (Jahnke and Imde, 1945) which for

- small values of K may be approximeted as

C (k) :’\\’[T e 3R *"f>

wvhere k% =477 I ) 22] s | re belng the radius of the
coll, ' '

Consequently AR may be written as

NS
2.
AR - D L”J‘*‘“’] g (N rdx
At T4 1)
. O .

wvhere ﬁ: (r) 1is some suitable axlal average valna of conduce

tivity. To interpret the above eguation in terms of thelr

measurements they introduced a concept Of effective radius 7;,



of the contucting column, ln terms of which the sbove

equation was written ns

2 _ —
A12=_-%z- <7anoN/1é> a (o) ﬁ?

4 X Ok*() \/2
- l 4 g (r
Yo = Xj’g;as /[’K e G*Y‘J

)

The equation for A R 1s equlvalent to & model vhere

where

m(w':w = Gonst. end 0 > Y, =0

It is interesting o note here that in contrast to cthers

the formulee for A R gliven by them could be used for
absolute determination (withgﬁt caiibration) of 5%@)prov1-
ded 'ﬁz) could be cbtained by soune othef neans, Unforbtunately

they deXived the equation only to show that

AR =< T (o)

an&vobtainea the conductivity results using calibration with
elecirolytes, the hazard of which was lndlcated proviocusly
(end later it will be discussed in some &etéil). The measure-
ment of conﬁnctivity of statlonary plasme was stralghte«
forward and simple but the wake measurements were difficult

due to the unknown factor Y, , but previously extensive

istudies on wake radil messurements were made by Taylor et al

(1983) using optical techniquey'so it wae posslible to esiimate



the conductivlity from the experimental resunlis, ealibration
curves and the data of Taylor et al (1863). It was,however,

assunied that the wake radiue was egual to the plastha raaius.

1.1.7,  Tanoke and Hegl (1564, 1864)s in o couple of papers
(appeared in the same iaaué of Japaness Journal of Applied
Physies) re-ezanlned the tentatlively adopbted conduvctor
approzximation for plasna by'vdrioas authors (viz, Tapaka and
Usaml, 19623 Gourdin, 19633 Khvashchtevalki, 1962, and others
nentioned above), Goﬁﬁuctor‘approzimation for plasme méans
that when an electrical a.c. ie impressed upon 1t; the plasma
is assumed to oifer no reslstance and a,c, conductivity
essenslally becomes '&.c. conduetivity, In thelr first paper,
they erliically analysed the interaction of albernating
currents with plasma in gensral and showed that i the change
of megnetic flux through a coll due to é presence of ﬁlasma
insi@e it could be measﬁr@d, the d4,cC. conductivity is pogsible
to be obtained even in presence of displacement current, for a
wide range of frequencles, Théir guelysis gtarted from the
well-known expression for a,c. conduetivity (JTg o, ) for
partlally lonlzed noneegqullibrium cold plasma (Sengupta,lD6ls
Heald and Warton, 196E), |

) pA
’Y\_'ez 15 _ J‘ C\)D

where m is the electreon massy € the elecirosic charge,



n the electron number denslty, 1 the electron.atom collision
frequency and (O 1s the angnlar frequency of the applied radio
frequency field, In the above equation the imaginery part
appeara due to ilunherent plasma Treactanca, Actually the phace
| lag ﬁhlch is apparent from the egnuation is due to the nmass
inertia, It may thus be seon that the conductor approximation
. 1s valld if W <KV 3 in that case,

ne”

»«v
.whereas for the another extrpme cage AS)>> 1)4 the plasma
impedanca ie purely reactive, &hey alsé studied the a.c,
conduetivity for intermedlate frequencies vhere bmth'resistive
and reactive parté were dominating. Finally they solved the
Hazwell equations in eylindrical form for uniferm plasma, It
was found that magnetle fielﬁf H(r) at any redial posiltion »r
could be glven by»the'aquatian |

iy L HR 1 e
H(r) L(/%R) B

where 2wt me Aﬂv 0*3\>>
F T TE wp e e”

and R 418 the plasma radlus, ihe reductlon of magnetiec flux

& due to the presence of plasns is evident frow the above

«According to the authors H(r) is the megnetic field in the
redial directlon but actually field dirsction shonld be
longitudinal,



eguation for H(r), If @b denotes the megnetiec flux in
the absence of the plasma, the reductiou ratic could be
written as ¢ 2 J, (BR>

X = r BR 3, (AR)

The relation between g, and rednétian ratio #7@hyas
ébtained,numericaliy an&‘plottea taﬁingf{:'?éa 85 & DParhe
meter, This revealed an “intéresting aapect * of the pr&blem.
It could be seen from tﬁg graphs that the d.c., conductivity
obtained from the magneﬁie £1uz change is insensitive to the
value of the paramster YEJQA» « Thus 1% vas argued that
provided the successiul évélugtion of the quantisy ¢/¢¢- is
knewn, J,; could be determined reliably sinee no &a@ailZ&
knovledge of ) is reguired, In the second paper of Tanaka
and Hegl, 1964, an example of magnetie flux measurement in the
plasma and evaluatlon therefrom of the plasma conductiviity was
given, Baslcally tﬁe ﬁatho& was very similar to that of
Blackmen (1968), The plasme tubs was lnserted in & single turn
coll of a IO ﬂéeillato$, From the observed shift Af of the
resopance frequency at the onset of the plasna, magnetie flux
penetrating the coll was evaluated and finally plasma conductie
vity was determined, Iﬁ'may be apparent now thet all the
active coll probe experivents mentioned in this section utillzes
the chonge in either inductaunce or reslstance of coll probe due
to insertion of plasmz, in one way or other, Bub theoretically

eack of them viewed the problem from different angles leading



%0 some uniqueness of every expsriment, Tenaka and Hagi
viewed the inductance change effect in a different mannér.
According to them if plasma is conductive, the applied
solenvidal r.f, £1eld willl 4induce eddy currents whichlwill
flow arcund the plasma dissipating energy in the reglon
where they flow, by whieh ﬁggnaﬁie flux ie excluded frgm,that
region, The argument is gimiler to thet given for the‘k
physical significance of skin effect. Thus the efféctivg
inductance of the network ls reduced, resuliing in a chaﬁge
in resenance frequency. |

| A,
Heasurerents vwere carriad out for two hot cathode type

dlscharge tubes, one filled with 1 torr of argon and the other
wish 8 torr of neon, An ordinary Hartley type LC cscilistor
(treyuency range 100-1E0 Hz), with a single turn coil, was
employed, The radive of the coll (2.28 cn) vas kept much
larger than the radius of the discharge tubs in order to
minimize the stray capacity between the coil and the tube,

Zhe coil cutput and the ocutpui from a standard signai generator
was fed o & mixer circuit (Flg. 1.3). The resonance frequenecy
shift & £ due %o the iusertion of the plasma tube in L was
then determined by‘observatieu of the bhgat betveen the vscilla-
tor slgnal and the standard signal, The observed freaquency
shifts &F for &1£ferent‘dischﬁrge currents vere glven in

Figs. le4(a) and 1l,4(b) f{rom which it could be chserved that

in accordance with their theorstical prediction Af was found



to be positive and increasing with the discharge current Ip,
as long as 1% was iIn the Ampere range, But it was also |
observed (not shown in the figures) thet for extremely small
values of Ip, Af was found to be negative, Previously the
some author (Tanaka end Usaml, 1862) observed the negatlve
changelin '£Y  more éarkedly in the case of a flﬁoreseant
lamp, According to them the observed negeblve change in £
is an open qguestion, However Lhe present anthor's comment on
this observation will appear in the introduction of ths next
.chapter. As may be séén below this offect was slso dlscussed
by Akimov and Konenko (1666) and Hausler (31957) quiﬁé at

length,

TH deternine conductivity from the kaovledge of Af they
obtained on the hasis of a simple model of uniform plesma, the

relation between‘the fiux reduction factor and A £ as

where (87 + 52) represents the cross.sectlonal ares of the
coil, 53 belng the ceniral arca oceupled by plasme and By the
remainder, and @b and. ¢H represent the megnetic flux penetra-
ting = before and aiter insertion of the plasme respectively
aﬁd K1 1s a constant characﬁerisﬁic to the apparatus uged,
‘They 414 not at this stage utilize the usual callbrabting
rtechnique uging electrolytes dad senlconductors to aveld the

unknovn factor ﬁig instead debermined it using a tricky method,



In order to dstermine K, sluminium foils in the shape of
eylinder of various diameters werelingerﬁea in the coll,
Since the skin depth was of the order 10“3 en., for aluminium
at the relevant'frequency, the magnetic fielg.was completely

axcluded ocut of the area S,

. Hence ' éﬁ, =0
' 1S
and é__&_ = k g
JL ) $l+ PR
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s E% was found to be 0,2,

Accordiag to the present auther, however, thils method,
was also a callibration methed 1ln another form, and sinee no
guard was tékem_against:the formatlion of capacitanse between
the coil and the aluminium foil, ia all pr@babiliﬁ%?s> ZXf’
values vere chtained with severe vncertainties, Further, the
egriticiam made by the authors agalast the calibretion methods
adopted eariier may be said to be applicable to their own
method pluo, The major dlscrepauecy chasrved heﬁég@n tho
conductivity resnltg obtaineﬁ.ﬁy standard probe nethiod and
the coll probe method way be due to thisy There ghould, |
howaver, remain intrinsic discrepanclies belween the resnlis
obtalned by two Alfferent Sechnigues, This may be uvndersiocod
CChéptar IV) ir hheleffact of raaial distribution of conducti.

vity is taken into account,



1.k.8, It is now}relavaﬂt to mention a very iwportent work

of ilkimov and Konenko (1966) who investigated the validity

of the two'ﬁimilar vell-koown c¢il probe nmetheods for meésuring
plasnma Qonﬁuetivities and also explored varlcus other possia
bilitien, Though they partieunlarly discussed the work of |
Blackmah (196 9) and Douskol et al (2262), their comments are
aleo applicable to those who studled electrical cénﬁuctivity
by obhoorving elther change In resonsuce frequency 'g' or
change ip quality factor € of the oscillater eoiiz:iich the
 plasma ves inserted ¥, In almost all these experiments in
order to c&librét@ the-apparaﬁgs, the plasma waavreplﬁcaa hy
electrolyten with known conduetivity end mnede wse of the
calibration curves (AL= Af(o) or AQ= AR (x)) thus ohtained,
Akimov and Konenko, folloﬁing their own chbservation questiocned
the reliability of this calibration method. The experimental
apﬁaratns, similer to that of Tanaka anft Hagl (1064}, conels-
ted of a Colpitta osclllator used to exelte the tank cireunit,
standard frequency (r.f.) generamtor and a mixer, The frequency’
shilt was meazsured by the observation of beats.n The measure-
ments were made in slectrolytes esnd in the posibive column of
an argon-merenry gas arc lamp. Ehéy obtained the guantiby
Af/%o( ‘}o’ being the freguency of the osclllator before
incertion of the test chlect) for electrolytes of different
condunetivities and alsc for plasma at dlfferent discharge

currents enabling ther to plct ceoaduetivity versus zﬁ@@ grapha



{(fig. 1.&) both for electrolytes and plesmas, The plesma
conductivity was obtalned by ordinary probs teasuremenis,

It may be observed from the figure that 1un contrast td the
predietion of Tanaka and Hagl (1264) (but in conformation
with experlmental observations) the teet object in the coll
can decreass the oscllliator frequency for some ranges of
condnetivities, According to the suthore and aleo according
to Housler (1957 ), the reduction of fregueuncy was due o
the ecapacitive effect of the teat opject on the work coil,
The presence of conducting body in the vielnity of a coil
increnses its stray canacity (see chapter III also) and
cousequently the oscillator frequency decreases, Another
aspect may be chserved {rom the graphs that the plasma and
1ts simulating electrolytes do not have the same effect on
the meaa&rem&nﬁ cirenit, The dlscrepancy hetveen the plasma
conductivitcy averaged over the creoss-gsections and the cali-
brating curves was attributed by thet to the radial non-
mnlformity of the plasme in the arc, &ccordlng to them, due
to the skiln effect, the method gives informations of the
peripheral region of the plasma only vhere the conduetivity
is mueh smaller than the average volue, but accordlag to the
prasent author even if the a&ih dopth is much larger thepn the
plasma radius the dlscrepancy 1s expeeted to remain, siunce
probe method and coll meothod give¢ informaetion on wonents of

conduetivity distributiou of different orders (see chapter IV),



1.1.9¢ All the suthors (meniloned above and also othaors

viz, Hollister (1964), Murine and Bopomo (1964), etc,) usling
immarsive or non-imuersive coll probes determined in some

way the average plasme conductlivity becanse tegt plaswma was
radially inhomogeneous,  Some of them, though aware of the

fact that the test plasma was radielly none.uniform, &id ot
exzplore the type of average they were getiing, The lmportance
o the work of Ciampil apd Talipil (31967, 1969) llies in the fact
that they studied the ifnleraction of solencldsl electrie field
with a radiglly non-honogenecns plasma in a very generallsed
way and obtained the expression for meaningfuvl averages of
eonduectivity in relevance to the measurenent techunlques
sdopted hy themselves or by esrlier anthors., The average vas
dofined to be the egnduetivitiss equal to that of a fictitious.
honmogeneous plasma 1magined,the insertion‘of vhioch into the
coil would produce the same change of c¢oll impedance parameters,
that is observed for the true plasma, Since norwally in the
experiments both the change of inductence and resistance of the
coll are measursd, they cbtalned the expressions for two
relevant average counductivities., For thls they first sxpressed
the izpedance of a solenold of length € in terms of the
alectric fleld &p, megnetic field Hy and coll para&aﬁers
(Length Aﬂ and radius N, number of turns @ ete) and also in

terms of the applied freguency ﬂ%-coll inductance A ete, as,

= <§ el Nt R/QL> CPr fug) = Lwns



wvhere the parameter

e = (1/1'/“' K°R> <ET%4 R) » K,belng the wave numl;er, is

generally a,complex nuzber. depending on the medium characteri.
stics and the probing frequency. The physical significance of
the term & <§j3—i3£> is that it slguifies the algebric
reduction of the 361; i@padance fus to the pregence of the
conducting fiuild, This gnansity mey be experiméatally detere
mined,/3 representa the contribution Qf the medium to the
coil induetance and X the resistive contribution due to the
energy loss in the mediﬁm. 'To pxpress the dependenge of '5°
on thé characteristics of a radlally inhomogeneous medium, the
Maxwellts equatione were solved ﬁsing eyvlindrical cco-ordinates
to obtain the eqﬁatian |

d’E 4 dE K-,\QE:Q

— e

O\ T\" v dT >RL Y

whara the dimenslonless quentity
' !
2 R A% @ () LLQ
K = (TR (T

. ’ v
is same as the gnantlty O?ﬁ)éefineé by Tanaka and Hagl (1964).
1% may esasily be cbserved that for homogenaocus plaspa 1leCey
. for D‘tf) = Const,,'[v’(r) being the r.f. ccn&uetiviﬁj]the

equatlon for ¢t reduces to

s = 27, (%) /K3, ()



wvhiceh may uow be compared to the expreesion obtained by
Tanake and Hagl (1864) (equation 4 of the {irst paper) snd
consequently 'S represents in that case of the so called

fiux reduction ratio,

They solved the probiem (l.e, the differential
equation glven above) numerically by taking the conductivie.

ty profile<of the form :

s o[- (5]

They analysgﬁz%%e dependance of }5 ?1th:c0nductiviiy 0o

fcf different #gluem of m and n 'i.e. for variocus condnce
Hivicy profiles,. .In their anéiyais they.hawéver, nede & low
ffaquency apprcximatioh a8, C%/ﬁ) <4 V, so that the effect
of dlsplacenent cufrent could be neglegtea and therefore the
Tole éonductivity (T'(Z@Qwas raplaced by the d.,c, conductivi.
Sy G\(%/k) e« It was argued that it the éonﬁuet&vity profi leg
1s koown beforehand, a megsurepent of A or /3 at any
frequency gives the value of the oneaxis condnetivity 07
It was also observed that for usknown profiles the ( f3
neacurements could glve inforvations obout the plessa conducs
tivity through data which are proporticual to ‘g; « This
cbosrvetion was found to be vallé for some range of ¢, o It
seoms that the physical aignifieénce of this range of ¢, in
thelr derivatios was a bit obscured, Howevsr, to the present
author. , the range of (7, 1is actually deternined by the Fe

guirament of complete gkin penstration of the r.f, fisld at



the measuring fr@quenéy. Hence in the mentioned o range,
the-mgasuremen%-ofu(éﬂrlﬂﬁ)for the unknown plasma and for a
homougenaous mediunn of condunetivity 6::.¢x03 gives the sane
regult ‘at aay freguency., Therefore, according to them with,
referencs to a resistive (or in&métiv&) megsurenent the plase
ma "bimulates" a hamogeneou maﬁﬂum aﬁd G can he interpretaed
as 8 anqtial avarage cﬁnﬁucuivlﬁy. Thug two averages U, and

(4 Veore obtained accordlug to the rssistive and inductive

measnrenents regpectively G- = 4. '§c~<7> ¥3 dr
* o R g 2
' R 2 B A 4
2 _ 214 [a(v) Y%df—] + ,3. = JY ATY_ ]“'Lﬂr v
0:(-% T oa R‘i 4 R
o . o

Eiperigeﬁt was nerformed for a flow facility plasma
utllizing Q-factor measureﬁeﬁta and employing calibration with
electroly*es (H, 504
canﬁuctivity U; « lLater théy (Ciampl and Taliﬁi; 1969) exe

solutions) to obtain the first average

tended tbe Lheorv and measurement" taking ﬁhs effect agé-colli-

siun frequancy into acccunt

With due regard o the depth of the th@oreeinal a%nents
cf the problen treated by Clampl apd Talini, it is felt by
present auwthor that the expressilon of the-two‘meaﬁingful averae
ges ané the relevant {reguency ﬁzi conduetivity ranges could be
obtaiﬁ@d in a mors simpler vay y by coasldering the probe coll
and the conducting nedlum %o form a translormer (Ghbsal et al,

1876, 1978), the prinery and the single.turn secoandary being



the coll and the médium itiself resﬁectively. -In'this way

the averagé G}r‘was obtained ylelding the eame‘résult (using
.equatién (2) of reference'Ghesai ot al 1978) giveﬁ>by Clanpi
and'Talini. It'is'also’observed; thbﬁgh not repav%ed, thét

in the éame wayAthé expressicn-fo?- O¥i 'eduld‘be ebtalned,
Eurthér, withhéiding the ccnslderation of the sgengltivity,
accﬁracy and'difficﬁlty of the measurement Eéehnique, the
frequency‘aﬁ& condactivi%ﬁ fang@ doublets could alsc be chtaine
ad by simple srgunementsg by requiring thet wf should bz vary
small compared to the ecllislon freguency so that the Cisplaces
ment current mey be neglected (L.00 P10 éonéuctivity = d,C,
conduetivity) and § should he sufficienﬁly-sﬁall 50 that the

skin @epth s very large comparad to the plasme rading,

l,l.lo.A It is also felt in conjunetion with the observations

of Stokes (196E, 1969) that on the hasls of &vera@a‘cbnéuativity
model no informabtion comeerning the nature of the éaﬁductivity
profile could be obtained'frem the Qefactor neasuremsnts élone,
and in fact a completely false picture of the character of the
aonducting reglon such as peak-caﬂéﬂgtiviﬁy and thé effactive
éxﬁentAef the conducting reglon, éan be obtalined if the measurss .
mepte are imterpreteé in terms of an everage conductivildy model,

(Gee alsy Chaplter ¥V of the present thesls),

hs for eﬁzmple, for profiles of the type treated by

Clampi and Telini, the difference between the azimuthal avarage



and the oneaxls conductivity can be as much'aa e factor

éf & én& if the profile constents m and n are alloved

t¢ be varied indefinitely the aforementioned ﬂfactoi nay

be extrehely high, Further the cholece of the profile
denands that the plasma U1lls the availlable volunme; this

may be & valid assumptlon for an Qrdinaﬁy diascharge nlasma
but ¢he aspumption will be fatal for otner situations such
as sulld metal arcs, flow faelliby plasma, plasme jets, ete,
In these cases bthe errors can bz very mﬁch grester since the
plesua conductivity may fall to zero some distance avay from
the confininy wall, Temperature measuremenits on &n argon
plaame jet made by lioskvin znd Chesnclove (1965}@‘indicaté
a psak conductivisy of roughly 3000 rho/h, falling approxie
.‘maﬁely to zero at a radius of eboud Sedemm, Etckes (1969)
theoretically calenlated the szlmuthel average that should
be obtalned for the llioskvin<.Chesnokove plasia strean twfbe
exhausting along a 2 em, dlameter tube, This is given %o
ba apprdximaﬁely 100 who/m, Thus it is geen that the onearis
condnetivity is B0 vimes larger than the épparenﬁ averégs.
Glveu Ealééfgiso the feaults obtained hy the brasent author
(Ghosal et al, 1973) for the azimvthal average Ug )volumé
average BiOL and the cu-axis conduetlvity @] of a

mercury arce plasma for direct comparison,



Table 1,1

Discharge £¥ . Z(T”°L ~
L N e Aci I o K
noscm) | (mios fen) | (mhosfes)
2.1 0.89 1,90 6.26 | 7,08 | 3.29
3.1 | 1.2 3,70 18,05 | 14.52 | 4,88
4,0 1.78 £.99 P6.E56 | 14,01 | 4,98
.0 1,04 6401 | BL.00 | 15,72 | E.07

It may hé observed from the above tahle that at & anmps,
discharge current the one-axls conduetivity cen be about 16

times the azimithal average value,

ilgwever, the use of iaduction ﬁ?obing for measurlang
plasma conductivities, 1s by no means as frultless as would
appear froun the above comments, instead the method can be
frultfully uwtilized to determine major characteristics of the
plasma 1f the aforementioned neasurement is supplewented with
additional information nsing an approach of the present author
(Ghasal et al, 1978, Chaptér IV and Chapter V of the preseut
thesis) or that of Geldeﬁhurg et sl (19c4d),.

1,2,11ls In the preceding sections methods Tor deternination of
averagé azimithal elaectrical condueifivity have been discusged
vhere the effect of plesma mediun on elther the coil residtance

or. the probe coil inductauce was utlilized for the purpose,



Iikoshiba and Smy (1969), on the other hand deseribed a
never approach of measuwring plasts conductivity by ntilli.
sing the dependence of the mutual ilnductance of two colls
uwpon the conductivity of the mediunm lying between themn,

gut of the several advantaopes ol the nmethod highlighted by
the authors in thelr paner, 1t gesms ©o the present author
thet, "that it c¢an be used over a continucvs and wide réng@
of frequencies with the result that a very wi&e'range of
conductivity oan he meagured (to 106 mhe&/ﬁ)" is the moét
significant one, Thig improvement is the outcome of the
inherent sensitlivisty of their aﬁparaﬁug wvhich was not endowed
with other eleetronic accessories, In the former LType of
single coll meapureuents the reflected 1mpaﬁénca of the
oscillator coil was small anéd sensltiviiy was weunslly
achleved hy using nmixing technlgues or () spolling mathods!,
With the iwo colil methaﬁi&eecrihaa by these suthores, oune
“coll acts as a transmitter, the other as a recelver, The
signai indneed by the receiving coll is muach less than that
applled to the trousmitting coll with the resnlt that the
relative reaction of the induced currents upon the recelver
coll is muach more pronounced and & very simple veasurement
of slgnal aktenuotlon is sufficient for conductivity ueasure-

ment,

The two eoll stechnlgue wes Jdeveloned in order o

pegsure the conductivity of a shoek precursor plasma, The



necessary theory vas developed by counsidering a shock tube
geometiry with two ra&i&l.conductivity distributions that
nlght be expecﬁed in & precursoer plaswma, vis,, uuiférm and
anaular conductivity profiles, Tepiected ip the disgran
(Fig.l.ﬁ)ambthe coil configurations as used by them. The
field coll conaisted of one turn, Mmititurn ves avoided due
%o the appearancedf undesirable resonauce arising from
winding capacitances, lield éail loading due to the pre-
sence}of nlasma 1n the imnedlalbe vieinity wvas ninimlzed by
counecting a sultably large resistor in series with the coil,
The output wae»faken from a similar single turn search cell
aﬁd was fed direetly to oscllloscope probe (high input
iupedance). Stragy capaeitive-effects vere 2lso observed
by them, particularly at high frequencies, Tb solve this
problen, a second gearch coil of simller construction to the
first search coll was placed an'the other silde of the field
¢pil with respect to the first ene}and both sgéarch eoll
8igna1§ vare fed into & differencé amnplifier, Theﬁghvit
suifers from the weskness that the conductivity results are
some sort of averages depending on the cholce of the conducti.
vity dlstribution model, the work may be sald to be a
slgnificant advancement to other methods (dlscussed in
‘earlier sections) in that it neels no ealibration and also
in'ﬁhat it provides a very wilide range of measurable conducti-

vity .

1,31.22, Besu and Maltl (1973) eleborately stuﬂiéﬁ the



L

non-innersive ceil probe method for a hdt,cathaﬁe lov-
pregsure &.¢ discharge plasma where the electron atom
collision frequéncy 13 comparable to the probe frequency.

The gituation correspéhds to the case vhere the counductor
approxzimetion is no longer valid and the plosma is eharacteri-
sed by a complex conductlvity 071-iG} « Tanake and Hagl
(1969), as aiscwssed in article l.1.7 was the first who
focugeed partionlar attention to the oreblem of coll probe
conductivity measuremnsnts on plasnae vhizh zhows impedance
characteristiaslat worklng frecuenclesg but the ﬁ?éblem of

. Panaka and Hagl was how to obtaln the "d.c conductiviity" vhen
the imaginary part of the conductivity is non-gera. However,
the intention of Basv and Malty was different. They obialned
both the rezl aad insginary part of the plasma couductivity
by measuring the two parameters (insteaé of one, as done by |
Tanaka and Hagl) viz, resistive and inductive parts of the

reflected impedance of the probe coll,

The complex coenduetivity is, in general, related %o
plasma paramaﬁsra hy the following expression (Heald-and'

tharton, 1968)

o
o a4 I -djco(v)v‘%ow
oo L0 = Y éocob//V@9+iw AN
/Y |

vhere ¥ is ths electron velocity, £,(¥) is the eguillbrium
distribution function, W is the anguler Lrequency ol the

applied r - § fiel&,'v(v) is the eleciiron atom collislon



Irequency of momentum transter ete, The authoﬁs consldered
two situations where V is independent ¢of electron wvelocity
‘and where YV is dependent on v. In the first case the
above equation cen readily be simplified to yield ;
05 = LG = 6"&;‘/071* )

~. For the second situation also ( @ +1q;) satisfies
the last equaﬁion ir v 1é replaced by sone suitabia effective
momentum trensfer collision frequeacy 1¥ﬂ. It was‘sﬁown by
them thas both 2%+ % N (glectiron density) can be expressed
in terms of twe parameters oC<&f3 vhich are proportional to
the real part and imeginary part of the coll impedsnce 1n
preseunce and in absence of plachma respectively, They'obtdined

the following relations s

Vagg = woC/@—p)

' 2

' Swm ol a being the radius
apd H = g "72'*\_
e/uza- P of the plasma colunmn,
Experimentaliy they weasuresd the resistance and reactance of
the coll with & Qenmeter used in conjunction with a low pover
r-f osclllator., Heasuring the ék\ of the coll &nd‘neting the
capacitance reguired for tuuing the circuit hoth in  presence
and inh absence of plasna it was pgssible'te obtoln two lnpora

tant plaswa parameters \/q; and N



Though theoretically thaﬁtwo cases, where V te
independent of eleétran speed v and vhare 1) = 1)(v),
vere considered quite at lengih,the present=auth6r notes
ﬁhaﬁ it vas overstressed since the experimental observatiouns
cannot dlstinguish the above two situations ond the obzerved
@0llislon frequencies are alvays the effective momentum
tranafer colliéion frequencies 4in some wey or other, Besldes,
the expression of ~i>eﬁ and ¥ were derived on the basis of
mwnifors conductivity model which 1s far from balng true in
nost cases, They were of courge self-coneelited by stating
that these obtalned parameteré are the values aversged over
‘the cross-gection of the plasma, but propeér understanding is
only possgible provided the nature of these a#erages are known
theoretically, However, if the conductiwity profile is known _
beforehand by some other means the above approasch after

_ 1ittle modifiecation might yleld nmore meaningful results,

(B) RRVIEW OF THE PREVIQOUS WORKS II

1.2 PLAGMA WAVES s GOLD AND VARY PLASMAS

It is generally kunown that a plasme has the character
of a quasi-neutral elastic medius in which any perturbation

vhich brings about a deviation from the equilibrium siate



gives rise to varibus types of osellletions and waves In the
piasma revealing a;great deal about the state and the nature
of the plesna, Esﬁecially magnetic plasmas are enormncusly
rich in wave phenomena, That there are various wave modas
which can propagatb through a plasoa ﬁaﬁium results from the
fact that ot leasy two distinet specles viz. lons and
electrons are pregient and there exists varieties of driving
and restoring fordes namely, electric and magnetic forces,

preggure gradlents, viscosity etc. 1lu & plosme medium,

Eheoreﬁia@lly, in prineliple, the sxlstence of all the
vave modes, the dlspersion relations, non-linearlties end
other properties perhaps counld be obtalned but no such general
theory is available due to severe campfzéity of the problem,
However, the exlstence of éifferent'wavé nedes in the plasme
and thelr dlspergion relatlons may be obtained and best ﬁﬂﬂ@r.
gtood in sevéral idealised conditions., One of the most
popular idealizetion 1s commonly knovn as cold plasma approzile
mations., By a cold plasma it is meant, one in which the
@rdered motlone of the constituent particles are very large in
comparison to thermal (random) motions of the partieles and
while the later nmay be neglacted; " Consequently one can
éescribe;a cold plasma by a.fluié.ﬁheory. The warn plasma
waves on the other hand is the suhjget of plasma waves in -
fagimea'where thermal motions are important. For complete

description, of warm plasma waves & more mieroscople point of



viev 18 required than s allowed in a finid modél, néverthe-
1é8&, surprisingly encugh, o thorough viev of plasme waves
in verm plasma 15ﬂobtainable throvgh fluld models. A
dimensional analysls of the warm plasme vave equations shovs

that the cold plasma approximation reguires (Banderson 1974,

(%I‘>‘/Z< < 9k N ver  (1.2)

wvhere m and T are the mass and temperature of the
particles k 1s the Boltzmannis constant ané . and k are
the freguency and propagatlion constant of the wave. For

studying the eaﬁd plasna waves the starting fluid'aquations

are
(1) continulty equations

o ('hﬁ? = 0
77 4+ Y. , :
a" t . LR ¥ (1. 2 )

{1i) nomentunm transfer equaibions

- — = LU .
n rm (—j——z + U-V) UK=""‘Q<E+ T ) ees (1.8)

which are supplemented hy Haxwell's equaftions, The siarting
aguations are obtalned from the collislonless Bolbzmann

equation (Viesov equatlon)

ot w7



by taking zero ahd {irst order moments. As just mentioned,
tha plasna statevis encrmoualy.rich in wave phenomena (even
for ccld plgsma)ﬁand variety of claszsification schemes have
already desu davised (Btix 1982) Yo facililitate the catnloge
ing of plaama vaveag, Sinee the normal modes of the plasma
is strongly infliuvenced by the plasma snd field configurations
a broad catagorizatlon of plasia vaves may always be made
acaording to thé state (Iield (B) free or fileld (B) embeﬁ@ed)
of thé plasma.ﬁhat supports the waves, Solution of eguatiocus
{(1.2) to (1.4) affer linearizéﬁion and using Maxweﬁl's
eguations corrgsponds to electromechanical oscillations at
the nlasma fraéuancy. Such cgéillaticis are called by various
names (Krall and ?rivé?iece 1873) s-Langmuir oscillations,
rlaspa osclllabtlous and space charge waves are the terts most
somngnly wsed, slnce the ¢zleulation is based on cold«plaste
approximation the properiies of these oscillations do have

some interesting features 3

Ca) Langmmir oscillations are dispersionless in a cold

nlasma.,

(b) They do not propagate in a ghalopery cold plausma
becanse, for a dispersionlsss wave,'the group
velapity Vg = ’}0/9k 18 zero., GEven though thase
oscillatious do not propagate, they possess a phase

velocity Vy = WO/ = Op /i,



(c) For a érifting cold plasmm, hOWQV@P, 1t is saen
thah ﬁhe Langmuir osnillaticn& pessess nropngation -

charac%eriSuies¢

(d) For o cold field-frec plosmn thers is only one

‘characteristic frequency (., = Wye V | + me/my vhere
ju'raabu.n.nc

Wee is the so called electren pleswa, [ A 47 "ee >]w*th

no separate resonance &t the ion.pWaama {requenc 9 Zro) .

Af“e>]

The cold plasme theory is valid provided the plasma
is "cold" in the seuse of approxination previously mentioned
(equation 1,1); this anproximationtohviously breaks down
vwhere ths vhese veloclty tends %o zerc, Conseguently the
vave podes hgving smaller phase velosities cannot he
predicted according bc this grosa idealization, However,
sone finlte ﬁﬂmperatura‘mcﬁifieaﬁiam of the theory, but
stlll within the counfines of a fiuid deseriptio“, By be
made in several circumstances (warm plasma). Ihia nmay be
done by supplementing the finild escuationg by somst suration
of state, nod pracisely here lies the fundamentnl Alfference
between cold and warm plasma theory, The insertion of the
equation of state immediately releases the rbove mentloned

osclllation mofes into dlapersive prqpagating modas and also



predidts a new propagating vave mode called lonwacoustic
meode. It must be noted hovever, that althovgh the additlon
of equation of state is a step-forvard towards realism, the
fluld equations glve: an incomplseste plcetinure of warm plasma
wave moblon as for example 1t cannot predict Landaw damping
(Laﬁ&au, 1B ) whileh, physically, 1s the ont.come of strong
Interaction of the tharmal electrons vwith veloelties of the
order of the phase veloclty of the space charge wvave, :
Nevortheless, the plasma phyalelets are fortmate encugh ﬁc
observe that so far as the plasim waves are concerned, Phagetels]
idea;izazions in any level of the theory have not divorced
theory from expérimentab hzperimentalists always mest with
attuations vhere their plecma may be teken %o be ideal in
one form or other (so far as the wave propagatlon is concerned),
. Preglsely for this remson the study of wave propagation leads

%0 very fmportent plasme disgunosbic ﬁathoﬂs.

1.3, IONIC OSCILLATIONS

Az mantioned earlier the warm plasma suatains, in
conirast o celd plasue, propagatling wvove modas for lLangmulr
oscillations and alsé another nev wave called lon.acoustie
vava is preaiateé on the basis of wara plasua theory and also
1% 1s obaorved thav there are lon plasma oselllatlons vhers
the electrous pr@vida a neu@ralising background {or thessa

oaclllations, These wave nodes, first properly theorised by



Langmilr (Langmair, 19263 Tonks & Langmir, 1929), wers
obgerved by meny authgré (Penning, 19263 Pardue & WYebh,
1828; Pox, 18303 chow) 19513 Brown & Cowsn, 1031y appleton,
1923) including Tonks and Langmuir (1989), ALl these
authors studied ionic oscillations only (not the propagae
ting sedes l.e. the lonwacoustiic waves),  is fcr‘eﬁamgia
Appleton (1%3) observed lonie eicillationg from m striated -
aiédharga; Pardue and Weblh (1973) took up thelr experiments
on ion gscillatlons in an effory to correlate Whiddlngtonts
vork (Whiddington, 1028) on moving strise and Appletonts
work on ionic osclillatlions, ©he discharge tube was of the
hot ¢athode Gypa, 3 cﬁg Ln ddameter and 26 cm. Long. The
ogelllations were detectad by ecapacitive aud inductive
Gerles and parallel)piek»uyﬁ The frequencies obssrved by
theu were in the range from 18 ﬁ 104 50 & fav hundred ayeles,.’
These Iraquonciss were Lound to be dependsnt ob anoaa
pdtenﬁial, presgure end fllasent current and the oscillations
vera balisved to be iﬁﬂig (buganse of the frequency range).
The correlatlion aﬁ‘th@ icn cseillatlons and the striations
obssrved by them was purely smpirical én& there results are
now nob woyﬁhmhil& %o mention, The cubtline of the theory of
toule pocillations as pregentad by them was duavﬁa\parsnnai
eontaet with Iasngmir, Iengruir's theory of lon waves first
'appearad 1n‘Pr¢caeﬁinga of Hatliouwrl Acandeny of Sclence
(Lapgamulc, 1926), Later Tonks and Langmilr (1999) presented

the theory of 4on vaves more elaborately, wvhile presanting s



work on Yoseillations in Ionized OQassst, In their paper
simple thecry ({luid theory was implicit) of electronic

end ionic oscillations of ionlzed gas was developed, The
electron oseillations, they assumed, are so rapld

(= 10° Hz,) that the heavier positive lons are unaeffected,
The natural fraqﬁenay of the oseillation was given by .
Ye = ( negfhﬁi%@ end except for secondary factors (beam
property of electrouns) theae were found not to tranemit
energy (i.e. non.propagating)., The loniec oscillletions were
assumed to be po slow that the electron denslty hed its
squilibriurg value at sll times, For shorter wave.length,
osclllations approachds the natural freguency 1)1 =‘01/éx-a
1§(mé/mi)% ag upper limit, The oscillations of longer wave
length wera'fauna to be simllar to sound vavreg (preaently
known as ion acoustic waves) the phase velocilty Yy
approaching the value {kTe/mijﬁ, vhere Te 13 the electron
temperature, The lower limit of wave length for these ilone
- eound waves were argued o be proporticnal to Debye Shielding
distance N\p (Debye and Hlokel, 1928), The experiment vas
perfqrmed for hot cathode type mercury dilscharge plasmae and
the oscillations were detected with a ziﬁelte-telluriuﬁ
detector. Ezperimentally three groups of oscillation free
quencios were observed : (1) 300.1000 MHz, (i1) §0.60 Mz,
(111) 1.6 ¥z and below, The first two gfaupa ware belleved

to be slectronic oscillations for ultimate ond beam electrons



respectively and the third group of oseillations were attri.
bused to positive ion eseillations, 'Hoﬁevar, in their paper

no explanation of the couse of these escillations were given,

After the appearance of Tonk!s and Langmirts theory
several authors (Fox, 1930; Chow, 19313 Brovn & Cowen, 1031
egta, ) reported their results of euperiments on plasma
pscillations in the 1i{ght of Tonk's and Langmuir's theory,
Chow (1931), in the course of an experiment to deternmine
eertaln quantities (not related to ocscillations), encountored
the Alfficulty that the voliauge across the tube was not
constant, After an unsuccessful éttempt to eleninate this
filnctuations, he thought it was desirable to investigete the
phenonmencn in detall and naburally the interest was shifted
%o plasma oscillatlons, As mentloned earlier the phenomenon
¢f travelling siriations Qatudiea by Aston and Eikuehi {lo29)
and whiddingten (1928) 1s accompanied by oselllations (Pardue
and Webb, 19283 Fox, 1930 and others), In the paper of Chow
a fow more peints were reported concerning travelling stris.
tions and coscillations in the positive. column of an argon
&1schérge. A set of wave lengths bearing simple ?elationé
with the length of the Hubs were calculatea by means of
Tonlk's and Langmualr's theory of loun wavea, Here mentlouef
must be made of the work of Brown. end Cpwan (1921) whe first
observed fonic oscillation in cold cathode dilschorge with the
help of oscilloscopes and the results were found to check dp

satisfactorily vith tests made by other methods by Bmeléue (1927),



TRAVELLING VAVES

ALl %he experiments mentioned ahnve,stmaiea lonie
aacillatiaﬁslthrough &ischarge plasma, In fact the
_exiétance of electrical ascillatiaﬁs @ecurfing in elae%rieél
aischargeé in g@aes‘at low preséures heg been kuown fnr mény
yaéra& Theso oscillations may be grouped into two broad
classes, of essentlally different eharaater.‘ The freqﬁéﬁay
of the firéﬁ group le found to be dependent on the constants
of the external cireuit used to maintein the dlscharge, such
as capaclty-resistance cscillations for the generation of
wh;ah.tﬁe discharge tube malnly acits as electronic valwes
for maintaining and controlling the fluctuations of potential
in the external eirewlt, The second kind on the other hand
are die to the praperﬁies.ef the 103135& gas itself and
eredlt mnét be given to the sbove mentioned experimenters vho
were able to sert out the firet kind of oscillations from the
true pléama oaaillétions (whieh‘wera'léentifieﬁ as ionie
oscillations) ané'unknewingly opened o potentlal area of
plasma diagnostic techniques (Bessler & Pearson, 1967) and
also of éther fields, Nevertheless, however, as regards the
lon accustic waeves the main oredit must go to Ra&ans (1923),
for his experiments in which he for the firet tlme obaerveﬁ
the eseillatlons manifested themselves ms trovelling waves,
This was effected by a conslderable imprcvamént of the

apparatus that waS‘u@ea,by earlicer workers, He made use of



a movable probe to detect the travelling wave behavior of
the ion oaéillations. Revans studied the oscillations in
one hand for a hot cathode mercury vapour dlscharge in a
aspherical enclosurs and on the other hand for a similar
dlscharge plasma in a long cylindrical tube., It was
chserved that when oscillatlions set in (this depénﬁed on
filament current and anode potential) the electron tempera-
ture increased remarkably, and the frequencies present
seemed‘to conslst of a Tundsmental and a long series of
harmonies, Thelfundamental‘wgs fauﬁd to be independent for
wide range of voltage and éurrent variations and it was found

reement

to be in good with that calculated on the basis of Sir J.J.

Thomson's theory, It was shown by 8ir J,J. Thomson that
travelling waves with velocities lying betwsen (kT4/mi) and

L (kT4 + k.‘l?g)/ml_jk can bs propagated through an ionized gas
vhere the different terms are of usual significance, The
electron osclllatlion mode was neglected. When the frequency

is much leas than the electron plasma fraqguency Wg =(n92/7rm9)§,
the lon vaves travel with a velocity zrk(Ti + Tel/m1;7%. When
Io> T4 the veloelty reduces tO’(kTe/mi)%. It is to he

noted here that the same result was obtained earliser

by Tonks and Langmuir (1928),

All ths experimental obﬁervatibns led Revans to conclude
that the glov was vibrating as a vhole im a manner similar to the
air in a HelmhottzeHesonator,the frequencies of the fundamental and

the harmonies of which were determined by the container size



o o>

and apaed of'the ion sound waves. Spontaneously excited
aleatrmaécausﬁie wavea<o£_the type predictsd by Tonksand
Longmuir (1929) were observedy in a renge of gases, later
after a long bime following Revans by many authors (viz;
Crawford end Lewson, 19603 Crewford, 1961j Geller and
ﬁucer&iﬁ, 1961y Crawford and Iwhler, 19683 Frasnk et al,
1947). In a dlegoostic QX§erimﬁnﬁ Ewaléus (1956) observed
-some low fr@guency Tluctuations cceurring in the paremeters
of & d.c. ﬁi&eharge énﬂ 1% wap puggested that éxistenca of
spontancounsly exciteﬁ ton wvaves mighﬁ be the scurce of ih,
To test this hypothesis Cravford (1861) studied d.o.
Cmercury vapour ﬁi@charges at very lov pressure fz:l@‘ﬁ Tore)
in specielly designed tubes, The dimenaions:ef'ﬁh@ tubas
were chosen coumparable to the electron.neubral ecollision
mean-free.path so that the colllslonlese anproximation eould
be snid to be valld, Spectra of anode voliage fiunciuations
were cbserved to contailn penks verying slowly with current,
ileasurement of phase shifts was attempted which indiceted
the corder of magnitude of the veloelty of thévtravelling
fluetuations, The resulis augg@sted thet the lon-acoustic
vave mechanism mipht be operating and thet 1% vae being
enhazced by the presence of comstriction. Of the two nodes
obgerved by'cfawford (radially'varying and azimuthally
varying modes) the azlmuthally varying nede was found Lo be

axclited very strongly andé the phenomenon was put as ai open



. gueation, To deterniue the compression ratic Y wary
accurately,he modified the TonkseLangmiir formula for
dispersion relation by including the axial and radial

drift velocities of the ions and electrons.

A ssriea of axps&iménﬁal'wbrké Qh aponténeausly
excited lon vaves wap done by Alexeff and hig gollaborators
(Alexeff and Neldigh, 1961zed, 1963, AlexeCf ob al 1062).

In one of the earlier papers {(Alexeff én& Heidlgh, 1961a)
tha exlstance of lonle socund waves in g mognebically
supported plasma column was reported {ln the same year
pther standing vave podes in n piasma colwen were seon to
be raporied by doneoll et al, 1961}, Leter Aloxef{ ond
Heldigh (1D61b) mnnlysed the data fronm the aischargelexperi.
wente of Gravford, (1960)and vere ahﬁwn apparently to exhibit
ionic scund waves, Adéitional work by craviord clgﬁl)
mentloned earller, with further aarralaﬁicnsvby AlexefT and
Hei&igh (19831e) confirms $his annlysis. An 1nvsatigatiaﬁ"
of etanding lon-sound vaves In spherical dlecharge spaces
waa'&lsc made by thamniklexeff.aﬂﬁ &ai&igh, 1&61&3, In thia
context the work of Gellen and ﬁééééiéé (1861}, vho observed
atanding lonie sound waves in‘a spherical plasmclld, may also
be referred, In the folloving year the gas damping of
Bgantanaausly erelted lonesound weve nodes was ubtilized tio
eatimate the gas pressure in an are type fon source of a

magnetle ilsotope separaior by Alexef? eb al (1962), Preclsely



this work may be said to be the first ezperiment on plasm
dlagnostics utilizing the behavior of ian-aaéustic waves

in plasme. Later the authors (Alexeff and Neildigh, 1963)
repartéa an exteﬂéive Qbé@rvaﬁicﬁs of iaﬁic sound wavea in
plasmas and on the basialéf those observations some paroe
B meters of the plasms were suscessfully determined, BSelfs
excited oéeillatians were obhserved both in magﬁeﬁically
supporied plasma‘ealﬂmn& and in sphericel discherpe tubes,
The fundament&l fre@ueﬂcy and harnontes of ezch systenm
agreed with those predicted by the 1éﬂ1c sound vave formala
(developed by them) 4n terms of the cleetron tempsrature,
the ifon mass, and the dimensions of the systen, 3 simple
equation was used to vredlet vhen dempiog by the background
neutral particlss prevented a given mode of plasma oseillaw
tion from beiug-obsarvaﬁ, They alaa'ehserveﬁ a very
interasting rasémaﬁce gi{act between the lonic sound and
the Lon eyelotron frequenay in the magnetleally supported
‘plasma colunn, The elée%rou témyeratur@ of a plosms was
founi by measuring the fraquémay of a @t&n&ing Lon-vave
mode, and as was done pravionsly (Alexef{ et al, 1962) the
neutral gas density was estimated by observing the gas

damping of verious standing lon.wave nmodes,

1,5 EXTEANALLY EXCIVED IONsAGOUSTIC WAVES
| Uptill now a brief review on the experimental observa.

tions of spontanecusly excited ion acoustie waves in plasmas



has been wade, Turing the bepiuning of the soventh decads
another series of experiments came in sxistence where the
prapeﬁties of ion-waves were studied 6; exciting these
vaves externally in plasmas (Vasitteva et al, 19593 Hatta
and Sete, 19613 Little 10613 Liperovsikl, 10813 Wong et al,
1962, 19645 Wongy 19653 Crawford and Self, 1963, ete,). The
digpersion of thage waves w%%é studied mach c@n@aﬁiently
since the waves vere generated by external sourees, ﬁatta‘
and Sato (1061) were able to exolite lonssound waves in a
wealkly lonized dark plasma, electrostatically by the use of
a meshed grid, In order to get the waves in reduced backe
ground nolse they chogse the dark plasma of the so-called
‘anole glow mode’. (Malter et al, 1851) discharge with a hob
cathode as the hedium for the prepagetion of lonewaves, In
order to excie the ifonic wave in the dark plasma sinugoidal
‘voltage of small amplitude was applied to the grid, The
variable voliage affected the amount of ilon supply from the
anode glow spage and modulated the lon density near the
grid, Gcﬁseqmenﬁiy, the lonic density wave seemed to he
exclted and propagated along the dark spaéa. To dotect the
}Qlasma dénsity fluctuntions due to the wave propagetion they
made use of a movable Langmuir prebe, Hecause the medium
was weakly lonized the lon.veve was found to be damped due
te collisiens-bétwean ions and neuiral atoms, Theoratically

& two £luld desoription was given ineluding lonenentral



o

collisions, Bxperimentsal results obtalned therein showed
good agreepent for measuremsnts of phase veloclity at highsr
frequencles, The dispersion relation, however, seemed to
be apparently inadecuate Lo explaln the recults for lover
fraquencleg, This discrepancy wae nat'azplainaﬁ by then,
‘Later'ﬁaﬁ&erﬁan (1974) also kept this discrepancy as an open
guestion, (Hlovever, tnls may be explainmed in the following
way g For their moneurerents Hatta and Sato 414 not possibly
consider the possibility of foruing standing veves, At
‘higher freqnaﬂaies'th% attenuation of the wave was high
enough so that the wave reflsected from the resr wall {or the
electreae)-bf the tube interfered little with the propega.
ting wavej but for lower frequencies the damping was nob
that strong and the reflectsd woeve mey ba expected to
sbrongly 1atémf9ré’with the wvave generated by the exeitor,
sanaéqueﬁﬁiy the measurad phase ehifte bheing prone to .

errors, is expected to be amaller than its true value),

| Little and his collaborators (Little, 1961y 10623
Little and Jonep, 16655 Barret and Livtle, 196G), rapéﬁﬁ@ﬁ
that lon waves could be excited with the use of an externsl

¢oll which modulated the plasna éanaity‘hy varying the
magnetic fisld, The plasma used in thelr experiments was
a low pressure mereury are, In his first paper (Little,

1p61) both theoretical ané experimental vork on the problem



of transmisslon of electro-acoustic waves in g bounded
plasna waa.raparted This paper dealt with experiments

in vhich a shart exeiter coll fed {rom an ultrasonic
oseillator craate& vaves in ths pesit1VQ eolumn of the

arge plasma, I% was found necessary to maintaln a steady
axlal magnaﬁia field to reduce the particle 1033 to the
valls, for that 10 s seemed to canse atrong attenumtion,
Both raﬁia’ and afial compression was found to exist for
the mode of oxcitation reported thersin, The vaves were
demonstrated by a photomultipler connactad to a phase
sensitive detector. The outputa of the phase sengltive
detector wers recorded on a ehafﬁ recorder, Ehé motion of
the chert vas synchrongus with the motion of the photos |
miltiplier glong the pésitive eélumn. Transpission was
cbserved from cut.ceff at 28 KHZj‘thD £0 kiz, cefresnponding
| to the wave lengths out«eff from 30 ecm, to 3 em, in the |
plasme, Danping, however, was not reported, In.a later
paper fvis; L1t%le and Junegsfthe vave attematiouns vere
studied, The paper reported ei&beraﬁaly more precise
measurerncnts on the dispersion of these vaves with anf withe
out an axial magnetic fleld, It was found that externally
exelited and self oxelted lon vaves shoved similar bhehaviors,
nemely a lov {Fequency cut~0£f in transmission for thse both
at about 20 lkiz, That no other observers had ohserved this

low frequency eut-off might be dwe to one important diflerence



in parameters 1;5. ihe cholce of the pressure range (Littlej
0.3 B. Torrg Others s 2 n. Torr.), It was also obaervad
%hat vhen a small magnetic field was used the cuteoff was
more olearly evidant than in zeroc magnetic field and the
ezpsrimental,iesulta were in better agreement with a simple
thooretical model over thé lower part of the freguency
range, Above 40 kHz, the slope of the dispersion curve fell
sharply = this was the upper 1limit at which the external
gxclter céii was effective, Much 1ight was also thrown on
the subject of spontaneously ,e:mited wvaves, which previously
waa regardeﬁ a8 an obstacle, The principal drawback in these
measurements was'the presence of aizeable.fluctuations in

density,

Wong and others (Wong, 19663 Yong et al, 1962, 19643
Moteley and Wong, 1963), in their series of experiments
were azble to remove this difficulty by using gquiescent
plaspa £or their measurements, They obtalned a Vny
steble plasma Iin a device known as Q-machine, which
vas eimiler in construction to thé alkall ion plasma source
desceribed by Bynn and DtAngelo CIQGO). In the Qemachine
caesium and potassium atoms from an nien strike a hot tungsten
plate and the alkall metal plasma is created by contact
ionizatlon, A second hot plate held the plasma axially, and
the_plasﬁa vag further radially confined by using longitudli.

‘nal magnetic fields, Sinee the plasma was produced near one



end of the column the recombination losses effected a

arift of plagma avay froem the producing plate, Aecsrainvlv
they obtalned two different phasa velaeiﬁies for two
directions {for waves moving upstrean and downstrean), The
1oniavséun& waves were reported o bé exclied ané detectad
electrostatically with grids placed perpenﬂieuiar to the
axis, The damping of the waves exclted in the §1aema of
»preéumably equal electron and ion %émp@rathres vas found to
be so strong thaﬁ-stén&ing_osciliationa vere not predueed.

| Sines wave fr@qyéﬁcy was | mach iess than electroneelectron
eollislion frequency But greater than ioneion aeollision
 frequency, they (Vong eﬁ‘al,llgﬁé} followed the theoretical
aa&ly&is'cf Jensen (1962) in treating the alectrons as &
flui& at the ions by a collisi@hlwse Beoltzmenn egnation in
the manuer of Frled and Gould (1961).‘ As usuai tﬁey
1ineawiaed tha:équaﬁiauag made use of the Poission’s efune
tion for ﬁhe self-conslatent field and-assumed Maxwellien
dtstribution for ions and obtained the disperslen relation,
The coutribution of the different ecollisional processes was
4gnored but later estimated the different collisionsl
ﬁrceessas {ioneslectron, lon.atonm, ion-ign ete. ) term by
ktarm,by aaleulﬁting the rasistivity and vigcosity effects,
But these frietional processes faile& to explein the experi.
-mental results for damping of %he vaves, It vas therefore
| balieved th&t for their experinment the ecliisionless demping

prevalled, GQuelitative eviﬁance for cellisionless damping



' . 4or ' _
{hoth temporal and spatialkglﬁctrcn oseillations,vere then

available (Kofoid, 1861 and (faulton ef al 1Q§2) but the
experiment of Wong el al (1964) may be marked ag the first
guantitative measurement of Lanﬁéﬁ damplng of iqn.acquatie
vave ".Lﬂter Mﬁi@ey and YWong (1884) extended the previous
axperiment - just discussed to denser plestos (n Y4 x lﬂzgem“g);
The‘appliea fraquency uwsed was bélew 50 Hz ané the fon-ion. '
collision freguency seemed t¢ sxcesd the wave Lrequency and
therefore £1lvid aquations rather than collisloniese eguation
batter deseribed the wave propagatlon, The exgerimantalb
results showed transition {rom Lanasu damplng to viscous
dampling of ion«acousiic waves and the resulis were in
excellent agresment vith the theory taklng the viscous
danpling inte account, In the sane year Gonld (1964) theore.
tieally exanined In detail the ghenpmenan of excitation of
lon-acoustic waves by a palr of ldealized grids in a |
collisionless plasua. Ib was shown that in a limited reglou,
méither 00 olose nor tee far from the source, the disture
hange closely approxzimates expoaentially aampﬁﬁlfspaﬁialiy)
fon=agoustic wave, This was in agreemeut with pravious
experimental results of Yong et sl (1964), However, Gould's
aalculation pointe out an 1nte?eéting faet that the electron
contribution becouse deminent at pasitiens‘far from the ‘_
source as exhiblited in & weaker damping of the wave and in
that the phaée of the vave becomes stationery with distance,
Later'wong (l&&&) reported sone observations vhich appsared

to support this faect,



al

The works of Alexeff and his collaborators on
spontaneoualy exclted ion.waves was digcussed in an
earlier section., Thsey alse performed a saries of oxperis
ments on ezternaily exeited vaves in plasmas (Alexeff and
Jones 1963, 196Ej; Jones andiﬁlexeff, 1964, 19GE), They
used the so called time.of-flight technlgue (Alexeff and
Jones 1963) in order to measure the wvelocity of 1onie
sound waves in a range of gases, In an eleborate paper
(Alexeff and Jones 1265) they veported the experimental
'abaefvatiﬁn on lonewave propagotlen and deternined the
compression co-efiiclent U 4 of plasﬁa slectrons, They
nade use of the qulesgent plasie but not a Qemachine ag was
done by Vong of al (1864); iastoad the qulescent plasma was
obtained by carefully adjusting veliage and current of the
plasma source (Tokayume et alg.iaée). Ion waves were
extarnally generated at the transmitting probe (not grid)
by perturbing ite velitage with a sﬁgp.funeticn, pulse, or
burst of sine waves., They were detected by chserving the
modulation of lon ourrent to the receiving probe, The
signal produced due %o direet élestrostatic coupling between
the traﬂsmitﬁing and receiving cifcuita, vere easlly separas.
ted from the weaker ionevave slgnal by the time of flight
teclmigue, This techulque allowed them to perform the
velocity measurenent before reflecticns from the wvalls could

interferey although under the experimental conditions



discussed therein, no reflectlion vas observed (Jones and
Alexelf 1068b). Thé plasma para&eters were such that
collistonless theory wae still valid, The plasma of Wong

et a2l (1964) was also eollisionless but suffered strong
danping slnce T4<Te.  In other eﬁper!mentS‘visceuﬁ danping
was/pravaientﬁ magaetic {ilelds were pressent, boundary effeetls
at the walls of the plesma probably occurred and streaming
of electrﬁms relative to loas afﬁgcﬁed.the wvave vropagations,
Plssme of Alexeff and Jones on the other hand, was collision.
less with T.5)Ty and the wall effects and streaming effects

vers negligible,

Sessler and Pearson (Sessler 10643 1965a, 1965h,1866,
Sessler and Pearson, 1967) studied lon-waves for r.f, discharge
plasmase They renoved the difficuliy suffered by Yong (1968)
in comparing the experimentzl resulie wﬁth Gould's (Gould,
1984) theory, by replacing the single grid arrangement mada by
Yiong and others by & palr of closely spaced parallel grids as
the exglter, gGonld (1864), as‘a'theeraﬁieal model, employed
& palr of dipple gride with bppositely oseillabing charges aﬁa
infinitesimal spaeing‘ Since the inclusion of the roots of
the dispersiocn relation depended on boundary condition w@ﬁg
locked forvard in hoaving another theoretlesnl model that
could describe wore closely the actuael siangle grid excitation.

Instoad of developing ancther exciitstlon model, Seasler and

L)



»Pearsan chogee to replece the single grid of Woung et al

by closely spaced doubles gzrid arrangemants. Sesaler (1065)
raported measurenents of the propageitlon consbtaunte of
lﬂngiﬁu&ihﬁl fon waves Lo weakly ionized anltrogen gas atg
angular frequency greater than the lone.neutral dollision
frequoncy. In this csse colllisional darping should not be
expected but the msasurements showed an unexpectaed fr@qﬁenay
dependence of both the phase velecily and atisauatien, The -
hydrodynamice theory (vis, Denisse, J,0s and Eel&?aiz,'J‘L‘,
1963} prodicts propageticn of undemped loa waves unless
exzeltation froanency approsches lon-plasma frequencyl¥y, As
frequenecy approaches (Wi, the theory vredicts a decrease of
phase velocity., IBut experinentelly, hovever, an inﬁrea$e of
the phase veloclty with {reaueney vas observed and thas
in@i@aﬁéﬁ that auother strong disperslon mechanisn was
praesent, This could not be explain@d'iﬂ terms of phase
pixing (Friad and Gould, 1361) fbf'the range of paraneters
they used, This effect was attributed by Seasler Lo the
existonce of complex compresslon ratic (\{9) of alesﬁrané dug
to momentum transfer aﬁa thermal relaxation processes involved,
The result of the expériment Just dlscussed scems to contra
“dlet the later peper (Sessler and Pearson, 1067) which dtd
not report the ahove méﬂtioné& wnexpected dispersion mechae
nlem {urising Gue to complex compression retio) below ion

plaama frequency, In that paper theoretleal and experimental

A
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asults were presented in detall on the propagation of
longitudingl ion waves in 2 wveakly lonized gas in a
freguency range extending from considerahly below to well
above the lon plasma frequeéncy. The theory deseribed
propagatlon in & unifornm plasma on,ﬁha basig of kinetic
eguations. Two theoretical approaches were discussed, In
the cace of weak damplng the disperslon relation was
derivealand golved for complex propagation constant, Mhen
the damping is not wesglk, the spatlal dependence oflphase
and amplitude of the dlsturbance excilted by a pair of grids
was ealeuloted following Gould (1964)and Fried et al (1966)3
but this vas evalﬁa%ed for paorameters appropriate teo their
experiment, The neagurements wera-perﬂer&ed vith grid
excited lon-waves at {requencles heﬁéeen 0,1 and 10 iHz in
- hyérogen, nitrogen, ergon and krypton r.f, diocharges. At
frequencies wall below the lon-plasns irequency (U4, the
phase veloclty wvas found te be Irequency ind@pen&ent and
WS glven hy-the»ionkﬁs-Lanpmnir ppeed, At those frequencies
the sttenuabtion was feund to be proportlonal 0 the néntral
gas presgure and was therefore primarily caused by lone
peutrol collisions, At frequencies sppronching Wiy the
attenustion was higher than -espected from collisions and the
excasy was attiributed to Jon-Landav-damping, For requencles
greater than()y, the resulis conld not be explained by the
theory if Maxwellian veloclty distribution of the lon gos

vns aesuned. This vae explained by asswming the ionic



veloeity distribution to dasersase more rapidly at high
velocitles than a Mazwellian aistribution. One of the
most stroag §minﬁa of the paper s tﬁaﬁ the reported data
furnishes the first experimsntél evidence of ilon.wave

propagatlon at frequencies greater then Wi,

1.6 _BOHIC. PROBE DIAGROSTICS

At has been impiiaa in ﬁh@ asbove discussiona, fon
waves have many petantial applications 1nnulasma aiagncstics.
Contrary %o prmbe maauuranents, experiments on such waves
allow ons to &atgrmine many paraemeters without aisturbing
the plasme, Phase velocity and attemuntion st lov freguen-
cles, for example, yieids electron tempersture and ion~nantral
collision ecromsesectien revnectively, vhile measgurernents at
fraqueneies camparabla to and above the ion-plasma freqmency,
give informations abcut the avarage ion temperatnra an& the
shape of the ionle velmeity distribution, But in none of the
above mentioﬂe& eznerimenﬁs the plaama dizgnosties ves of
primary interestd. waeva & mupher of workera (Champilon,
19635 vaﬁnagar 1§64; Saxena ana Géur 106%a,by Gﬂur‘ahﬁ
Saxena, 1070 and Saxena & Saxena, 1974) developed a newisonie
prébe plasma diagmoét ic technigues in which characteristics
of 10m$-soﬁn& vaves in plasma pleyed the mpst impbwt&nt role.
Helated theoriecs were also de§a1099ﬂ9 These dlagnostics

studlies lavelve transmission of sonic and ultradonle waves



(externally excited by transducers) through a plosma sleb
sandwitehed by the unionized mediunm, Bué to U refleetions

et the plasma nen%ralvgas_intsrfaces the goniec vave gets
attenaaﬁed and fron the knowledge of’this_attenuétiog gmch
informations on plasma garameﬁérs were ebﬁaineﬁ. This new
dleguostic technigue is somewhat similar to the wmicroe

vave technique. (Heald amﬁ}ﬁharﬁan 1068 ), but instead of
microwave$§ suﬁic sipnals are employed %o explore the

_ ianigeﬁlmeﬁiﬁm. Pronagatlon of sonle eignals through plasoa

» vas poaaibly'first gtudied by Chomplon (1962}, He used an
arrangaéeﬁﬂ‘wheé éﬁ nltrasonic wave of variable fraqﬁenay
“was leunched by an ultrasonic‘traﬁa&uc@r in one end of a r.f,
excited plasma, The slignel was received by a2 renelver at the
- other end, The theoretlosl analysls of this esperiment was
avallable after Surdin (1668) who studled the sonte DIOPALS~
tion at frequencies both below and above lon.plasnma frequency,
The aingle flﬁid model wes chogsen but he did not consider
the collislon processes involved in deriving the dispersien
ralation, but later the attennation was’estimateé separataly
by introducing suibtable relaxvation processen, The'principal
dravback of this analysis is that all the eonstitﬁent
particles of the plasme was assured to be in therasl equilis
brium (L,=T; = T) walch cannot be concelved at least in the
vase of ordinary discharge plasme, While the deteiled report
of the unpubilshed vork of Champion 18 not available to the

preaent author, the ezperiment of cther ‘authors in this line



nay be discusse&; As mentioned earlier, fhe main principle
underlying these expérimental techniques is that the
trangmission of a plaﬁe acoustic vave fﬁoﬁ alr into losse

less plasma and into éir agaln is sbtudied, DTue to reflec.
tions, which occurd due to change of acoustic impedance
(product of the gas density and the sonle speed) the wave
encounters at the plesma-neutrzl gas lnterfaces, the
transmitted waves ars found to get atténuated, For a fully
lonized plasma, clearly, Ghe attemuation depends on the
phase veloclty of ordinary sonic wave and that of lone
aconstic waves this weans, the amount of attenuation contairs
iaformations on plasma parameters. Followlag this guideline
Bhatnager (1964) presonted a method (theorstiecally) in detail,
in deternmining electron and ion temperatures (T4 and Ty) of

& plasma. The temperatures Tg and Ty wers evaluated f’mzéz
meagurad values of reflectlon coefficlents of %he sonle wave
af the plasma»ﬁautral gas interfaces for two frequency reglons,
one a low frequency and the other a high freguency compared

- to the electron plasma frequency. The formula relating Te and
Ty with the reflection eoefficients were derived from Gho
single fluld model of a plasms with certain elmplifying assumpe
tions, Later the formla vas modified in the case of plasma
siabs, Dawxena and Gour (1260) on the other hand obtained the
ratiec of the pressure amplitude of the incldent wave (A3) %o

that of the transnmltted wave (Ag) for the propagation of



gonies through plasna sleb from asﬁawhat sinmpler considera.

tions (Kinsler and ¥Fray)e. The formmla was given hy

Az . 4r
Ay (r + 1)2

vhere T 1is the ratioc of the characteristic lmpedances of
the plasma and alr, To ccompute the characteristile ilmpedances
the‘knawledge of the sonic speaé;th?ougﬁ theae ﬁwo nediumes
ware-necessary; Sonie speed in the p;asma nedlum was taken

o 3
to be equal to /J Yk(ly + & Tglus /

where % 41z the ionie charge,. This is the speed of the ion
vaves (Yenkatarangan, 1964) fﬁr‘a non-iscthernal plasmn medium,
Pha above eqﬁation i&volving ratio ( r ) of the characﬁeriatié
impedances of the medium was indlcated to yleld electron
temperature, In thelr experiment sonies (1 - 40 kHz.) were
tfansmiﬁteﬁ\thraugh ajbérﬁially ionized glov dlscharge plasna
in a dead vacuun chomber, The sonigs were bioﬁueed by an
endiceoscillator, feeding a omull londspeaker kept in the
Vaaunﬁ chamber at right angles %o the discherge éelumn. The
trangmitted aignal éas daetected by & swall microphone, The
output wae measmredby a golvanomeber/V.T,V,M./C.R.0,, after
due amplifilcation of the signal, The propogation of sonies
through plaspe resembled in pany respects that of mierowvave
prﬁpagaﬁian. A preliminary report of the estimated alsctron

temperature vas also glven.  ?011owing the same experimental



procedure aa&'with mlaor nodificatilons, an experimental study
{Gour anﬁiﬁaxena; 1870} of the veriation of attenuation of
aconstic signal through a ﬁiéeharge plasma with the applied
potential showed a minimum at the stave of the plasma when

W= am vhere Woy is the ion plasma ‘ffaquaﬂep ('w,;,i
ehangéa with applied potential ﬁhraugh a4change in electron
or fon density 4, J» Beyond this frequency the attenuation
inereased asymptotically indleating the travsitlion of thé
plasma from the state of trausparency to opécity. The
variatian of the percontage of attemuctlon with the scoustie
freguancy wao fmuné to be an oselillatory function and the
amplitudes of this function ah@wea a regular decrease with the
imcre@&@ in the applied voltage of the plasma. :Th@ sxperinent
thue sﬁggemts‘m nethod for deterulining ilon density of & plasma,
Later, Saxens aod Saxena (1874) ma@e e comparative study of the
sonic probe and the Jhsnson;ﬁalﬁer (1980) double probe
technigue un&ey the sanme experimental condltlone by determiniag
the eleatron tempsrature in a weakly loulzed pilasma produced in
a dead "anechole” vacuum chamber (Rivinm, 19862), A falr agree.
ment in the results obtoined by these twe methods was observed,
It was also indicated that the senic probe technigue proved to
be a very sensitive device for sxploring weakly ionized vlasma
as compared to douvble probe. However, to the present author
these series of works is wvery much prons to oritleism for
various reasons., Plrstly, a5 wlll be dlscussed in a later

chapter (Chapter VIII) end also (Ghosal & Sen, 1977), the above

g



authors theoredieally consildored the case of fully ilonlzed
plasmas, Hut 1T the lonlzation is wea& ag in the case for
ordinary laboratory plasma the theory shonld be modified By two
majeylfaeﬁoye_z {zn) due Lto the preseﬁce of large neutral becke
ground the expressicn of the phase velocity of lon wvave
obtained earlier shonld he modified; and (b) since the elastie
city of the lon fluld greatly differs fm@m'that @5 the neubral
particle species, the veve in a weokly loanlzed plasma should
net be deseribed by waves hoving a elugle propagetion coustant,
fecondly, & nusber of papers both theoretical and axﬁefim@ntal.
| (Ingard, 1066; Sehnitz and Ingerd, 1960; Kaw, 10693 Ishide and
Idehara, 19733 Eékuntala and Jain, 1678) are ucw avallable vhich
proclaime the chauge of phase veloeity of the pure acoustic node
. hrough the neutral particles in a plasme due to energy tranéfer
£from the eharge particles te the neutrals., When goniles are |
generated by Sransducers, this pure acoustle mode cannot be
igaored in the case of partially ionized plasme. Ingard st al
(Ingard, 19663 Schultz and Ingard, 1969 ete.) have derived the
dispersion ﬁel&tien for this wQVe theoretically, takling the modl~
fleatlion dune to charged particles into aaecum%,‘ana have ghown
that thls wvave may be driven nustable under certain canﬁitinma,,
if the electrons are malntalned at a higher temperature theun the
- neutrals. Bxperimental evidence to support this fact is also
available (Fitalre and Mantel, 1972), Howvever, Kew (1969) pointed
gut That the iacrease Qf’aquilibfium tonmperature due to the
energy transfer'from alectrons to neutrals, rmust not be neglected,

The verification of Kaw¥%, theory i.e, the effect of Lncreased
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equilibrinm temperaturs of the neutrels on the propagation
of saﬂic waﬁesﬁhrough plasmé is available after Ishldz and
Iﬂéhéra ¢1973) and very recently due to Sakuntala and Jain
(1978). The present author believes that this effect is
also to bhe taken into aceomut Tor the sonie probe

dlagnostic teelnlques mentloned earlier,

(C) SCUPE AWD OBJBCTIVE OF THR PRESBHT WORK
1.9, lnﬁonuimmerstve diegnostic technigquss in plasma may
be classified as (i) R.F coll and eapacitor probe methods
(11) Sonic probe methods, with or without electromagnetic
pick up (1ii) Spectroscople metheds (iv) %iérawave probe
meﬁh@&s ete. The present waik'ﬁoncerna;diagnoatics using
the first tweo m@thoﬂa, specifleally RF ooll prdb@e and

sonic preba with elee%ramagn@tia pieck wup,

The r.f probe method is widely used for electrical
conduetivity measurements in plasta, From the review of the
aariier wnrks in electrical conduetivity measurements it
would be evident that in depth apalysis in the following

areas were laecking,

(L) The rf coll orobs average conductivity

measurements to date essentially were by substituilion methed



vhich consists of replacing the plasma by eleetrolytes of
| known conduetivities, Yo attempts wers made Lo correlate.
the coil impedance measurements with the thégretioal
results as wonld be obtained due to a conductive slug vlaced
ingide the work.coil with the eddy current, capacitive
coupling and end effects considered, This correlation
wvould have enabled direct neasurement of conduetivity withous

taking recourse to suhgiliution,

(1i) Cognizanes of possible radial dlstribution of
azimithal conductlvity as contrasted to the assumpilon of a
bulk or average conduetivity (as encountered in say an
electrolyte) was generally absanﬁ., Tha metheds which saleiy
deteruine some kind of a&er&ge &ﬁa»bulk conduct ivity faile
to provide an asccurate predilcetion regerding on.axis conduetie

wvity and effestive extension of the plasma,

(111) TIn the few earlier works (in glow diseharges)
where such radlial dletribution has bosn Introduced a priori,
a Desssi functlon dlsiributicn is assumed vhose validity for

arc plasma is questionable,

In non.immersive sonlic probe dilagnostic area only
one nethod has been reported {(as reviewed bhefore), The
method consista of a loudspeaker as exeiter and a mierophoue

a8 a plck up device., As to he deseribked in & gubsequent



chapter this method, vhich has heen proposed for measuring
electiron temperaturs 18 net sultable for 1aﬁaratory

discharge plasma,

The present wvork attempts to eliminate the ghort.
comings mentioned above and to extend the theoretlcal and
experimental investigations 1u the fielﬁ of non-immersive

probe diagnostics in plasma,

1.8, The scope of the work may be deseribed as followsi-

(1) Developmant of a.theoretical bulk (azimuthal)

condnctivity nodel for r.f coll probe measurement has been

achleved, The model takes into aéconnt eddy current and
capacitive éauglingq Using this médel and the data frs@
r-f coll probe the azimuthal conductivity mey be measured
for arce plasms, It has alsgo been shown %hét for are plasma
the ecapacitive coupling plays only a minor role and mey be
ignored without any appreciahla'lsss of accuraey. The
method is abgolute aund no electrolytic substitution 4s

RECessary.,

(ii) By eombtniﬁg the resulilng dbulk conductiviby
from ordinary probe method - whieh gives longltudinal |
averagg,ana the r-f coil prabe“»'which gives'azimﬁthal
average, 1t has been possible to determine two Luportant



'parame%érs that define the radlal conductiviiy (electron)
distribution in ara‘p;asma. apart from the tvo parametafs
vhich ave based on assumed functional for dlstribtution,
the maﬁhodmiegy is capable of testing of any hypothesis
regar&ing radilal distribution of electrons. It has also
been shown that the Bessel funetion distribution is
definltely invalid for lov pressure sre @lasma, ‘The theo-
retical basls for the above work has been vorked out in
dotaile and it has further been shown that important
pﬁysiéal paramatera Like bounds of peak cén&&ctivity, that
of meximum extension nf’piasma‘gnﬁ other such things can be
predicted (independent of any hypothesis régar&ing radlal

dlatribution) from the resulis of two methodologles combined,

{411} ¥From experimente earried mﬁﬁ from heat flow

‘processes in an are plasma 1t:has baen shown'thaﬁ the
conventional heat flow mechanism viz. radiation, conveciion,
1oniclaondncﬁien, elecironic conduction and conduction due to
ﬁauﬁ?al parﬁielas cannot account for the hent flov, When the
plaam&-pamstrictibn f.8. the high gradient of rodial distrie
but ton bbservea ih the esarlier scope is taken iluto accounty a
new machanism of heat flov - terned ambiﬁola? diffusive heat
flow, which has been theoretically identified in the present
work is to be considered, It has also bheen shown that this
node is the major enptributer in radial heat £low precesses,

From the above analysie the important parameter - the ei@atron,
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atom e¢ollision eross-section can be predicted. The results
correlabe well for the above parameter for electron ‘
energles above 1 ev., The present work also enobles %o
furnisﬁ the electron-ig atoms collision cross-sectilon évan
for energles below 1 ev, for which no other method is

availabla,

© {iv) An acoustie grahe-diégnostie methodology has
beenvaavelcpa& which consists of an elestrodynamlc louds
sgeaker as the exciter of ion-acoustic waves and a toroidal
eoil (called Hogow-ring) as glactronagnetic plek up. The
lov-agoustic osclillation indueces audlo fregusuoy voltéga in
 thia~QogGw eoil which can be conveniently wneasurad and
displayed in an oscillascepa in tarﬁs of amplituds and phase,.
Using this method, the phass-shift of the propageting vave
has been measured by moving the Rogov ring along the plasnma
qalumﬁ, Substantlal longitudinalyg (spatiai) phase shift
oﬁtaimaﬁ inﬁicaﬁea that a prapagating»rathar than a stande
ing wave phenomenon is taking place, TFrom the neasured
phase veloeliies, thé'alaatronytemperature has been deter.
mined, The electron tem?eraturé'resulta correlate well with
the available results, Thé‘neceasary theory for the propa.
gation of lon.acoustic waves has been developad considering
a single fiuid model apprsach,té&ing tho collislon of the
charged partielés wiﬁh/the background neutral particles,



(v} The earlier mothod of 1§nwaeoustiq probe dne
to Stxena et al which ccﬁstitutastranevarse enplacement
of a sonle source and electro-acoustice detector has been
theoretically examined in dotails in the case of wvery
weakly lonized plasme. It has been shown thet the method
is not sulkable for a labhoratory discharge plasma, whorsas

the methodology developed by the present anthor ia.

(0) TOPICWISE SUMMARY oOF THE PRESRNT
INVESTIGATIONS ,

Agimathal radiofreguency conductivity measurement in an

the eddy current aflect v

Agzimmthal radicfreguancy can@ucgivity 0f an are
plasma has be@h estimated by measuring the reflected resis.
tance of a primary coil wnuhﬂ aronnd a mercury are tube,
A linear relationship between the azimthal conductivity
and the &1schﬂrge current has been obtaine&. The none
linearity and the exlstence of mexima cobserved by gre#ioua
~ authors in the change in band.width versue axial conductivity
curve have beon explained theorstlcally by considering a
generallzed egulvalent ecircult, it hag also been polnted
on# that the azimathal conduetivity measurement by this method
is possible only when the counduetivity of the plasma is fairly
nigh, | ~ |



Redial distribution function for the azimmbhal

conductivity of an arc plasma ¢

It is shown that the slmultaneous measurement @f;
the change 1n the band width of a coil wound arcund the
positive column of an are tube and the longitudinal field
across the positive column can pésviée:valuable information
regarding the structural hehoviour of the eleatrical
confuetivity oy the~elacﬁraﬁ deneity of the plaéma cclamn,
A Qiotribution functi@n for the radlal variatiion of the
aa;muﬁhal cénductivity of an arc plas@a is proposed and the
’ ﬁarameﬁerslef the distribution function have beesn obtained
| from the above measurements, The caleulation of helf.
widths from the distrimition function indicates that the
plasma hecomos more and more coucentralteld along the axis
with the inerease of ths are currvent, The change of this.
gtructural hehavionr ef‘ﬁhe‘are‘plasma is qualitatively

explained,

A 8is_of the Previous Coll.Prohe Bxneriment :

The previcus coll prohbe axperinent is thoroughly
analysed hoth from physical and mathematieal point of view,
It 15 shown that from the results of simmltaneous measure.
nents of azimnthal elegtrical conductivity (coll probe

methed) and longitudinal electrlcel conduectivity (Langmair



probe method) of & plasma 1% is possible to obtain veluable
informations‘on the maj@r,charaeteristiaa of the eonducting
medium such as maximum exbtension of the plasma, 1éwer>ana
upper bounderies of ths peask eonﬁuctiviﬁy ané many oiher such
things, and it is aleo showo that the obtalnable inforumations
are independent of the cholce of the form of the distrivution
functlonm., It is discussed B hov the results of the
aforementionad ﬁrobe m&a&ur&manﬁﬂ gan eonvenilently be extra
polated e obialn the major plasme characteristlies with |
refluced wncertainties, Purther the validity of the condunetie
vity profile form chogsen in an arbitrary manber in the

) _
previous study is established,

lizat flow processes in the pesitive column of

a low pressure nsraury are s

The prqbl&m of hest fl@W'praaesﬁéé-wiﬁhin a low
pregsure mercury arce with waler.cocled walls hap been luvesti.
gated ntilizing the Pirst order perturbaticon technique to
Belizmann transport egquation ineorporating the term for tﬁe
obaservad high gradient af.radial &1stribﬁtiaﬂ of azimathal
elactrical conductivity of the are, It is shown that the loss
15 due to heat conductivity af'elactruns, long end neutral
particles and also due to ambipolar diffusion by electrons,
The experimental results enable us to caleulate separately

the contribution by the different processes and it 1z obgerved



thot the major part of the heat loss is due to ALffusion
and the loss due to conduction hy electrons, lons and |
nautrai particles is comparatively small. Furﬁhar from the
thecré‘devalopa& and the expeﬁimen%al results abﬁained, it
has been posaibie to e&iéulaﬁe the collinion crosse _
section of eleetrons with the mercury atoms for alaa%rnn

energies less than feV.

& single T1lnid modal approach to gbiaia the ifou-agoustic

vave @ispersion and dauping in a weskly lonized gasg o

The masroscopic equationsof motion for a weakly
ionized gas whare the collislons bétwgan the backzround
neutral particles and'ﬁhe plasma particles canuot be ignored,
have been consifered, From thase basie équmtians of motion
the veve @quati@n in "p" (the momerdscople prassure perturbas
tion) and the correspouding dispersicn reletlon has heen
obiained. The dispersion relation shova that the propagation
constant has four rocts of which twe eosrregspond to two
distinet modes of propagsvion in.thé positive dlrecticn]the
other %wo corresponding to tvwo poudes of propagation in the
negative directlon, Oenaidering the freguency reglon mch
balow the ion plasma frequenéy it has been Gbeérvea that one

of the roots which is a sclution of the particular node of the



general equation corresponds Yo a scnic speed vhich closely
simmlates the TonkseLangmuir speed for lon.acouastle vave

and shows conslderabdle diépersien and damping., The solution
indicates however that both the disperaion ené damping can be
reduced elther by inereasing the percentage of lonization or
by lowering the baclkpround pressure. It is Purther pointed
out that by méa&uring ﬁhe.phaae‘veloaity and attemuastion
congtant 1% 1s'§oasiblé to(calcﬁlatg tha electron temperaturs
and the plasma neutral eollislon frequency;' The unsefulness
of th@ amalyaié for a sonie ?rdhe to obftain the plasna

parameters has besn dlseussed.

LI

Lttenvatlon of acoustic waves through reflections ab

Ehe plasms nsutral gaaiiﬁt&ﬂfaa@a 3 wWealkly donized case's;

Tho prigblem of transmiselon of soule waves throagh a

weakly lovunlzed plasma bounded in each silde by a neuntral pas

S

madlum has baen treated by assuming the plasma to be a mixbure

of two intermingled fluids viz., neutral particle £1nid asnd
loa fiuié lu aquliibrivn, From s hydrodyanamie enalysis the
vave equatiocn for "', the macroscopic preasure nerturbation

has bheeun obtalued and it is chovn that two independent wave

motions, one due to the nentral varticles and the other due o

iona are »ropogated through the pilosma with two different
phase velocities, Assuming the usual boundery conditions at

the interfaoce, the amplitude of the transmltted veve has been



- F

caleulated in case of weakly lonlzed plasmas the theory
can be utilized for the detormination of electron
temperature f?om_thé measured value of attemuation if the
percentage of ionization and collislon cruss-section can

be gbtained independently,

Geperation of ;gn.acgggtie waves in a glov discharge plasma

by seonle transdnger ; s new non.immersive sonle prehe

dlagnostic method s

?ropagating ion-zconstic node has been_generateﬁ in

& glov discharge plasma with the help of an electrodynamic
loudspeaker placed within the discharge tube (but not in the
actual discharge space), The vave is detected electro-
megnetically by a "Rogow ring (maltilayer toroid made of
copper wire wound around an "¢ type laminated iron core),
Efgerimental obsarvation of the dispersion is found to agree
331"3 dispersion relaticn, {;heoreatically. phtained earlier
(Chapter VII), From the measured phase veloclty of the wave
the electron temperature ls Qﬁtainaa. The obtained elsckron
temperature agrees falrly well with the earlier data cf-
electron temperatures available for the same discherge

conditions,
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FIG. I"'l . SCHEMATIC DIAGRAM . OF THE SEARCH
COIL USED IN THE- APPARATUS. ’
THE CENTERTAPPED DESIGN IS INTENDED TO
MINIMIZE ELECTROSTATIC  PICKUP DUE TO THE
SUDDEN  APPEARANCE OF = (SLIGHTLY) CHARGED
GAS IN THE SHOCK TUBE. '
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FIG. I'2 . SCHEMATIC DIAGRAM OF THE  PULSE OPERATED BRIDGE WITH
TS  AUXILIARY CIRCUITS FOR MEASUREMENTS ~ ON  TRANSIENT  PLASMAS.
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FiG. I'3. SCHEMATIC DIAGRAM SHOWING THE METHOD.



L]010] o
KC :

Af ‘-

Fig. i 4 Frequency shift v.a. discharge cumnt
! () “Ar at 154 Mc

(b) Ne at 119Mc

Reproduced from the papér of Tanake and Hagl (1964)
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Fig. 1.5 The relative change in the frequency of
“the measuring oscillator and the carresponding
conductivity of the plasma (1) and the electrolyte
(2) at a frequency of 80 Mc. The capacitance of
~ the oscillator circuir Cp = 10 .,

_ “Eie:produeea from tha’p‘apar of Akimov & Kmanko, (1966)
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(AT HIGH FREQUENCY)
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FIG.I'6 . TWO COIL rf PROBE ASSEMBLY - FOR . CONDUCTIVITY  MEASUREMENTS.
SEARCH COIL | = RECEIVES THE rf SIGNAL TRANSMITTED FROM THE FIELD COIL
THROUGH  PLASMA, FROM WHICH CONDUCTIVITY IS  CALCULATED. SEARCH COIL
"2 IS USED (AT HIGH FREQUENCIES) TO BALANCE OUT THE CAPACITIVE CU-
"IN THE SEARCH.  COILS. :





