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C H'A P T E R I 

REViEW OF THE PREVIOUS WORK. 

In this work it is proposed to. study the physical pro-· 

· cessee- occuring in a gl:ow ·discharge and are pl.asma and 

fol.lowing l.ines of investigation have been und~rtaken: 

1.1. Measurement of pl.asma parameters by probe technique 

One of the standard methods for measurement of 

plasma parameters is the -probe method and a variety of 

probes has been used to measure pl.asma properties. They 

all have the feature of, being in!Jerted into_ the plasma 

medium in- order to sample pl.asma properties in a local 

region. Most probes pe;rturb the pl.asma in some way, and 

care must be taken to ensure that pl.asma in the-presence 

of the probe is the same as the pl.asma before the inser

tion of probe. The two simplest probes used in pl.asma .... 
measurements are ·(i) eJ.ectroetatic (or Langmuir). and 

( ii) magnetic probes. 

Th·e electrostatic probe is used for the measure

ment of plasma properties because of its experimental 

simpliei ty and reliability. General.l.y a Langmuir probe 

is a thin .insulated wire with a. small exposed ~egion at 

j_ te end immersed in pl.aema to 'coll. eet el. eetrons or ions 



from the plasma, depending on the potential of the probe 

relative to the plasma potential. Usually some poten~ial 

is applied to the probe from an·' external source relative 

to plasma potentiai and the res~ ting current. !.lowing 

through the probe is recorded.as a function of applied 

potential.. Langmuir and Mott-Smith (1924) developed the 

theory of now o! current throUgh such probes and the 

measurement of probe currents at different probe poten

tials can be used to obt'a.in the values of the electron · 

density, ne , the ion density, ni , the electron tem

perature Te , the pla.ema. potential. Vp , the plasma. . 

noating potential vf (i.e. the potential o! the _probe 

for zero net probe current), and _the random electron 

and ion current densitiee Jer.' Jir • 

If the potential of the probe is much larger 

than the local potential o! the plasma., the probe att

racts electrons and repels ions, forming a. sheath 

region around the probes which is electron-rich, This 
., 

sheath region is a few Debye lengths thick and occure 

for the same reason that a given charged partiCle in a 

plasma is .shielded; namely the range of the force field 

(potential) is limited by th.e tendency of the particles 

of opposite sign to ciu~ter around a given charge. Thus 

the influence of· a probe in .a -~lasma is.limiteq to a 



region about one Debye length from the probe. As the 

probes offer boundaries to the plasma and the proper

ties of the plasma will change in the vicinity ot the 

probe- boundaries, the whole probe thecry becomes comp

licated. 

In case of coll'isional plasma due to some 

secondary effects the sheath thickness increases with 

positive potential and electron current never satura

tes. The effect of ionisation on saturation pro.be. 

current has been studied by Devyato~. and Mal'kov(1984). 

They measured sink parameters for an infinite cyl.ind-

. riqal probe and found that if .the radius is small i-n 

comparison with the ionization length, then the sink 

parameter is determined by Bohm' s expression (.,1_949) 
\ . ' . . . . . . 

in case of spherical. probes. They _considered the probe 

operation in presence of ionization and recombination 

processes in the bulk of the plasma. 

According to Langmuir's probe tlieory the 

electron current through the probe is 

- { 1 .1 )· 

where Ire denotes the random electron current an9 K 

is Boltzmann constant and Te is the electron te~-

peratUre. 
f 
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1/2 ) . ••• (1.2) 

A
8 

represents the effective electron c.ollecting area 

of the probe and ne is electi-on concentration of 

plasma. Assuming Maxwellian dil;!tri. bution of electrons, 

eqn. (1.1) gives the Value of eiectron temperature Te 

by the sl.ope of the line· in partial attraction regime 

in a semilogarithmic plot of 1
8 

against Vp.· Ire is 

the electron saturation current at space .. potential 

which can be c~ cuJ.ated · :f_'roin the intersecting poin.t 
. ( . 

qf the two tangents in:t}le clia,:racteristics (Ie·~ VP). 

The pro oed ure 'o~ drawing. the t"angen t e were: 

(i) Considering tbe.di~tribution to be a 

Maxwellian one, .. the tangent in .the partial 
' 

el.ectron att:J,""action regime was plotted 

·through_ more ·P.oi~ts of· highl.y negative probe 

potential and eq~. (·1.1) is valid for ·electron 

current which ·is· small. in.: comparison with Ire 

(Schott, .1968). 
. ,L '. 

(ii) An~ther· tangent .was pl.ott~d i,.n electron: satu-. 

ration curreri.t region ·in such a way that 1 t 

P.asses through m~xim1im. ilumber of points. The 

saturation ·ourreri.~ :region consists of· two 

parte: 
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(a) Due to the growth of collective area, electron 

current Ie increases linearly with probe 

potential. (b) When probe potential is made 

more positive, break away from th.is linear inc

rease is found. In this region, the probe becomes 

hot and the probe ·sheath expands so much that 

ft>r a large voltage drop acroes the sheath, 

the electrons can further ionize in their way 

to probe. At· the ti·me of plotting the tangent 

the points just below breakaway point were 

utilised. 

The effective probe area As has been 

considered to be equal to 27\rp~ , since Ljrp))1 

where 1 represents the cylindrical probe length and 

rp is probe radius; Thus eqn. (1.2) provides the mea

surement of electron density •. Clements, et aJ. ( 1971) 

measured the ionization density on a plasma jet.In thei:r 

investigation the current to a negative probe in an 

argon plasma jet shows a strong dependance on probe 

bias and is of the order of magnitude less than the 

convection/diffusion saturation current. 

The probe current decreases when the probe is 

biased negatively due to the repulsion of electrons. 

The logarithmic slope of the characteristic will corres

pond to the local electron temperature in this p0 rtion. 
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The ion and electron current cancel each other at V f 

'the fl.oating potential:. No· electrons can reach the probe 

if more negative potential to the probe is applied and 

hence ion saturation current is drawn. The electron 

temperature and density can be determined by measuring 

electron and ion saturation current. Cherrington·( 1985) 

described the ·use of electrostatic or Langmuir probes 
' . 

for the measurement of el.ectron density and temperature . 

in low pressure reactive plasmas. The effect of cooling 

on pro be has been investigated by Clements and Smy 

(1973). Their theoretical predictions indicate that 

whUe cooling effects can be substantial., accurate 

electron temperature measurements can be obtained if 

the probe is sufficiently small or -is moved through the 

plasma at sufficient velocity. 

Since the very inception of-Langmuir's (1924-

1926) work, the probe th~ory has been developed in 

many fields. The probe theory depends on a number of 

parameters which measure the -various domain at which 

electrostatic probe can be utili.sed. Taking .:;. , -mean 

free path of charged species, for collision with 

neutrals, rp , the probe radius and Ao , Debye 

shielding length ( .Ao = 4.9(T
8
/ne) 112 in em). the 

probe theory was found approximately valid in th.~ 
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collision limit given by[ .A))rp , l)) 'Ao 1 • ~ernstein 
and RS.binodz (1959), Lam (1.965) and Laframboise (1966), 

computed some results on the above considerations. Also 

Su and Lam (196'3) and Cohen (196'3) computed the continuum 

regi!!le given by [ "'). << A o << rp ) , Wasser strom, Su and 

Probstein (1965); Chou Talbot and Willis (1966); Bienkowski 

and Change (1968); Chung, Tolbot· and Touryan (1975) car_ried 

out some calculations in the intermediate cases and a sys

tematic a.naJ.ysi s of pro be theories has been provided •. The 

pro be theory becomes siropl e when the De bye ratio, ffp = rp/.Ao 

is much greater than 10 according ·to Chen, Etievant 

and Mosher ( 1968). Theye.n.\t~.Qiated that in case of- thin, 

sheath the charge collecting area is effectively close 

to the geometric area of ·the probe or when ffp << 1 • In 

case of thick sheath, the probe current is determined by 

orbital motion theory of LanBtDuir. For a sui table selec:-

tion of ~P it is to be noted that :A o is the charac-

teristic of plasma source, whereas rp is set only by 

the physical propertie·s of prSlbe. To estimate the appro

ximate range of Debye ratio,.Lamframboise (1966) compu

ted that orbital motion theory is accurate for cy~ind

ricaJ. probes for &p < 5 · which can easily be satis

fied in experiments but .~:· orbital. motion approxima-

tion is vaJ.id for tfp(( 1 in case of spheri.cal~ probes • 
. , 
·.r 



8 

Some assumptions given by Schott ( 1968) in hie 

orbital· motion theory are as follows: 

(a) In absence of p·robe, plasma should be homo-
.. 

geneous and quasi neut~al. 

(b), The distribution of electrons and ions should 

be Maxwellian with temperature Te and Ti 

respectively and T
8 

)) ~i • Electron and 

i,on mean free path ( ).e ·and .Ai· respectively) shoul.· 

be large compared ·to their Debye shielding distances. 

The cha·rged species striking the probe structm-e 

should be absorbed and not react with the probe 

material as such • 

(c) The sheath around the pz:obe should have a well 

defined boundary •. 

(d) The edge effects can·'be neglected without losing 

accuracy if the· sheath thickness is small com

pared to the lateral dimensions of the probe. 

The condition of Maxwellian velocity dist

ribution is often not maintained in case of low pressure 

plasm~. One of the main assumptions of the conventional 

Langmuir probe theory. is the demand for a Maxwellian· 

distribution function of charged partiCles. Allen (1974) 

discussed the classical probe theory due to Langmuir 

( 1924). Langmuir assumed that the potential difference ,. ' 

f~ 
between the pro be and plasma was confined to a. space 

charge sheath adjacent to the probe. Thus if the el ectrone 
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have a Maxwe~iiari distribution Boltzmann' e relation 

gives. z
8 

= Z
0 

exp.(eV/KTe). T
8 

= ekectron temperature 
. . 

·' V = negative potenti&., ·ln.ectron temper,ature arid elect-

ron and ion densities can be -determined from this sim

.P~e theory. Johanning (.1984) caJ.cul.ated probe currents 

for non-Maxwellian electron energy distributio~s. The 

classical. Langmuir formula. for the orbital motion -

limited current ot cylindrical probes is simplified. 

The author has shown that the electron current·is 
' 

independent of electron.energy distribution if the mean 

electron energy E is ~onstant. However, Druyvesteyn 

(1930) showed that the actual velocity distribution 

might be derived from the.form of probe characteristics. 

The se~ection.of probe ma.teriai will be such that it is 

resistent to heat, chemic& activation and sputtering. 

To avoid the secondary electron emission due to parti

Cle bombardment, the work function of the probe ~ate

riaJ. must be large. Chung~ TaJ.bot and Touryan (1975) 

reviewed the in_formations and findings ~bout the per-

turbations of plasma due to probe. \. 

Kumer et aJ. ( 1919) made measurements of plasma 

density in argon discharge by Langmuir probe and mic

rowave interterome:t_er method~ The measurement 6f plasma 

density in an argon plasma at 0 .•. 1 - 1.0 torr has been 

made using the ion-current data:. obtained from a: cylind-
. . 

rica]. Langmuir pro be a~d. using a microwave phase shift 

interferometer. 
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Sanders and Pfen'der- ( 1984) used the el. ectri c 

probe for the measurement of anode !all and anode heat 

transfer at atmospheric .pressu.r.e of arcs in argon for 

different arc configurations and water-coo~ed anode 

surface dl.ose to the prob·e. With the help of an adjus

tabl.e fine wire probe penetrating through a small hole 

in the centre of' anat anode they measured probe 

potential and electron temperature in the anode 

boundary layers. Pasternak· and Offen berger ( 1975) 

use.d doubl.e ended tungsten wire probes mounted on a 

shaft of a small water cool.ed d.c. motor inside the 

arc chamber. Using conventional probe theory, spat~ally 

rescil. ved probe current measurements provided elect

·ron temperature and cross-sectional density profiles 

of arc. 

The probe technique has been extensivel.y used 

in r.f. pl.asma. Boschi ·and Magistrelli (1963) have 

studied the effect of a s_inusoidal signal of' large 

a.mpli tude on the characteristics of a Langmuir 

pro be. They measured the,. average. values .of the current 

col.lected by the probe·and also determined the val.ue 

of electron temperatu;re, p~asma. density. and plasma 

potential. Ciampi and .TaJ.ini ( 1967-) determined the. 

spatial average pl..asma· conductivity by a radiof:f..equency. 
{ 

probe .. They used. cyl.ind'rica.l plasma which. is radi$1.1Y 

inhomogeneous. In their work .the real. and imaginary 
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part of the probe impedance versus the probing frequency 

are found numerically for inhomogenous plasma. An appli

cation of this method is carried out in a flow facility 

plasma jet with Q factor measurements from 0.5 to, 1.5 

MHz and average conductivity values from 75 to 100 Mho/m 

are obtained. Lindberg (1985) has critically analysed 

the fundamental HF probe circuits ranging from 100 MHz 

to a few GHz. 

Langmuir probe measurement was also used in 

HF discharges by Spatenka and Sicha (1985) to give 

experimental evidence of the presence of heavy atomic 

or molecular negative ions in the created polymer thin 

fi~m layers. 

Langmuir probe characteristics in a plasma 

·containing electrons with drift velocities has been 

~tudied by Sawada and Miura·(1980). They analysed the 

probe characteristics and discussed several problems 

and' made some o bservat16ns on L a.ngmuir ,pro be technique. 

Measurement of the electron distxibution tunc

tion was done by some authors using probe techniques. 

The axial distribution of' floating potential along· 

the tube has been observed by Maciel and Allen (1985). 

In the ionospheric: studies by Peterson et a.1 ( 1981) 1 t 

was observed that the distribution function may be 

found by using data. taken by probes whose dimensi~ns 

are small compared with the Larmor radius .. Stenzel 

et aJ. ( 1983) enunciated a technique for measuring 
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the distribution function in a laboratory plasma. They 

used a microchannel plate whose smaJ.leet dimen-sion was 

small compared to the L armor radius. In this technique 

current had been collected by the probe at various 

geometric orientations and the data had been unfolded 

by a computer. A method was presented by Eremeev an~ 

Novikov ( 1982) fo.r oal.c~ating the distributed parame

ters of a partiaJ.ly ionieed gas.in the.vicinity of 

electric probes of spherical. and cylindrical shapes, 

in the presence of collisions between the ·charged 

components and the neutral background. 

An extensive inv(!stigat:Lon .on the measurement 

of electron temp~rature and el_ec~ron denei ty in low 

temperature plasmas in air, hydrogen, and nitrogen 

with the hel.p of· cylindrical. probe has been carried;5)_~'tl-

9Y Sadhya, Jana and sen (1979)~ in this laboratory. 

Recently Karamar ( 1987) measured electron density and 

temperature in the space of the el.ectron beam with the 

help, of Langmuir double probe.- He also extended llis. 
·-:fA 

measurements concerning the energy.in an energetic 

electron beam in the .vicinity of the focus of the 

beam. 

For the practical. use of Langmuir probe in 

depositio.n plasma Felts and Lopta;(1987) measured ~he 

e.l ectron temperature and plasma density of· differen·t 

depositing plasmas as function of power, pressure and 



flow using doub~e floating cylindrical type electrosta

tic probes and compared the results using·Laframboise' e 

theory. They also found that probes are a useful tool 

for characterizing sputtering and polymer forming 

plasmas .. 

Diffusion pro·eess in plasma:-

It is known that the number of electrons in the 

positive co::lumn plasma ie controlled by the loss to 

the walls of the discharge tube. Since the current 

ie~constant along the positive column and is carried 

largely by the. electrons, the loss of electrons to 

the walls must be balanced by corresponding gain from 

ionization within the col. umn. The production of elect

rons throughout the interior of the column and their 

higher diffusion rate cause a radial. distribution of 

the electron density which is higheet at the tube 

axis and lowest at the walls. This electron density 
~ 

distribution produces a radia.;L electric field that 

inn uences the radial movemen·t of the electrons and 

ions. The electron diffusion rate is Slowed down and 

the ion rate is enhanced by the presence of this elec

tric fiel~. If the mean scatte~ing length of the 

charged particles is small compared to the tube 

radius, an ambipo~ar diffusion coefficient~: can be 

defined. This coefficient describes the rate at which 
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ions and e~eotrons diffuse while satisfying the quasi-

neutrality condition n -- ni. The result is that the e--
'i.ons and electrons diffuse together at a rate which is 

twice tha't for the free diffusion· of ions. The radial 

distribution of ions and electrons is given in terms 

of the a.mbipol.ar diffusion coefficient Da as 

n = n (O) J
0 

( rv~i/Da ) ••• (1.'3) 

where n (O) is the electron density at r =- 0 where 

r is the radius of cylindrical column a.nd J
0 

is a 

Bessel fun otion of zero order whi oh for sma.l~ values 

of R ( ;yi/ Da)'Y2. has a. nearly parabo~ic depend:f)nae 

J
0 

( r ) :::=:::::::: 1 - ( r/2 ) 2 

~i ie the electron ionization frl!quenoy. 

If the recombination rate at the wal~e is 

high, the electron density at that radius r ::12 R is 

essentially zero, So 
. 1 

Jo[R(~i/Da)/z] o 

and it has the sol uti on 

2 (2.·40) Do 
••• (1.4) 
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The term 1/~i is the average time between 

ionizations~ This .time must equal the average time 

required for an electron to migrate to the wall, and 

this is what the right hand side of eqn.(1.4) repre-

sent a. 

Kosinar et a1. (1979) calculated the electric 

field, potential and charged partiCle concentration 

in a plasma sheath at an infinite electrically non

conducting plane. In the sheath, electrons were assumed 

to be distributed according to the Boltzmann law and 

the ions are accelerated in the sheath field and 

collide with the gas mol.eculee. 

Experimental measurements ot the character ot 

plasma diffusion was presented by Dremin and Stetanov~kii 

(1979). It was noted that modulation of the curvature 

and torsion in such a system leads to the appear.ence 

of speci!i c parti cl. e groups, analogous to the euper

traped partial es in the stel.larators with helical wind

ings .. The method of determining pla81Da rife times was 

discussed and rel!!uJ. te ware used to cal. culate the 

diffusion coefficient of th~ plasma. 

A new technique for temperature measurements 

in plasmas was described by Gouesbet and Valentin 

( ·1 980) Q> Its princ:tpl.·e · was to use ·the thermal diffusion 

of 1 igh t parti cl. es added to the plasma as tracer.'. 

106569 
[.~(:;;t·::·?~1l [lil$(i.{~!it

);.}ii~\Vt 1-I:J•T'f ~H?i~.\A~';l 
~;M .1.1 li ,H:J A!O iii 0 -~l P 0 S 
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· Miyoshi and Ariyasu ( 1980) studied the energy 

dietri bution of electrons in hydrogen gas discharges. 

Th.e energy distribution in the discharge was assumed 

as a balance betw~en two proceese8. The first was an 

energy lose on collision between electron and molecule 

and the other was an energy gain from an electric field. 

The authors studied the relation between energy dist

ribution and the discharge current, voltage and gas 

pressure etc. Experimental results were compared with 

those calculated by usfng the Boltzmann equation. 

A method was proposed by Gol.ubovskii (1981) in 

which the electron energy distribution·function can 

be determined from probe current measurements at high 

pressure than are usualiy considered·. The kinetic theory 

of electron current in .a probe was develop~d for a 

diffusional regime, and it was shown that if the probe 

. dimensions and the thick"ness of the discharges layer 

fulfil.~,. certain spe_cifi.c. ·condi.tions, the dietri bution 

function is proportional to the first. differential of 

the pro·be current -~i th :respect to probe potential. 

In .the ionospheric studies by Peterson et a1 

{ 1981 ) it was observed that the d·; stri bution function 

may be found wh~n · d..imensions are smeJ.l compared to, , 

or of the order. of the Larrnor radius of the partiaies 

being collected. Z~sed~a and Reztsov ( 1982) showed that 

spatial distribution of the el.ectric field strength 
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/ 

coincides with the spatial distrioution of electron 

concentration and distribution of space charge density 

coincides with distribution of the electron concent-

ration gradient. 

A new technique has been developed by Kaya (1982) 

for the measurement of electron temperature. Its work

ing principle may be stated as follows: 

At two different potentials electron current. 

is collected by the probe and measured, and the diffe

rence of the two potentials is proport:·:·:,ione.l to the 

electron temperature. Sen, Ghosh and Ghosh (1983) 

measured electron temperature in glow discharge with 

the help of two probes (one at the axis and other at 

a short distance from the axis of the cylindrical tube 

in the same cross sectional plane). They measured 

diffusion voltage and determined electron temperature 

with previous knowledge of radial electron density 

profile. 

Using probe measurements Maciel and All en ( 1985) 

observed the axial ·distribution of floating potential 

along the tube. 
. 

An early problem of the transition from free 

to ambipolar diffusion of electrons has been re-examined 

by Dote (1985). Starting from the classical flow. 

equations for electrons and positive ions and the 
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continuity equations for·charged particles, the 

authors have obtained a general characteristic 

equation of effective diffusion coefficient for 

electrons, where the results due to Allis have 

been corrected. The transition characteristics 

calculated from the above general equation have 

been extremely concrete and practical. Finally, 

this approach has been applied to glow discharge 

and an example of the characteristics has been 

presented as.a function of plasma density for 

various values of electron temperature. 
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1~2. Measurement of diffusion coefficient of 

electrons in plasma. 

Diffusion is a phenomenon in which 

charged or uncharged partiCles move from points of 

high concentration to those of low concentration. 

Considering the process o! diffusion as due to colli

sion of electrons with atoms it can be shown that the 

diffusion coefficient of electrons can be calculated 

to be 

where Vr is their mean random velocity and A e 

-the mean free path of the electrons. Terloud and 

Rietjens (1963) measured the diffusion coefficient 

of a highly ionized ce.sJ.iu·>m vapour plasma by means 

of Langmuir probes and microwaves transmission. The 

results are compared with calculations in which the 

diffusion coefficient is assumed to be inversely 

proportional to the ion density. They observed that 

the decay of the electron temperature is more rapid 

than can be expected on the basis of elastic colli-

sion losses& When the density is decreased to an 

extent where collisions of ions with atoms becomes 

predominant, the diffusion coefficient becomes inde-

pendent of n· I where n· I is the ionic concentration. 
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Crompton and Sutton (1952) experimentally 

determined the value of diffusion coefficient in case 

of nitrogen and hydrogen. They used two diffusion 

chambers with different dimensions, each was mounted 

in a pyrex glass envelope. One chamber was construc

ted of nichrome with a central disk of radius, 

b = 0.5 em., height h = 1.0 em. and annulus of outer 

radius c = 1. 5 em. whereas in the other the metal was 

eilvered brass and a further division was made in 

the collecting electrode so that b == 0.5 em. or 

1 em • , h = 2 • 0 em • , c = 2 • 6 em • A manometer using 

Apiezon oil of measured density was used to measure 

the pressure of the gases inside the chamber. The 

necessary vol ta.ges for the electrodes of the diffu

sion chamber were obtained from a stabilized d.c. 

power supply with a voltage divider across the out

put, which could be varied from 0 to ~00 V. They 

found the value of diffusion coefficient D = 1.~4 x 

5 2 -1 10 em sec for hydrogen at 

E ( electric field ) = o· osvtcm. 
P ( Pressure) '1. 

and drift velocity vd = 2· ox 10 5 cmj sec. 

For nitrogen the value of D = ~.69 x 105 cm 2sec-1 for 

E/P = 0.05 and ~{ = 2.4 x 105 cm/sec. Crorn.pton and 

Sutton ( 1952) calculated the value of D for diffe-

rent val. ues of E/P and vd for both the cases. 
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An experimental investigation of the electron 

temperature dependence of the ambipol.ar diffusion 

coefficient and electron ion recombination coeffi

cient in the afterglow of pl.aema produced in neon 

has been made by Hess (1965). By means of a microwave 

cavity technique the electron density was measured 

as a function of time during the afterglow period 

of a d.c. discharge while at the same time the 

electron energy was increased by the power level. of a · 

microwave signal. It was found that the ambipol.ar 

diffusion coefficient Da increases with increasing 

electron temperature Te following the relation: 

D a o( ( 1 + T e/T g) , 

while the recombination coefficient decreases with 

increasing electron temperature. Shimahara and 

Kiyama (~969) measured the diffusion coefficient 

of a plasma by the correlation of density fluctuation. 

An investigation was made by Xando et .~ (1972) in 

which anomalous diffusion coefficient changes in an 

axially decaying collisional plasma when the main 

mode of the instability is suppressed by the feedback 

technique. 
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Using microwave diagonos,tic technique in a 

afterglow discharge Mentzoni ( 1964) measured the 

rate of diffusion for the.low.current discharge. 

He obtained 

DaP = 110 + 10 cm 2aec- 1 and for ·high 

current discharge 216 + 20 cm2 sec- 1 at pressure 
I 

below 1 mm. Hg. 
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1.'3. Measurement of electron atom collision 

·frequency in an arc plasma by raclio 

Jrequency coil probe in presence of a 

longitudinal magnetic field. 

In plasmas continuous scattering of 

each partiCle to new directions and velocities by 

other parti Cl e.s due to many body interactions of 

differe~t types occur. But these being very comp

licated processes it is difficult to make a quanti

tative analysis. However, to classify them and to 

find out which of them is relatively more effective, 

it is po ssi bl e arid useful also to find the statis

tical average of these effects. 

In plasmas there are different types of colli

sion between the particles viz. 

1. Collisions among neutral .Particles, 

2G Collisions among charged particl-es, and 

3. Collisions between neutral and charged 

pa~ti cl ea. 

The collision frequency ~ is the 

product of the number density of the colliding par

ticles, the collision .cross section and th'e mean Value 
.'~ 

of the relative velocity. In our·present investit~ation 
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collisions between neutral and charged partiCles are 

taken into account to determine collision frequency 

in an arc plasma. 

Though probe method is used !or the measurement 

of electrical conductivity of a. plasma it is not 

adequate due to formation of a cold boundary around 

its structure in case of hot plasma according to Lin 

et al (1955) and so unable to provide proper infor

mation on the conductivity. It is also noted that 

probe method is no~ suitable in flowing _plasma, plasma 

jets and field free plasma. But. the coU probe tech

nique is in general a-suitable means to measure con

ductivity. 

The magnetic field linked with a solenoidal 

r.f. electric field induces solenoidal current into 

the plasma under investigation and the effect is ref

lected back into the probe coil; this is the funda

mental principle of a r •. !. coil probe diagonostic 

technique. Hence sometimes this method ··is termed an 

induction or magnetic nux .·method. 
' 

An experimental. observation was made by Lin, 

Resler and Kantrowitz (1955) for the measurement of 

electrical conductivity of highly ionised argon from 

the search coil (probe)pick up of electromagnetic 

disturbances produced by the passage of shock waves 
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through it. By solving an integral equation of the 

fir at kind with the response function Vr.. ( S- ~ ) 

as the Karnel, where S ~ the position of shock 

front with respect to the probe at a given time and 

q. ~ the axial coo·rdinate, · of any point with 

respect to the shock front, the conductivity distri

bution (J ( t,. ) (axial) could be determined. During 

each sho·ck large signals were found to pass through 

the search coil, when a steady magnetic field was 

put off .. According to them it was due to electro

static effects. But it was pointed out by Ghosal, 

Nandi and Sen (1976) that this effect was due to 

stray capacitance effect. In fact those pick ups 

were due to the formation of finite capacitance 

between the search coil and the gas inside the shock 

tube. Lamb and Lin (1957) obtained identical 

results. Lin et a1 (1955)eliminated these effects 

by designing a centre tapped search coil arrangement. 

An experiment was performed by _Blackman ( 1959) 

to reduce the inductance of a coil wound around a 

plasma column by the shielding effect in the elect

rically conducting plasma. The frequency of a circuit 

has been changed by the reduced inductance. With the 

help of the above idea Savio and Boult (1962) devi

sed a frequency modulation circuit to determine gas 

conductivity and boundary layer thickness in a shock 

tube. 
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Rosa (1961) made a different approach where 

the coil was embedoeajn the insulated wall of MHD 

generator and resonated into a condenser and the 

method yielded results on conductivity of the gas. 

With the help of immersive method where the 

coil probe was kept inside the plasma, some authors 

viz9 Moulin and Masse (1964), Stubbe (1968) and 

Jayakumar et al. ( 1977) and 01 son and L ary ( 1961, 

1962, 1963) showed that the immersive method was 

more sensitive to variations in plasma conductivity 

than non-immersive method. On the contrary, Donskoi, 

Duaev and Prokif'ev (196)) adopted a non-immereive 

type method to estimate electrical conductivity of 

heated gas streams. The technique rested on the 

measurement of electrical. circuit parameters_.., effec

tive indu·ctance, circuit resistance, Q-factor, 

mutual inductance etc. of tank circuit. 

The results of electrical heat conductivity 

derived from the Boltzmann equation wLth Grad's 

method of orthogonal ized moments reta.ining the coup

ling between diffusion and heat fluxes had been 

expressed by Suchy ( 1985). These are calculated for 

Coulomb interaction potentials screened with the 

De bye - Ruckel 1 ength. 
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The electrical conductivity. of the conducting 

medium however, was determined by Koritz and Xeck(1964) 

·.from a measurement of Joule Losses produced by aJ. ter

na.ting magnetic field of a coil surrounding it. In 

this rEgard a number of authors viz. Tanaka and 

Vsami (1962), Gourdin (1963) Khvashchtevaski (1962) 

made a conductor approximation for plasma which means 

that when an alternating electrical voltage is imp-

ressed upon it, the plasma is considered to offer no 

resistance and aec~ conductivity essentially becomes 

the d.c. conductivity. They argued that it the change 

in magnetic nux linked with a. coil, when plasma is 

in its core, be measured, it may be possible to esti-

mate d.c. conductivity for a range of frequencies. 

They put an expression for a.c. conductivity 

where m and e are the electronic mass and charge, 

n the electron density, ~ the electron atom colli

sion frequency and CiJ is the angular frequency ot 

the r.:f'. field imposed. The imaginary term corres

ponds to inherent plasma reactance developed due to 

mass inertia. 
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Tanaka and Hagi (1964), however, projected the 

effect of inductance change in a different way. If 

the p~aema is conductive, the imposed radio frequency 

field may induce eddy currents and will dissipate 

energy in the region where they flow. As a resUlt 

the magnetic nux wil~ be screened off from the 
- -

region. Hence it w~l cause a reduction in the effec-

tive inductance of the net work and will result in a 

shift in resonance frequency. Though aJ.l the active 

coil probe experiments discussed so far utilise the 

shift in either inductance or resistance of the 

coil probe due to plasma in one way or other, expe

rimental resUlts have been explained theoretical~y 

from different approaches leading to some exclusive

ness of each problem. 

Akimov and Konenko (1966) scrutinised the 

validity of the two similar coil probe techniques 

for determining plasma cond ucti vi ties and di soussed 
-!' 

various possibilities. They gave stress on the works 

of Blackman { 1959) and Donskol. et al. ( 196'3 ); their 

observations are also useful to the study of elect

rical conductivity from a shift in resonance frequency 

or quality factor Q of the coil within which plasma . 

is kept. In contrast to the prediction of Tana~a and 
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Hagi (1964), the test object in the coil may change 

the oscilla.tor frequency for some ranges of conduo

'tivitiee .. Hausler (1957) and l.ateron GhosaJ., Nandi 

and sen (1976) showed that the shift in frequency is 

due to the capacitative effect of the test object on 

the coil. A conductor in the vicinity of a coil inc

reases its stray capacity as a result of which the 

oscillator frequency decreases. ActuaJ.l.y plasma 

conductivity averaged over the cross sections differ 

from calibrating curves, due to radial nonuniformity 

of the plasma. .. However, Gho saJ., Nandi and Sen ( 1978") 

asserted that even if the skin depth is much larger 

than ·the plasma tube radius, the disagreement is 

expected to exist since coil. prob~ technique gives 

information on moments of conductivity distribution 

of different order. 

With the help of either immersive or non

immersive probes _many workers as well. as Hollister 

(1964), Murino and Bonom~ (1964) determined the 

average (bulk) conductivity, .because in every case 

the test plasma was radially nonuniform. Ciampi and 

Talini (1967, 1969), investigated the interaction of 

solenoidal el. ectri c field in conjunction with radially 

nonuniform plasma in a very generalised way. They put 



forward an equation for a radial profile of conduc

tivity ae 

Cf ( r ) = <J0 [ 1 ~ m ( ~ ) n ] ••• ( 1 • 5 ) 

In the analysis however, the authors only considered 

a low frequency approximation whose dieplacement 

current has been ignored and hence for/the radio 

frequency, conductivity becomes the d.c. conductivity. 

With a prior knowledge of conductivity profile, a 

measurement of m & n from equation {1.5) at 

any frequency provides the value of axial conduc-

tivi ty GO • This observation was however. Valid 

for limited range of frequencies. In this range the 

above measurement !or the unknown plasma and for a 

homogeneous medium of conductivity u = h u0 

gives the same resUlt. Hence with connection to 

resistive or inductive measurement plasma simULates 

a homogenous medium and acco~ding tojau.thor2!1 (f 

can be interpreted as a spatial average conductivity. 

Thus two averages c;-* and cr** were obtained 

according to the ~esietive and inductive measurements 

respectivel.y as given bel.ow: 
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\Ru(r>r 3 dr 
R Jo 

.cr* * 
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r5dr [;4s: 
Cf(r)r 3 dr]

2 

With the help of measured Q·· .factor and a. calibra-

tion curve to find the first average cond ucti vi ty u* 
Ciampi and Talini (1967) carried on an experiment 

in a now facility plasma. Later on they (1969) 

elaborated their theory and measurement to incorpo

rate the collision frequency. Ghosal, Nandi and Sen 

(1976, 1978) also pointed out that the expression of 

the two meaningful averagee ( v * ttnd a-** ) and 

the relevant frequency and conductivity ranges could 

be obtained in a simpler way. The authors performed 

an experiment where they utilised a probe coil 

technique and concluded that the conducting medium 

forms a transformer where the primary and the single 
·.• 

turn secondary are the eoil and the conducting medium 

(plasma). 

Ghosal, Nandi and Sen (1976) pointed out that, 

the loss of r.f. power of the resonant circuit due 

to the presence of plasma column within a. coil was 

affected by two factors (i) eddy current loss and 

(ii) ~apacitative by pass. With the help of a compo-



site equivalent circuit the authors concluded that the 

reflected resistance in the primary due to the eddy 

current flowing through the plasma is significant 

in the arc region and obtained an expression for 

effective resistance R' ae 

I 
R = R0 + 

where R
0 

is the radio frequency resistance of coil, 

UJ the angular frequency, M, the mutual inductance 

and 1t1 _ is the mutual pl.asma resistance. Taking the 

plasma to be of uniform conductivity, the authors 

obtained an expression for the azimuthal oonductivi~y 

wh·ere o( a dimensionJ. ees quantity denoting the 

ratio of the radio frequency current in absence and 

in presence of the discharge an!i ' l ' 'is the equi

valent 1 ength of the coil inductance formed between 

the coil ~nd the plasma. In their next paper, however, 

they pointed out that an arc cannot be consi.dered as 

a uniform medium from the point of view of conducti

vity and charge density. They started with a genera

lised radial conductivity distribution and deter~ined 



experimentally a quanti·ty which is a function of the 
' 

assumed conductivity ·. and determined expe-

rimentally a quantity which is·a function of the assumed 

conductivity distribution. With a consideration of an 

annular cylinder defined. by the. radii r and r + dr 

and length f. where £ is the 1 ength of the coil, the 

reflected impedance for this annUlar cylindrical 

plasma under the above condition has been shown to 

be Ci)2. M 2 (r>/ R(r) , wflere R (r) is the 

azimuthal resistan.ce of the annular cylinder and M(r) 

is the mutual inductance between the coil and the 

a.nnul.ar cylinder of the. plasma and is the 

angular frequency of the applied radio frequency· 

field. They provided an expression !or the reflected 

impedance as 

£w2 M 2 (r)<J(r) dr 
27\ r 

where u ( r) denotes the azimuthal. cond ucti vi ty of 

the plasma at a distance r from the axis. Hence 

the total. effective impedance becomes 

2o R 
Rl= R + ~ s 

0 2 7\ . 
' 0 

dr ••• (1.6) 
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where R is the tube radius. Here M (r) can be simp-

lified as M(r) = xr2 where K is a constant which 

depends on the number of terms of the primary coil. 

Accordingly eqn. ( 1.6) can be reduced to 

2·2._,e R 
o':-1 = (.i) K J r 3 <J(r) dr 

2 7\ Ro o 
••• (1.7) 

And further 

R J
0

. CJ(r>r dr = I/ 27\ E ••• ( 1 .8) 

where I is the arc current and E is the axial 

voltage drop per unit 1 ength. Using eqn. ( 1 • 7) and 

( 1 .8) 

Jo R r 3 a- ( r ) d r o(..-t E 

JoR dr f 2 K2-! 
Ro 

ru(r> '" I 

••• (1o9) 

where ! is the frequency of the radio frequency 

current. 

Gho sal et al ( 1978) assumed <T (r) to be 

of the approximate form 

••• (1.10) 
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where n is a constant. From eqn. (1.9) and (1.10) 

R2. 
n =a -2 

E 
where a= -I ••• (1.11) 

And from eqn. (1.8) and (1.10) the expression for 

axial conductivity is 

(f = I/E 2(n+1) 
o 2.7\ R2 

••• (1.12) 

Ghosal, Nandi and Sen (1978) also obtained the iden-

tical result as given by Ciampi and Talini. Gantait 

(1988) performed experiment to observe variation of 

(J0 with arc tube radius, and obtained that Cf0 

decreases exponentially with the increase of lt. An 

emperical relation of cr;· 
0 with R has been 

given 

~(R) = ~(R~O) exp (- {bR). 

where (!, is a constant and ~(R~o>. the axiaJ. 

conductivity at R ~ o. 

It is to be noted that on the basis of average 

conductivity model [stokes (1.965, 1969)] the nature 

of conductivity profile could not be obtained from 

the Q factor measurement alone. The profiles of 
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the type treated by Ciampi and Talini (1967), th~ 

difference between the azimuthal average and the 

axial conductivity can be as much as a factor of 5 

and if the profile constants m and n are varied 

indefinitely the aforesaid factor may be extremely 

larger .. The selection of the profUe demands that 

the plasma fills the available volume and it may be 

approximate for an ordinary discharge plasma but may 

not be true for other situations such as flow faci

lity plasma, plasma jets, metal arc etc. where the 

errore may become highe~ as the plasma conductivity 

may vanish at some distance away from the (tube) 

wall. 

Moekvin and Chegnokova (1965) measured tempe

rat.ure on an argon plasma; they found a peak conduc

tivity of roughly 3000 mho/m, falling approximately 

to zero at a radius 33 mm. Stokes (1969) theoreti

cally calculated the azimuthal. average that should 
., 

be measured for the Moskvin-Chesn-okova plasma 

stream assumed to be exhausting along a 2 em. dia-

meter tube .. This is given to be approximately 100 mho/1ft, 

It is observed that the axial conductivity is 30 times 

higher than the apparent average. 
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Uramoto (197.0) described a method for deter-

mining the electron-neutral collision frequency in a 

low density plasma. In the experiment the author used 

a radio frequency signal of constant frequency and 

voltage applied between plane probes while the den

sity is varied to determine an antiresonance point. 

The above method is sensitive to external circuit 

impedance and avoids the perturbing effect of the 

strong r.f. field at resonance. Ghosal, Nandi and 

Sen (1978) estimated the azimuthal average v~ ~ 

vol u:me average cr- v ot and the axial conductivity 

u0 of mercury arc discharge and found that axial 

conductivity can be ten times the aximuthal average 

value. 

Effective collision frequencies in a weakly 

ionized turbullent plasma had been measured by Spence 

and Roth (1986) using resonant absorption of an extra-

ordinary wave, propagating across a plasma column. 
·.• 

They measured the attenuation and phase shift of a 

transmitted wave in a swept·frequency measurement 

using an HP8510 network analyser. 

Expressions were obtained by Pleshanov (1968) 

for longitudinal and transverse conductivity and an 

anisotropy angle for anon-quasi neutral plasma. It was 

shown that the transverse conductivity of such plasma 
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is finite in super high magnetic field and consequently 

the specific power output may be unlimited, in contra.t:;t 

with the case of quasineutral plasma which has a finite 

output. 

Pytte ( 1969) developed a method for the cal cu-

lation of the conductivity tensor, including colli

sional. contribution associated with a wave in a plaf3ma 

in a magnetic field. The author cal cul.ated electron. 

current contribution in terms of Landau collision .. 

Nicol et al ( 1971) determined the collision frequency 

and collision model in name plasmas by means of mag-. 

netic field dependent microwave absorption and disper~

sion. They used acetylene-oxygen and acetylene-air 

flames burning through an x- band wave guid resonator 

parallel to the microwave electric field vector and 

perpendicular to an external magnetic field to study 

electron cyclotron resonance .. The authors found that 

the absorption and dispersion are slowly decreasing 

functions with the magnetic field strength. It was 

also observed that the collision frequency amounts 

to 210 + 4 GHz for the acetylene-oxygen flames and 

249 + 4 GHz for the acetylene-air names. 
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Seashottz (1971) performed an experiment 

on "effect of collisions on Thomson scattering in 

a magnetic field with unequal electron and ion 

temperatures and electron drift". The author 

observed that collision frequency decreases when 

magnetic field influence is reduced. 
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1.4. Plasma parameters from diffusion voltage 

measurementsboth in transverse and 

longitudinal magnetic field. 

The effect of a magnetic field on the 

breakdown condition of a gas was calculated by Wehrli 

(1922) and obtained that ~ , the mean free path of 

the electron assumed constant for all the electrons 

changes to .A' as in presence of magnetic field 

the electrons describe a cycloidal path. 

.A' = :X [ 1-

2. 
e H .A J 
8Em 

••• (1.13) 

where e is the charge and m is the mass of the 

electron~ H is th.e magnetic field in gauss and E 

is the voltage per unit length of the tube. The 

author concluded that the effect of magnetic field 

is equivalent to an increase of pressure 

PeR where 

[ 1- e H 2 A/ 8 E m] 
••• (1.14) 

where Pe is the effective gas pres8ure. By taking 

electron energy and drift velocity into consideration, 

Blevin and Haydon (1958) derived a new expression for 
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equivalent pressure and showed that a transverse mag-

netic field effectively increases the gas pressure 

from Pe to PeH so that 

P = P ( 1 + C H2/ P2 ) eH e 1 ••• (1.15) 

where c1 =(eL ) 2 involving rando~ velocity distri
mvr 

bution of electrons is assumed constant within cer-

tain limit of H/P. From the concept of equivalent 

pressure, the variation of Townsend's first ionization 

coefficient in a transverse magnetic field can be 

explained in high (E/P) region in which the distri-

but ion of electrons is assumed to be Maxwellian with 

a conRtant average collision frequency. Haydon et al 

(1971) critically analysed the velocity diRtribution 

for electrons in presence of magnetic field and found 

it not to be Maxwellia.n, eo that in case of application 

of tbe concept of equivalent pressure for electron 

behaviour in gases like hydrogen as studied by tbe 

authors, the collision frequency is required to be 

taken as energy dependent. Heylen and Bunting 

( 1969) formulated an equivalent reduced electric field 

concept in a constant electric field. In transverse 

magnetic field, the transverse and perpendicular mobi

lities and their ratio for electrons have been 

e~plained aseuming Maxwellian velocity distribution. 
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The average electron collision frequency was observed 

to vary with electron energy. In case of molecular 

gases such as oxygen)air and nitrogen the re~ults 

were experimentally verified. 

The mobility of electron8 in the direction of 

the electric field in presence of a magnetic field iE 

reduced and Townsend and Gill (1937) obtained 

.... (1.16) 

where eH 
me 

and 'T represents the 

time between two successive collicions. In presence 

of magnetic field Plevin and Haydon (1958) deduced 

an eY.pression for mobility by considering the bulk 

properties of electron avalanche and iE given by 

.•. (1.17) 

The eqn. (1.17) was verified experimentally by Sen 

and Gupta (1964) by computing the values of electron 

mobility in air dibcharge in presence of magnetic 

field and over a wide range of pressure. 

The effect of magnetic field on electron mobi-

lity in a d.c'. arc plasma was studied by Has-em(1984) 

and he showed that the decrease of electron mobility 

/ 
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in the magnetic field may be d.ue to hindering of the 

upward motion of excited particles (ions, excited 

atoms~ and molecules) in the magnetised plasma. 

Ecker and Kanne (1964) studied theoretically 

the effect of a transverse magnetic field on a cylind-

rical plasma column. In the formulation of the basic 

equation to describe the collision dominated positive 

column in a transverse magnetic field_, Ecker and 

Kanne calculated the expression for electron tempe-

ra.ture under the assumption that electron heat con

duction is small in com pari f:'.on to collision ( elastic) 

losses and the energy conservation la.w (for electrons) 

balances the energy gained in the electric field with 

energy los8 due to colliEions with neutral particles. 

For this balance equation in a real plasma Ecker and 

Zoler (1964) put a criterion as 

••• (1.18) 

where is the mean free path (electron~) R is 

the discharge tube radius and is the fra:ctional 

lose of electrons in an elastic collision. ThiE. condi-

tion is not achieved in normal discharge and appeared 

in practice only in case of high current and relatively 

high pressure discharge (arc)e The authors investigated 
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the problem mainly for two cases: firstly collision 

free limit where Langmuir theory of free fall is valid 

and secondly in colli~ion dominated region where 

Schottky's ambipolar diffusion theory applies. They 

found that magnetic field does not change the tem

perature in the collision dominated discharges and 

gave a linear perturbation treatment taking small 

vel ues of magnetic field. 

Marchetti et al ( 1984) used a self consistent 

mode coupling theory to calculate the coefficient of 

eel f diffusion in a three dimensional classical one 

component plasma subjected to an external magnetic 

field. They found a Eohm like behaviour for asympto

tically large fields tor diffusion in the plane per

Pendicular to the magnetic field. 

{B) Diffusion in longitudinal magnetic field: 

If a magnetic field acts parallel to the 

axis of the positive column, the effective diffusion 

coefficient Da is reduced to 

Here Wee 
Be 

m 

D a/ ( 1 + 

and 

electron collision frequency. Thus 

~c is the 

it is 
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evident that as the magnetic field is increased, the 

rate of electron diffusion is decreased. In a longi-

tudinal magnetic field, the ions being more massive 

will be less constrained then electrons from radial 

diffusion. However, the electric field created by 

radial distribution of the electrons still tends to 

restrain the ions. Thus the ions as well should diffuse 

at approximately the same rate as those of electrons. 

The 'normal' distribution both for electrons 

and ions is not altered when it is subjected to a 

longitudinal magnetic field. Tonks (1941) approxima-

ted the dispersal·effect along a plasma column in 

1 ongi tudinal magnetic field. Radial electron and ion 

distribution's solution is the sum of a series of 

zero order Bessel functions. The 'normal' distri-
' 

bution along the length of the positive column remains 

unchanged in the first term, while successive terms 

decrease with distance along the column at rates which 

are complicated functions of Te , the electron tempe

rature and the magnetic field strength, H. Davies(1953) 

also found that the electron velocity distribution in 

longitudinal magnetic field is Maxwellian., An inves

tigation was carried by Vorobjeva et a1 (1971) in 

mercury vapour arc subjected to an axial field 

( H L 800 Oe) and found that Maxwellian di~tri bution 

holds good for electron velocity. 'rhe energy gained by 

--·--- .. - --·----------~- -·- --------·--·---···------------- ·- -·---------·---------.. ~---------~----------..__ _____ --- .... ··-···---~ -- ---
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e~ectrons in e~ectric fie~d balanced by losses in 

elastic co~~ision is not ful.fil.l.ed in case of low 

pressure diffused mercury arc, according to Ecker 

and Zoler (1964) as observed from Ell.enbaas- Heller 

heat balance equation. On the otherhand, _Ghosal, 

Nandi and s~n (1979) showea that for such a discharge, 

the energy consumed by the discharge is lost prima

ri~y in ionising col.~iF.ions and a major part of ioni

sing partiCles is lost through-ambipol.ar diffusion 

to the wall. of the discharge tube. There is some 

inadequacy ·in defining an arc. But for some .cri

teria of arc such as (a) relative high current den

sity, (b) ~ow cathode faJ.l., (c) high luminosity of 

the column defined by Pfender (1978) dominate·the 

discharges in a low pressure me_rcury ar9. GeneraJ.l.y, 

in these discharges, the volume ionization is' bal..a

nced by diffusion of charged particles. Inspi te of 

diffusion, recombination of charged particles plays 

a vital rol.e in their loss mecha.nism •. 'Recombination 

becomes more significant than diffusion in an active 

discharge for the high value of electron temperature 

with respect.to ion temperature. Hoyanx (1968) enun

ciated that normat.ambipol.ar d~ffusion prevails for 

the column which i.B sufficiently long with respe.ct 

to its radius at ~OW magnetic fields •. But above a 

certain magnetic field, plasma turbUlence progre-

st.i vely sets in and l-eads to an abnormal. loss of 
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particles and an increa~e in vo~tage drop. There are 

two known types of diffusion: (1) In low pressure 

region Langmuir free fal.l diffusion is effective 

and ('2) in high pressure region Suhottky' s ambipolar 

diffusion is dominant. Franklin (1976) described an 

ion n uid model relating the two domains in the tran

sition region. A balance between particle loss and 

generation processel! predicts the determination of 

electron temperature. 

Franck et al (1972)· carried on an experiment 

to determine electron temperature Te in longitu

dinal magnetic field. He found that when a longitu

dinal magnetic field is superimposed on a low pre

ssure plasma, reversal of the radial ambipolar elect

ric field takes place at a. definite magnetic field :Br• 

He found the value of electron temperature from the· 

value of Bra Marhic and Kwa.n (1977) £ound that both 

electron temperature and electron den~ity c~ange. 

From radiation profiles vander Sijde ( 1972) found 

change of temperature and density profile for a 

hollow cathode argon arc in axial magnet! c field 

( H ~ · 1250 G ) • In a longi tudina.l. m~gnetic field 

Wienecke ( 1963) found an increase of pressure' in the. 

hot region ot a cylindrical symmetric arc. The 

author observed that the forces exerted by the 

field on charged particles modify diffusion current 

a.nd hence field. 
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The electron diffusion across and along the 

field becomes anisotropic and reduction of radial 

diffusion resUlts due to app~~cation of magnetic 

field on a. cy~indrical.. plasma column. The plasma 

a~juste to this new situation by decreasing its 

ionization frequency which is determined by electron 

temperature and hence the change· of electron tempera

ture occurs. So a reduction of diffusion loss resUlts 

due to decrease in electron temperature or axial elec

tric field. Considering Langmuir tree fall model Self 

(1967) estimated the influence of longitudinal mag

netic field on a cy1indrical. p~asma column. llso, 

taking the ion fluid mode~ Franklin (1976) investi

gated the properties of cylindrical plasma subjected 

to an axial magnetic field, and his investigation is 

app1icable both in high and low pressure regions. He 

showed that ambipolar diffusion will be reduced by 

. the application of a ~ongi tudinal magnetic field due 

to the reduction in radial diffusion of charged parti -

cl ea. 

Geissler (1970) observed the disagreement bet

ween experimental data and ambipoJ.ar theory in case 

of a finite 1 ength of ~yl.indri cal. column with non

conducting walls and placed in an axial magnetic, 

field in high pressure region. The diffusive decay 

of a weakly ionised ·gas in a finite ~ength cylinder 

having non-conducting walls was analysed by 
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Chekmarev et al ( 1977) in presence of longi tudina1 

magnetic field and observed that ambipolarity of diffu

sion exists in magnetic field too. PreviouSly, Franck 

et al ( 1972) pointed out h'ow the magnetic field inf-

luences the ambipolar diffusion. 

Electronic and ionic diffusion reduce when a 

Magnetic field is increased. The variation of elect

ron and ion diffusion across a magnetic field 

can. be shown cl.assically as 

De.il = 

where b e.i is the square of 

De .i 
1 + be,i H a 

the mobil.i ty 

••• (1.19) 

of res-

pective species. The electron diffusion is reduced 

more than ion diffusion, as the electron mobility is 

large than ion mobility by a term 102 to 103 at a 

given pressure. Due to increase of·magnetic field 

the radial component of electric field vanishes for 

Del = D il at a particular magneti-c field Hr. 

While studying the problem of plasma instability, the 

a.noma.l.ous behaviour of plasma col. umn in l.ongi tudi

na1 magnetic field has been studied mostly in noble 

gasea.Hoh and Lehnert ( 1960) studied the influence of 

longitudinal magnetic field in hydrogen, helium a*d 

krypton, confined in non -
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conducting and long discharge tubes, eo that the 

diffusion can be neglected at the ends. They found 

that the radial diffusion across the axial magnetic 

field decreases classi cal.ly up to H and above cr 

H the diffusion increases with magnetic field. cr 

An interpretation of anomalous behaviour of diffu-

sion has been given by Kadomtsev and Nedospasov 

(1960) by considering an instability in the form of 

helical wave which will be created by axial electric 

field for high values of magnetic field. This insta

bility enhances the effective ambipolar diffusion 

with increasing magnetic field by E x H drift 

which pushes the electrons to outward radial direc

tion and amplify the diffusion. H
0

r is calculated 

from the measurement of pressure. Janzen et al (1970) 

observed in neon gas that the instability depends on 

the length of the discharge tube. No instability is 

observed in short length ( L L 15 em.) discharge 

tube~ In case of long discharge tubes Deutsch and 

Pfau (1976) observed an anomalous increase of diffu-

sion in noble gases in weak discharges and in presence 

of axial magnetic field (H <..< H
0
r)• Sato (1978) 

interpreted the same resul te as that of Deutsch and 

Pfau in terr:ns of self e:xci ted ionization waves. 
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In axial magnetic field there is another weak 

instability in quiescent plasmas. This instability 

is known as drift dissipative instabil.ity according 

to Timofeev (1976). These instabilities are regarded 

as high current convective instabilities for active 

discharges. 

The problem of longitudinal. diffusion of elec

trons in a plasma in an external magnetic field was 

solved by Sestak and Forejt (1986) in case of electron 

ion plasma and that of a plasma of identical partiCles 

by :Bychkov et .al (1980) who. analysed th·e relation 

between the energy dependence of the elastic scatte

ring cross section of the electron and the kinetic 

coefficients of electrons moving in a gas in a cons

tant electric field. They computed the relation which 

depends upon the electron velocity distribution funo

tione The representation obtained is used to eetablim 

the energy dependence of the elastic scattering cross 
·~ 

section of tb.e electron and to cal. culate diffusion 

coefficient in presence of longi tudinaJ. magnetic 

field. 

In this laboratory Sen and Jana ( 1977) inv_es

tigated the current voltage characteristics of glow 

discharge in presence of axial magnetic field. They 

observed that the d-ischarge current increases with the 

increase of magnetic field for the range of pressure 
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0~685 torr to 0.925 torr. The results showed that the 

radial distribution of electron follows zero order 

Jf.h~rsael function and i e valid in magneti o field a.l so. 

Considering the physical processes involved in a 

mercury arc discharge taking air as buffer gas 

Sadhya and Sen (1980) described a model in which KXe 

air behaves as a quenching gas. They obtained the 

distribution function of both types of ions (atomic 

and molecular) and developed an expression for T
8

/ 

T
9

H , where Te is electron temperature without 

longitudinal magnetic field and Tell is electron 

temperature with longitudinal magnetic field. The 

experimental resUlts were in quantitative agreement 

with theoretical deduction within the range of (H/P) 

values studied. 

Cohen and Sultorp (1984) calculated the 

longitudinal self diffusion coefficient for a mag

neti.sed plasma considering the kinetic theory in tne 

weak coupling approximation. 



Radio frequency breakdown of gases in pre

sence and in absence of magnetic field. 

Ionisation and subsequent breakdown of 

a. gas sub.] ected to uniform a. c. field differ in many 

important aspects !rom ionisation and subsequent break

down by uniform d~c. field. The charged partiCles in 

the bulk of the gas are accelerated when a high fre

quency or microwave electric field is imposed acrose 

a gas. It is well known that electrons are always 

present in a given volume of a gas due to cosmic 

radiation; and through these electrons the transfer 

of energy from the applied electric field of any kind 

to the volume of the gas results. The electrons are 

accelerated much faster than ions because of their 

lighter mass and as a result, the energy transferred 

from the imposed electric field to the electrons is 

so much larger that we can neglect the motion and sub

sequent effects on the heavier particl.e_!J• In an a~ 

field~ the direction of the force on the electron 

a1 ters and the electrons will ·oscillate within the 

bulk of the gas provided the vessel-walls are suffi

ciently far apart. It is the prime feature that 

characterises high frequency or microwave discha+ges 

from low frequency or d.c. discharges. 
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Actually at high frequencies and in the absence 

of any gas atoms, the electrons would oscillate out of 

phase with field and no energy would be transferred. 

But in presence of gas atoms electro.ns accelerated 

by electric field collide frequently with the gas 

atoms and hence change the phase condition. It results 

a net transfer of energy from the field to the elect

rons and electrons lose energy by collisions with the 

gas atomso However, in a favourable situation an ele

ctron may gain sufficient energy to exceed the excita

tion energy level of the atom and lose most of its 

energy. It results in subsequent radiation when it 

returns to its ground state. It is noteworthy that 

the electrons lose energy not only by elastic colli

sions but also by inelastic collisions& The resulting 

energy distribution of electrons may produce. suffi

cient number of electrons having energy comparable to 

ionization energy of the gas atoms so that they may 

ionise the atoms. When this occurs we have multipli-

cation of electrons and the process may be a cumu-

lative one. It is also very important to note that 

the electrons at the same time may undergo loss due 

to diffusion to the walls, recombination with the 

positive ions, or by attachment to neutral atoms 

or molecUles. A balance equation of these produ~ 

tions and loss rates determinesthe electron density 
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of the steady state discharge and it in turn charac

terises the electrical properties of the same. If the 

19lectric field is sufficiently large, the electron 

density attains very large value with a l uminoue 

glow in the otilk of the gas and hence causes break-

down of the gas. 

The general characteristics of the breakdown 

curves have been investigated by several workers. 

Gutton and Gutton (1928) determined the potentials 

between external electrodes required to start the 

discharge in hydrogen at low pressures with oscilla-· 

tions of wavelengths between ' to 5620 meters whereas 

Krichner ( 1930) utilised ~nte~nal electrodes for 

breakdown purposes. Town~end and Gill (1938) con

sidered only the motion of free electrons in the 

gas under the influence of an a1. terna.ting electric 

field ignoring wall and. electrode processes and space 

charge effects. Thomson ( 1930) carried an extensive 

work on the electrodeless ring discharge and latter 

(1937) derived an elementary theory regarding each 

electron as oscillating about a mean position in 

the gas. 

In order to ionise the ·gas electron must ·at 
" some point in its trajectory attain· enough ener,y 

for ionization and it must strike a molecule be~ore 
~ 

it returns this ene.rgy again to the field. If E co.,.,.·\t 0 ~w 
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be the magnitude of the imposed field, the energy 

a(;quirt:Jd in time 't• by an electron from the field 

must be equal to or greater than the ionization 

energy eV ;_ of t h e gas atom ( V 1 is the i oni z a ti on 

potential of the gas atoms or molecules). According 

to the second criterion, the distance traversed by 

the electron in time t must be either equal to or 

smal.ler than the mean free path .Ae of the electron 

in the gas. Only those electrons which start with 

zero initial velocity and in zero phase of the app

lied field can participate in the motion. 

Several aut.hors found double minimum in the 

striking potential as a function of pressure. Gutton 

and Gutton ( 1928) characterised the double minimum 

as due to resonance phenomenon in the gas. Gill and 

Donaldson (1931) reported that when the field is 

directed along the tube only one minimum appears, but 

when it is across the tube, another minimum, at high 

pressure appear~. According to them at~igh pressure 

the cloud of electrons oscillates with an amplitude 

less than the width of the tube, ioni~ation in the 

gas being balanced by diffusion. on the contrary 

when pressure decreases, the electrons acquire more 

energy from the field out of their long free paths 

and hence the striking field slowly become small1!!r. 

However, the amplitude of electron oscillation becomes 
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~arger and larger and ul. timately the .amplitude becomes 

approximately-equal to the distance between the walls. 

As a reeul t, the loss o! electrons increases sharply 

and a much greater field is necessary to initiate the 

desired dis-charge. Similar work had been reported in 

this context by Thomson (1937), Zouckerman (1940), 

Githens (1940), Chenot (1948) and Pim (1948, 1949). 

Hale (1948) reported his measurements in argon 

and xenon over the range of ·5 Me/e. to 50 Me/sec. and 

pressures varying from .. 20 to 50 micron. He po!nted out 

that the breakdown field for high frequency field is 

determined by those ·electrons in the gas which succeed 

in acquiring ionizing energy in one mean free path. The 

value of the electronic mean free path is deduced from 

kinetic theory which entails some doubts. Actually an 

effective mean free path is needed in this case 

because the electronic mean free path changes with the 

energy of the electron and as the energy-of the ele

ctron varies between zero and ionizing energy. Also 

_the assumption that the probability of ioniza tiQn 

becomes a maximum when the electron gains the ioni

zing energy is not supported· by experimental results. 

by Smith (1930). According to Smith (1930) the ~ffi-
; 

ciency of ionization increases quite rapidly wif~h 

increasing electro~ energies Slightly above the 

ionizing energy. 

i 
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From a different approach Gill and von-Engel 

(1948) carried on experiments where they measured the 

starting potential of a h.f. discharge as a function 

of frequency (wavelength) of the imposed field in 

gases at very low pressure, of the order of 10-3mm. 

Hg. From these resul te Gill and von-Engel, put 

forward a theory of the initiation of the discharge. 

It is noted that the starting field is independent 

of the gas and the pressure, but depends upon wave

length of the applied field and the dimension and 

material. of the vessel, ai though the fully deve-

loped discharge shows the spectrum of the gaa. 

Townsend and Williams (1958) studied the 

breakdown condition in air and hydrogen for values 

of p.d. = 15 mm om of Hg and frequency 5 MHz to 70 MHz. 

They found double minima~the first minimum was not 

very sensitive to breakdown voltage and gas pressure 

as in lower frequency of tee applied field. 

Cooper ( 194-7) carri.ed on investigation in 

Ultra-high frequency breakdown of air in coaxial 

lines and waveguides for separation between 0.1 em 

and 0.3 em and over the pressure range of 20 em to 

760 em. It was found that the breakdown field to be 

7o% of the d. c. field at two wavelength namely. 

10.7 em and 3.1 em. Posin ( 1948). carried on si.m:i,l.ar 

experiment for (..a .em as HerJ.in and :Brown ( 1'948). 
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Brown and McDonald ( 1949) provided the theore

tical. interpretation and- experiment8.1. investigation of 

breakdown of gases in. cylindrical cavities and between 

coarial cylinders at the wavelength of 9a6 em. The 

-theoretical interpretation is based on the criterion 

that at the point of breakdown ionization rate is 

equal to the rate of loss due to diffusion. Other 

electron removal processes namely attachment and 

re combination are considered to be negl. igi bl e for 

the type of discharge. By analogy with the first 

Townsend coefficient for _d c ionization where the 

electron loss is governed by mob~ity, the high ·fre

quency ioniz~tion coeffic_ient. is controlled by dittu-

sion. 

HOlstein (1946) pointed out that the energy . 

d.istribution of electrons in-a· h.f. field is closely 

the same as that of electrons in a static field equal 

in magnitude to· the rme value of h f field. He inte-
. J . . -~ 

rpreted the breakdown criterion having a general 

character introducing direct-current analogy• He-

then obtained a relation between the breakdown 

--field E , the gap_ 1 ength d and the gas pressure p 

as 
2 . 

( 
2 7\ KTe _ Pd) = --_____;:~~ 

e (E/P )(p(jP) 
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where oG is the. Townsend's first ionization coeffi

cient~ e and Te the charge and temperature ot 

electron and K is the Boltzmann constant. 

Margenau and Hartman (1948) analysed the 

methods for determining the electron energy dist

ribution theoretically. 

Kihara (1952) introduced a molecular model 

for collision processes between gas molecules and 

charged particles and obtained an absolute expre

ssion for mobility coefficient, ~iffusion coeffi-

cient and electron temperature in terms of 

some molecular constants and some measurable para

meters. 

Taillet and Brunet (1965) investigated the 

physical mechanism of high frequency dis-charges -

maintained by resonance. It is concluded that when 

a.r f discharge is excited with a frequency w/zx 
higher than collision-frequency ~c , a resonance 

due to dispersive properties of the plasma can con

trol the steady state of the. discharge and determine 

the value of the electron density for a given geo

metry and frequency. 

In high frequency discharge, besides two 

general types of electron loss mechanisms (mobility 

and diffusion), there may be another type o! 

loss mechanism due to formation of negative ion in 

some gases. Negative ions appear in gases under two 

conditions: 
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(i) They may be generated in the bulk of the gas 

through attachment of free electrons to atoms and mole-

cules (largely and through dissociation of molecules 

in a polar phase of electron impact). 

(ii) They may appear in the gas by interaction of 

fast particles of atomic mass with surfaces or by 

libera·tion from hot surfaces. Attachment of electrons 

causes loss of the former as ionising agents which in 

turn enhances the rate of carrier loss by recombine.-

tion., 

In a. series of works Loeb ( 1921, 192), 1924) 

wor·ked out the possible theo-ries of formation of 

nega.-tive ion from electron and neutral molecul ea. 

The breakdown of gases by h f electric fields 

tn conjunction with a steady constant magnetic field 

has also been investigated by Townsend and Gill(1938) · 

who calculated the effect of magnetic field on the h f 

breakdown of a gas in a magnetic field. 

In discharge vessels, where the electric and 

magnetic field are in the direction of the axis of 

the tube, the rate of diffusion of electrons to the 

~urface of the tube is diminished by the action of 

·i;;h e ooagne·ti c force and hence the breakdown field 

decreases. If the electric and magnetic fields ar·e 

perpendicular to each other, not only diffusion is 

decreased, but for certain value of magnetic field 
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and applied frequency resonance will occur (when 

W=Wb, the electron cyclotron frequency). Actually it 

indicates tha-t the magnetic field reverses the direc

tion of electrons, without loss of energy, as the 

imposed electric field reverses. Although the magnetic 

field supplies no energy to the electronp it neverthe

less changes its direction so that the electron may 

acquire energy from the electric field provided that 

the motion is not frequently interrupted by collisions 

with gas molecules .. 

Townsend and Gill (1938) tested experimentally 

the theoretical investigation by measuring the 

electric field required to start a discharge in dry 

air in a large spherical bulb 13 em in diameter in 

presence of transverse magnetic field. They perform~d 

the above experiment at 30 MHz and 48 MHz and over the 

range of pressure from few micron to 240 microns. A 

decrease of starting field was found for values of 

pre3sure less than the minimum without magnetic field 

and increase of starting field !or·values of pressure 

greater than that at which the breakdown voltage become 

minimum when the magnetic field was emp1oyed.Brown(1940) 

carried on some extension of the similar work to the 

case of hydrogen and reported similar results therein. 
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Lax, Allis and Brown (1950) performed experi

ments and explained theoretically the breakdown vol

tage of a gas excited by a microwave field in presence 

of. transverse magnetic field$ They used helium gas 

containing a. small admixture of Hg vapour and 

obtained breakdown curves for different values of 

.pressure. The breakdown voltage becomes minimum for 

a magnetic field which is independent of the pressure 

of the gas. 

Ferritti and Veronesi (1955) determined break

ao~ voltage in air using cylindrical electrodes at 

10 MHz and 30 MHz.frequ"encies varying magnetic field 

from zero to 800 gauss. The pressure of the gas was 

maintained at 0.1 mm, 0.5 mm and 10 mm Hg. and in all 

sets of observation breakdown voltage decreased in 

presence of magnetic field. 

Deb and Goswami (1964) investigated the elect

rical. breakdown in a high frequency electrodeless 

discharge at low pressure subjected to a steady mag

netic field and pointed out that with ·increase in oG 

the ratio of cyClotro~ frequency to the frequency of 

the applied field, the breakdown field tends to inc

rease and the main region of the curve is displaced 

towards longer wavelengths. 

Bangall and Haydon ( 1965) investigated the 

px·e- breakdown ionization. in nitrogen gas to show 

that the influ~nce of a transverse magnetic field is 
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<aq'Ui val ant to an increase in the gas pressure from p 

to p 8H=p(1+&.)9 2./~c )}/2. where (.08 isthe 

electron cyclotron frequency and ·~ 
c is electron 

ruol ecul e collision frequency. 

In a coaxial resonator in the presence of longi

tudinal magnetic field Ivanov and Gavrilova (1972) 

carried on investigation of high frequency single 

electrode discharge. They pointed out that under cer

tain condi tiona the losses due to high frequency single 

el,~ctrode discharge become large and are governed mainly 

by the secondary emission coefficient of ·the electrode 

material and by the ratio of fr~quencies w and U)b (= eHJm). 

G:r.ollean ( 1974) studied high frequency resonance dis

charge in hydrogen in static magnetic field. It was 

shown experimentally that the gas pre.ssure, the ampli

tude of the electromagnetic field and the angle between 

the direction of the static magnetic field and the dis-

~~arge axis are the most important parameters. 

'rhough a fairly large amount of ·work in reso

nance magnetic field was reported, little work has 

been done so far in which non-resonant magnetic field 

is employed. Sen and Ghosh (196)) investigated the 

breakdown in air and- nitrogen in crossed non-re.sonant 

magnetic field using the radio frequency field of 
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frequency 8.1 MHz and 7.15 MHz respectively over the 

pressure range of few microns of Hg to 500 microns of 

Hg~ They obtained a family of curves for different 

steady magnetic fields whose valueilie within 100 

gausse It was noticed that each curve, for a steady 

crossed magnetic field, has got a minimum breakdown 

1101 tage at certain pressure which shifts to higher 

pressure as the magnetic field is increased. An inc

rease of breakdown voltage was also observed on the 

imposition of perpendicular magnetic field. Sen and 

Gupta obtained the breakdown characteristics in non

resonant magnetic field varying from 0 to 120 gauss 

in helium, neon and argon and obtain.ed the same results 

as Sen and Ghosh ( 196'3), the freque~cy of the applied 

h f field was 4 to 12 MHz. With the help of theory .by 

Kihara (1952) for breakdown of gases by radiofrequency 

field and equivalent pressure concept introduced by 

Blevin and Haydon (1958) with the variation of mobi-

.li ty and diffusion coefficients in a magnetic field, 

an expression for the breakdown .voltage of gases by 

ref .. field was developed by Sen and Ghosh (196'3) to 

explain their experimental resul;.ts. 

Sen and Bhattacharyya (1969) calculated the 

values of oi:-/P at different E/P values from 

the raf. breakdown measurements in case of air, oxy~en 

and carbondioxide within the pressure range 1 to 6 mm 



66 

of Hg and in transverse magnetic, field. from 0 to 1800 

gauss. 

It was noticed that the oG /P value a cal-

cUlated from Brown's theory of"diffusion controlled 

breakdown are in better agreement with the results 

obtained in the literature than those- calculated from 

Kiharat s theory. Kumar et ai { 19'71 )_studied the. break

down phenomenon of air.in presence:of axial magnetic 
' ' . 

field over the pressure -range. 5 to 115 mtorr. 

Ram and Sarkar { 1971) inve~tigated the r f. . . . . 

{16 MHz) breakdown characteristics of argon in pre-. 

sence of low { 0 to 180 gauss) .. l:ongitudi~aJ.. an<i high . 

( 100 to 1500 gauss) non-resOnant t.ra!18Verse magnetic 
- ' 

fi el.d. But in transverse·mag~etic :field th:e breakdo.wn 
,-, . 

voltage was. found to. increase. upto a. certain magnetic 
. - .".. . .. 

field an,d ·decreased with increase 'of magnetic field 

above 40 mm Hg. 

Sen and Jane. (1977) established. the val.idi ty 
_ .. ,..· 

of diffusio~ theory· in radio:· ft"eq\tency br~_akQ.own in 
. . ' 

molecular gases in axi8J.· magne.tic. ffelde 

Radiofrequency breakdown ch..~racteristics at· 

55 ·MHz frequency of air have· bee:n_studie.d in the pre

sence of a. para.l.l. el. lo~· -inte~si ty· ·m~gneti.c field .ov~r 

the pressure range of' 5 to -1.5- mto~r by Kumar et aJ. 

( 1971.). The bre8.kdovvn potentiSJ. has ·been foUnd to 

decrease with increase i'n QJagnetic' field. This decrease 
.. • 
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is much prominent at the lowest pressure. It has also 

been found that the variation of breakdown potential 

with pressure shows broad minimum in low magnetic 

fieldo This change becomes almost linear beyond 80G. 

Thus an appre cia bl e reduction in diffusion 1 o ss of 

electrons under the above mentioned condition has 

been observed experimentally. 

Bhattacharyya and Das (1974) studied the break

down potential in air over the pressure range of 50 to 

300 micron under the sim~taneous action of an r f 

(5.7 MHz) and a variable transverse d c field (0-30 

V/cm). The breakdown potential is always higher than 

that in the absence of d c field for all values of 

pressure and the pressure at which the breakdown vol

tage becomes minimum always shifts to higher· pressures 

with the increase in the d c field. It is assumed that 

electrons are lost not only by diffusion but also due 

·to mobility due to application o! d c field. Bhatta

charyya and Das (1977) investigated the variation of 

br~akdown potential of dry a.ir, ·oxygen and hydrogen 

using r f el ectrio field ( 6.2 MHz) o.ver the range of 

gas pressure 0.5 to 8.0 torr also in presence of uni

form ( '350 G t 500 G) transverse magnetic field. The 

theory of breakdown using high frequency electric 

field has been modified for crossed r f electric and 

steady magnetic fields to explain the results. 
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Bhattacharyya and Dae (1982) investigated the 

variaton o~ radio frequency (8.9 MHz) electric field 

breakdown of gases like air, hydrogen and oxygen for 

gas pressures of 0.25, 0.5 and 0.3 torr respectively, 

in the presence of transverse magnetic field varying 

from 0 to 3000 gauss. For each gas a minimum value of 

-the breakdown field is found at a certain Val. ue of 

the magnetic field, both values being different for 

each of the three gases. In this investigation they 

obtained a second breakdown field of much lower 

magnitude in a strong magnetic field when the 

electron cyclotron frequency is much higher than 

the electron - neutral collision frequency, both 

being much higher than the frequency of the applied 

field. By considering the average motion of the 

electrons in a very strong magnetic field, trans

verse to an electric field of small magnitude, 

linear relations are obtained between the second 

breakdown field and the corresponding magnetic field. 

Recently Whang and Noh (1986) reported 

that breakdown of N2 gas by 13.56 MHz elect-

ric field is very different from that under steady 
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fields. The second order differential equation 

derived from the Boltzmann equation is used for 

the electron distribution function. The ionization 

rate and diffusion coefficient are calculated 

using kinetic theory. They conclude that the 

breakdown condition is that the number of 

electrons provided by ionization equates the 

number diffusing to the walls of the discharge 

v·essel .. They calculated the breakdown electric 

field using computer and compared the results 

with experimental Values. 



70 

1.6. Spectroscopic investigation of the intensities 

of spectral lines in a plasma. 

Spectroscopy is a very wide subject in 

itself, having well developed applications to nearly 

all ca.tegories of plasma research. The various methods 

of spectral. diagnostics are based on establiehed rela

tionships between plasma parameters and radiation 

characteristics such as intensity, absorption coe

fficient and spectral line broadening. The spectral 

study of the radiations given off by a plasma can 

be a ready Eource of information about its state. 

However the spectroscopic te~hnique is a more accu

rate diagonostic technique than de probe method, 

r f probe method and microwave technique. 

Plasma parameters viz. electron temperature 

and electron density of glow discharge can be de~er

mined from the relative intensities of radiation. 

Frequently relative measurements are not only tech-

nically simpler, but they are also the only 

possible means from the theoretical point of view. 

In. the absence of equi:Li bri um, the popula

tion density of the first excited stater: is lower 

because of the emitted radiation; the concentration. 

1:>:f free electrons and ions is lower than at equilib

rium, for e~ample, as. a result of diffusion losses; 



71 

near the ionization limits of atoms .and ions equilib

rium assemblies of levels are formed (Saha' s rela.-

tionship is fulfilled beginning with the S-level of 

the atom and the + t level of the ion). Experimentally 

the following measurements are possible 

(a) 

(b) 

( c) 

(d) . 

relative intensity 

relative intensity 

or lines from ions 

relative intensity 

two wavelengths; 

relative intensity 

of 

of 

of 

of 

of 

two or more lines; 

atom and ion lines 

different charge; 

the continuum at 

lines and continuum. 

Formulae for determining the plasma temperature by 

these methods are 

(a) 

(b) 

(c) 

( d ) 

IE_ = Ap gp fis 
Is As g·s .Ap 

lp 

1~ 

·Ix.1 -
IK2 

fp, exp[ 
~2 

ex:p (- Ep- Es ) 
KT 

hC (.Az- .A 1) 

J .i\1 .i\2 KT 

Ip 10 Apgp no TYzexp~ =2.,15·10 
1K2 .Ap ~2 nen+ 

. 
' 

Ep) 
KT 
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The accuracy of the temperature determination is the 

higher the greater the energy difference 

Theoretically, the accuracy of the measurements is 

a minimum for method (a), a maximum for method (b). 

For practical realization some modification 

are to be considered. 

·1) With. method (a) 1t is sometimes possible to 

select lines, that are similar in wavelengths, in

tensity profile and this increases the accuracy of 

the measurement .• 

2) Method (b) is applicable only in the limited 

temperature range where one can match atom and ion 

lines of comparable intensity. 

3) With method (c) it is necessary to compare 

sections of the continuum which differ strongly in 

wavelength and intensity and this creates some 

difficulties, furthermore, the values of the factor 

~ are rarely known with high precision; 

4) Method (d) is convenient only in that it 

allows to select a line and the adjoining continuum 

for measurements. However, in many instances the 

:i..ntenalty of the continuuoo is small, or the accuracy 

wi. "th which its absolute value is known, is insufficient. 
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The local thermodynamic equilibrium model(LTE) 

and corona equilibrium model (CE) are the main two 

models of equilibrium plasma. In LTE model, a unique 

temperature exists in plasma which determines the 

velocity distribution function for electrons. The 

anaLysis of the state of the plasma is particularly 

simple in this equilibrium since it is only such 

local plasma parameters as electron density, electron 

temperature and composition that determine the rele

vant populationse Collisional processes are usually 

more important in establishing LTE than radiative 

processes, since most plasma of interec-t are opti

cally thin to internal radiation (except perhaps for 

the resonance lines). Consequently collisional de

excitation rates must exceed radiative decay rates 

for true L TE. According to :Boltzmann di stri but ion 

law energy of every particular kind is.distribu-

ted over ·all partiCles in the gas and Saha equation 
·? 

is the result in case of ionization in this equilib

rium. In equilibrium plasma it is possible to apply 

methods (a), (c) and (d). Method (b) requires the 

use 0f some model for an equilibrium population 

di8tribution, for example the model. of coronal 

equilibrium, which is valid at low ne. 
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By using n e > 10 
14 

E 2 
3 

( K T ) Yz 

[for the equilibrium population of the first (and 

higher) excited states (excitation energy E2 ) with 

respect to the ground state ] , it is possible to 

determine the minimum energy (equatum number) of 

the level beginning with which methods (a) and (d) 

are applicable. A decrease in the range of popula

tion equilibrium decreases the value of LlE , 
that can be utilized in measurements. If the con-

tinuum intensity is not very large (precisely in 

this case it is frequently necessary to deal with 

non-equilibrium conditions, since intensity 

and nonequilibrium increases 

wj_ th lower ne ), large values of .b.E can be 

obtained with method (d). In fact Park (1968) 

described the spectral line intensities to deter

mine the electron temperature in a nonequilibrium 

nitrogen plasma. In this work the relati!.e popula-. 

tiona of excited states of atomic nitrogen in a 

collision-dominated nonequilibrium plasma for given 

ratios of nonequilibrium ground state number density 

and 'given electron temperatures consisting of atoms, 

sing! e charged ions and electrons are calculated by 

the method of Bates, Kingston and.Mcwhirter (1962). 
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From the resulting populations, the spectral inten

sities of two prominent visible lines are calculated 

assuming the plasma to be optically thin for these 

lines~ It is shown that with the exception of a 

decaying plasma at temperatures greater than 8000°K, 

the calculated nonequilibrium intensities disagree 

with the equilibrium spectral line intensities that 

would be conventionally employed to determine the 

temperature of a plasma in equilibrium. Gruzdev 

et al (1974) investigated an He plasma with high 

ionization.at atmospheric pressure for t~e investi

gation of equilibrium establishment. They showed 

that for a laboratory plasma with ionization 'X.) 0·1 

at atmospheric pressure and 

ionization equilibrium is not achieved due to the 

tmbalanced radiative decay of the resonance state 

of He 1 resulting an its overpopulation and under 

.Population of He III. 

To investigate the temperature dependence 

of spectral lines intensity emitted by thermal plasma, 

Bielski (1966) presented the temperature dependence 

of atom, ion and electron concentrations and provided 

a graphical method of determining the temperature T . m 
at which the intensity of a spectral line reaches a 

maximum value under condition when the sum of a tom 

and ion concentrations is constant (independent of 

temperature). This method can be applied to the lines 
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emitted by atoms and ions of any multiplicity of ioni

zation. Another investigation has been made by Pacheva 

et a1 (1970) to measure electron temperature in a 

hollow cathode discharge tube by the method of rela

tive line intensities. An analytical method developed 

by Gratreau (1973) which provides a simultaneous deter

mination of both electron temperature Te and density 

n
8 

of a dense plasma by using time - resolved rela

tive spectroscopic measurements of lines from He-like 

and H-like ions.; 

Griem ( 1964) calculated the number density 

r of electrons to obtain complete LTE. The expression 

of electron density is given by 

with E 2 the energy of the first excited and ~H 

the ioni3ation energy of hydrogen and K ··is the 

Boltzmann constant. Griem considered that the colli-

sional excitation rate is ten times the radiative 

rate from that level for lowest excited state. Hey 

( 1 9 7 6 ) modi fi ed this criterion by considering 

finer values of Gaunt factor appearing in collisional 

excitation rate coef.ficient and incorporating the 
I 

effect of metastable-metastable collisions. 
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Wilson ( 1962) provided an equation for LTE 

to be valid as 

13 "3 Y; -3 
n e ~ 6 X 10 Xi ( K T e ) 2 em ···(1.21) 

x· is the excitation energy of atom in eV. From 
1 

these criteria, Elton (1970) has given a single 

criterion for electron density necessary to main-

tain complete LTE in the discharge tube as 

n e ~ c ( .K T e ) Yz X i 3 c m- 3 
· · ·- ( 1 . 2 2. ) 

where C is a constant equal approximately to 

1.4 x 10 13 , assuming complete trapping of resonance 

lines and 1.4 x 10 14 assuming no trapping what-

so~vero 

LTE can be expected to hold for stationary 

and spatially homogeneous plasmas, if coll}sional 

processes with electrons obeying Maxwellian distri

bution dominate in the rate equations. The principal 

quantum numbers of states for which radiative decay 

and collisional excitation rates are comparable often 

exceed a critical value but radiative decay rates 

decrease with principal quantum number. In these 

circumstances it is logical to relate density states 
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above the critical level with each other and in the 

same way to electron density in a. complete LTE system. 

Richter (1968) showed that the ground level is over

populated by a factor, though the occupation number 

for states over this critical level are as in LTE 

with temperature, T
8

• Due to this reason the cri

tical l~vel is in partial. LTE. With quantum number p 

for a level, the· electron density in partial LTE 

approximated by Griem (1964) is 

here z is the charged state of atom. This esti-

mation is valid only for hydrogen ions. For. other 

atoms, p is identified as effective quantum number 

of the level defined as 

(-
__ R __ ) 1/

2 Peff == Z /-; 
Toe- Tp 

••• (1.24) 

where R is Rydberg constant, Toe. is the ioniz;a.-

tion limit, Tp is the temperature value of the 

level p and for neutral atoms Z ::: 1. Introducing 

semi-emperi cal formula of excitation rate coeffi-

cient, Drawin (1969) corrected eqn. (1.24). Fujimoto 

(1973) considered LTE on the basis of a collisional 

re.dia tive model fo'r hydrogen ions which is identical 

with that enunciated by Griem. 
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LTE does not prevail in low electron concent

ration. It is possible to obtain equilibrium here where

by the collisional excitation and ionisation is balanced 

by radiative decay and recombination respectively. 

Solar corona is an example of this kind of equilib-

rium (CE), so is known as corona equilibrium {CE) 

modelG In CE, the allowed spectral lines emitted 

from the population of an excited level is governed 

by collisional excitation from ground level as it 

is the faster process than the spontaneous radiative 

decay. For all excited levels CE to be valid is 

given by Wilson (1962) ae, 

10 -0·5( 4 -3 ( n L 1 · 5 X 1 0 X · K T e ) em · · · 1 · 25) e _ 1 

Wilson also described a semi-corona (SC) domain when 

CE is valid except for 

tion limit. 

levels close to ionisa-

The criterion for SC domain in case of ions 

without metastable 1 evel s is 

11 1"5 2 -3 
ne L 10 x 1 (.K.Te) em ••• (1.26) 

Another condition for CE has been proposed by 

Mcwhirter (1965) and Fujimoto (197:3) interpreted 
l 

CE in terms of a collisional radiative model. It 

is necessary to mention that when all the above 
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criteria do not apply ·for an actual plasma, all of 

the collisional and radiative rate processes are to 

·be considered for· a particularLlevel. In transition 

region (fr~SC to par~ial LTE) this is important. 

Fujimoto (1979) adopted tbii ~ransition region 

through quasi saturation phase by ladder like 

(stepwise) excitation mechanism. 

The following two assumptions are made to 

handle spectroscopic problem easUy. 

(A) Optically thin plasma is taken because the 

radiation generally treated in terms of optical 

path and the absorption of radiation is negligible. 

Both for CE and LTE light sources above 10,000°K 

are transparent in the central. parte of the line 

[except for resonance line (Lochte-Hol. tgreven, 

1968)] • 

(B) The electrons are assumed to obey Maxwellian 

distribution for simplification. In spectroscopic 

methods a knowledge of el.e.ctron energy distribution 

function 'f.' is involved directly in the collision 

integrals. An equilibrium of Maxwellian type· 

velocity distribution ·is established by the colli-

sional. effects of free elect.tons in an active plasma. 
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But due to the presence of el.ectri·c fiel.d in the dis

charge or elastic collisions of electrons, this equilib

rium may be destroyed. The distribution function 

f(~'\f.t)drd\fdenotes the number of electrons at position 
....,... 
r in -+ dr , with velocity fn tbe range d~ 

at time ·t. This function satisfies :Sol. tzman transport -

equation in which the rate change of the number of electrons 

in dr d7 is equal to the net f1ow of electrons into 

this volume element. From the velocity of electro·ns, the. 

flow in position space occurs.On the otherhand accelera

tion due both to collision with gas atoms and the applied 

electric field can be derived from the velocity space. 

For that reason the distribution function is taken almost 
! 

spherically symmetric in velocity space to avo.id mathema

tical com pl. exi ty. 

Thus the Boltzman equation is solved and the 

distribution function of unknown' form is obtained 

numerically by taking first two terms of an expansion 

in spherical harmonics. In case of high ionization 

plasma, the solved distribution function differs a 

li ttl.e from a Maxwellian one. :But von-Engel. ( 1965) 

assumed that the energy .. distribution of electrons 

in a gas moving in an electric field is approximately 

Maxwellian in nature. In case·of small degree 
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of ionization the socalled non-Maxwellian interactions 

of electrons with other particles· result in elastic 

and .inelastic collisions. Thus energy exchanges bet

ween <~harged, excited and neutral particles takes 

place due to these collisions and conversions between 

potential and kinetic energies occur. These energy 

transformations effect the di8tribution function, 'f'. 

For inelastic collisions, it is the electrons 

in the tail of the distribution that participate in 

energy exchange. In case of low temperature plasma, 

some high energetic electrons in the tail is lost 

due to inelastic collisions. The functional nature 

is not. altered for non-ionised bulk electrons. This 

phenomenon led von-Engel (1965) to consider energy 

distribution to be Maxwellian (mainly for helium gas). 

In case of free electrons obeying Maxwellian 

velocity distribution, Elton (1970) framed up four 

criteria as follows: 

••• ( 1 • 27) 

For a specific experiment, the energy relaxation time 

for colliding e~·ectrons, Tee must be 1 ess than: 

(1) tff , the energy decay time for free processes, 

(2} teh , the characteristic electron heat~ng time, 
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(3) tpart , the characteristic time for particles, 

and lastly, 

(4) tinel , the relaxation time for electron impact 

including atomic processes such as excitation, 

ionization etc. The radiation of plasma is 

increased, when the number density is high so 

that criteria ( 1.27) are fulfilled. Griem( 1964) 

described that the laboratory plasmas that 

emit enough light for spectroscopic observa

tions are sufficiently dense and long lived 

so that electrons velocity distribution at 

any instant of time and at any point in space 

is Maxwellian. 

In the investigation of plasma diago

nostics Evans (1974) enunciated that :: plasma para

meters can be deduced from radiation generated within 

it and emitted·, or from the changes undergone by 

radiation introduced into the plasma but derived 

from an independent source. He found that the dist

ribution of electrons amongst the possible levels in 

a population of excited atoms or ions immersed in 

plasma is determined by collisions with other par

ticles and by radiation processes. The local thermo

dynamic equilibrium (LTE) model and the steady state 

co rona model are used to predict the electron di st-

ribution. 
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The use of an optical spectrographic system 

in the study of a CF3H plasma process has been 

investigated by Frieser et al (1980). 

Golovistskii et al (1987) determined the 

plasma discharge p,aram eters of gas mixtures con

taining helium in narrow tubes by spectroscopic 

technique. They come to the conclusion that a sig

nificant advantage of spe_ctroscopic methods for 

plasma diagonostics over probing technique is the 

fact that all spectroscopic measurements are done 

in a non-contact fashion and are done without dis-

turbing the plasma at all .. · The proposed spectros

copic method is suitable for quite a wide group of 

plasmas in which the only condition is·that the 

plasma be optically thin for the helium lines whose 

lower levels are metastable. If the concentration 

of metastable helium atoms ie somehow measured by 

self absorption for example, then thi~ method 

becomes universal. A significant achievement of 

this method is also the fact that it can be applied 

for plasma diagonostics to any gas discharge devices, 

which lack any adaptations for plasma diagonostics. 
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i$7· Dependence-of spectral intensities on arc plasma 

To interpret results obtained from some typi

cal plasma light sourcea-.as examined by common spect

roscopic instruments, some knowledge about atomic para-

meters such as oscillator strength, line width and 

continuum emission coefficient are needed. The classi-

cial treatment of light absorption by harmonic and 

anharmonic electron oscillators had led to definition· 

of a di!llensionless constant, absorption oscillator 

expressing the absorptive power for 

each characteristic frequency as a fraction of the 

total absorptive power of the electron. The expression 

for 

where 

where 

has been given by Kuhn (1964) as 

flu = Aut ( gu)gL) / 3 i 
~ = a 7\

2 e 2 
;· 3 me .It 2 

Aut denotes transition probability and 

gu and &i are statistical weights of upper 
Level.s 

and lower levels. The statistical weights are related 

to the inner quantum number of a level 
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and to the quantum number of a term 

g· M = ( 2L + 1 ) ( 2 S + 1 ) 

Another factor, self absorption, pl.ays a vital role 

in determining the intensities of spectral lines. 

Cowan and Dieke ( 1948) explained that the self 

'absorption within a gas layer of uni:£orm excita-

tion temperature has the effect of levelling out all 

intensity differences. This often causes serious 

difficulties in determining the ratios of strength 

of spectral lines in mul ti-plets and hyperfine mul

tiplatea. ~ 

Self absorption is by no means restricted 

to absorption lines i.e. lines connected with the 

ground level. Al.so lines whose lower state is meta

staole often show marked self absorption or even 

self reversal. In quantitative studies of spectral 

line profiles it is essential to take self absorption 

into consideration. 

Measurements have been made by Fowler and 

Duffendack (1949) regarding the intensity of radia

tion from the low vol ta.ge arc in helium as a func

tion of gas pressure, tube current and tube potential. 

The experi~ental results indicate that the radiation 

is the result of a primary electron process az:.d this 

process has been generally assumed to be dire~t. 
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From the experiment of Fowler and Duffendack (1949) 

it is evident that t~e line intensities depend on arc 

current linearly. In previous .experiment. Duffendack 

and Koppius (1939) investigated the variation of 

intensity with abundance in gas mixtures. Over the 

range in densities investigated, the curves were 

found to be of the_saturation type. This saturation 
' 

was interpreted· as the complete utilization of avai-

lable primary electr.ons in· inelastic impacts direct 

exci ta.tion being regarded as the source of the radia-
l . -. ,·-

~ion. A new spectroscopic method of high pressure 

arc diagnosti·cs .has b·een. described· by Teh-Sen. Jen 

(1968). In this investigation general properties of 
. . .. ~.. . 

the resonant line spectral. profil.e emitted by high 
~ . . 

pressure arcs are investigated·. The shape of the 

strongly broadened and.greatiy reversed profile is 

ostudied using the computed -Di.ines profiles from sodium 

d.c. arcs and the relationship to the key plas~a para-
.,... 

meters has been establish-ed. It is found that the 

relative intensities at the· lateral peaks of the re

sonant profile. are. proportional to the corresponding 

intensities in .the Pl.anck spectrum for an effective 

central. temperature Te• ~his T
8 

is uniquely r~lated

to the actuaJ. centraJ. ·temperature with only . iaightt 

dependence upon the shape of· the temperature p~-ofile. 



88 

Ovechkin et aJ. (1969) calculated the mean 

optical density indicated by Bartels' model using 

graphs of relative intensities as a function of dis-· 

tance. The slope of al.l cur'9,'es is similar and points 

to a proportionality between the line width and the 

square root of the distance from centre. The mean 

optical density of plasma decreases with the reduc

tion of Cu atom concent~ation when the self atte-

nuation mainly takes place in the source central zone ... 

Emission in the near ultraviolet from transient 

arcs between gold electrodes carrying arc currents in 

the range 0.8- 1.75 A was studied by Boddy et al 

( i 969)., Analysis of the intensities of the Au I 

lines was carried out in~erms of a model involving 

rwo distinct zones. There is intense emission from 

the second positive system of nitrogen. Temperature 

of the order of 6000°K is obtained from the analysis 

of the rotational fine structure of the (O,O) band. 

In another investigation, the radial temperature 

distributions are measured spectra scopi cal.ly for the 

current range of 5 - 570 Amp. in steps of between 5 

and 50 amp. by Schade (1970) in case of cylindrical 

nitrogen arc (1 atom,·~ mm - ). At the highest 

current of 570 Amp. the ~emperature attains a m~ximum 

26000°K corresponding to a degree of ionization of 
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Auzinya et a.l (1979} described a spectroscopic 

method for measuring the temperature in an argon and 

air arc at atmospheric pressure. Aucuracy of methods 

for measuring temperature in an argon-air arc depends 

on concentration of argonG on the basis of obtained 

results, the method of measuring the temperature 

in an argon - air arc is determined. 

Drouet et al (1986) measured the arc-

current distribution at the anode in vacuum at 

low pressure. In this investigation the arc was 

triggered by a laser pUlse between a 3 mm outer 

diameter copper cathod and a 90 mm outer diameter 

brass anode formed from nine concentric rings, connec-

ted to the power supply through individual current 

transformers to allow simUltaneous monitoring of 

the current in each ring. Measurements are repo.rted 

for arc currents of 58. 137 and 204 Amp. electrode 
··~ 

separat1on of 10, 15, 25, 35 and 45 mm and gas 

pressures from 10-6 to 10 torr during current pUlse 

between 0.025 and 1 ms. 

Rocca et al (1981) discussed the effect·of 

an axial magnetic field on the spontaneous emission 

from an argon hollow cathode discharge and variation 

of spectral intensity with discharge current. )rn 
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their investigation the longitudinal magnetic. field 

is shown to decrease the effective density of beam 

electrons in the negative glow. 

In our laboratory Sen et al (1987) 1nvesti

gated experimentally the variation of intensity of 

mercury lines with discharge current varying from 

2.5 AmpG to 5 Amp. under transverse magnetic field 

varying from zero to 1.6 KG. The increase was found 

to be linear. The increased intensity shows a 

minimum around 200 - 250 G, but for smaller valuee 

of arc current, the effect of magnetic field is more 

prominent. 
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1.8. Investigation of glow discharge plasma sub

jected to the discharge of a bank of condensers. 

Analysis of ·wire explosion pnenomenon by 

electrical and optical. method has been utilised by 

many authors. Nevodichanski et al (1968) considered 

the axial light emission of plasma created during an 

electrical explosion of .thin metallic cylinders. It 

is shown that depending on the pressure, the int~nsitj 

curve of the light emission from plasma shows a series 

of local peaks which are either due to the cumulative 

effect of converging shock waves or due to the pinch 

effect. Skowronek at al ( 1970) discussed the inn uence 

of plasma frequency on the light emitted by an explod

ing ionized gaseous filament. In their experiment a 

very dense and easily reproducible plasma was gene

rated by the explo·sion of a thin pre-ionised gaseous 

column. The optical thickness of the discharge was 

measured by means of laser and the ab~sorption coeffi

cient was found to be higher than 18 cm- 1 • The spect

ral brightness of the discharg_e is measured from wave 

1 ength s 0. 2 ;« to 4.8}< • The instantaneous spectral 

distribution shows an abrupt drop in the near,infrared 

a.t 1 )A:·· • This is interpreted as being due tq the 

plasma frequency with a corresponding electro~ 

density of (1 + 0.·2) x 10 21 cm-3. 
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Pinch effect of metal plasma obtained by 

exploding wire has been studied by Aycoberry et al 

( 1 96,2). Through a thin metallic wire a 1 ;« F , 100 KV 

capacitor was discharged with ringing frequency of 

200 Kc/sv Pinch effect during the first micro seconds 

had been observed by exploded wire, and current and 

voltage were recorded by oscilloscope. 

In-the study of-exploding wire phenomenon an 

electrolytic capacitor of 1 arge capacitance 400 to 

500 ))- F charged upto several hundreds of volts was 

used as the source of energy by Iguchi and Kawamada 

(1967). 

In 1962 Vitoviskii and co-workers reported 

that the soft X-ray was generated from wires explo

ded in vacuum. Handlestenerhag and co-workers ('1971) 

observed that from exploding tungsten wires in vacuum 

X-rays were emitted. They showed that X-rays were 

emitted near the melting point of the wire. Vitkovitsky 

and co-workers (1962) explained that tHe emission of 

X- rays was due to the result. of de eel era ted electrons 

initially emana~ed from the early onset of ionization. 

Qualitative explanation for the emission of hard X-rays 
' 

was made by Stenerhag and co~workers (1971) by using 

a model based on thermoionic electron emission·from 

the wire. 
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The duration times and the initiation mechanism 

of the restrikes of thin tungsten wires exploded in air 

was investigated by VJ.astos ( 1968). He concluded that 

the restrikes of tungsten wires are always generated 

at the exterior wire explaining the dwell times of 

wire at high voltages. Vlastos's experimental arrange

ment consisted of a capacitor 9.6 ~ F, an inductance 

26 nH and a resistance 13 m .sL. Coaxially symmetric 

exploding wire gap; a height of 150 mm, an outer dia

meter of 530 mm; an inner diameter of 500 mm and four 

symmetrically placed circular quartz windows with dia

meters of 70 mm. By utilising a specially constructed 

manipulator the wire could be mounted in the gap under 

vacuum. The gap was evaeuated by a rotary vacuum pump 

with a displacement at speed of 9 ·m3/h a oil diffu-

sion pump with a capacity of 150 liter/sec. The final 

vacuum was found to be about 5 X 10-5 torr. The conden-

ser bank charging voltage was measured by an ammeter 
.,. 

connected in series with a resistance of 300 mJ2~ 2%. 
The current was measured by a Rogowsky coil and a 

passive RC integrator. A probe with a rise time of 

about 2 n sec. was used for the current derivative. 

The rotating mirror streak camera of maximum resolu-

tion of 2.6 mm/~ sec • .was synch.ronized with the 

voltage and current recordings. The Kerrcell shutter 
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cameras had constant exposure time of 30 and 50 n sec. 

respectively~ By means of simultaneous oscillographic 

recordings of the current and the signals from the 

monitors of the cameras, the exposure times were 

determined .. The importance of VJ.asto11' s observ·ation 

was that due to mechanical or electrical properties 

of thin tungsten wires it produces a slow condenser 

banks at low voltages. 

In case of glow discharge the enhancement of 

spectral line by shock waves was observed by Miyashiro 

(1984). In his investigation fast electric discharge 

is generated across a shock wave. The lower pressure 

around the cathode in front of the shock wave enables 

electrons :: to strongly diffuse_ radially and there

fore the glow is maintained with little constriction 

even at high average pressure. Experimentally it is 

seen that the glo_w diameter, discharge n uorescence 

and current are enhanced by the shock wave • 
. ,. 

Enhanced radiative temperature has been 

observed by Skarsgard et al (1969) at the plasma fre

quency in nearly Maxwellian helium afterglow plasmas. 

These measurements confirm the predicted bremsstrahlung 

emission from plasma oscillations generated by supra

thermal. electrons. 
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J!:nhancement of electrical cond ucti vi ty in a gas 

was enunciated by August (1967). He performed.an analy

tical. and experimental .investigation to investigate the 

plasma characteristics induced in air by alpha partiCle 

emissions for radioisotope material. Primary ionization 

caused by collisions produce sufficiently energetic 

electrons to cause secondary ionizations. Associated 

with these induced levels of electron energy are 

reduced probabilities that the freed electxons will 

be lost through attachment and dissociative recombina

tion processes, thereby attaining an appreciable level 

of electrical conductivity in the gas. He estimated an 

average electron density through an ionized air layer 

adjacent to an alpha partiCle emitting surface having 

2 millicurrents per inch2 to be 109 - 10 10 e/cm) and its 

·graded distribution normal to the surface was also 

estimated. 

The local dependence of the· rise,.,. time of the 

emissive line intensiti~s of Ne in a cylindrical 

hollow cathode has been measured by Yamashita et a1 

(1980) as a step towards studying the mechanism of 

emission. The te.mppraJ. change of the intensities at 

the central. axis portion shows a c1 ear ini tiaJ. peak 

enhe.ncernent and then a decrease to the stationary state. 



96 

The rise time of the i~tensity at the central axis 

portion is always a few microseconds faster than the 

edge portion. 

Decker et al (1981) used fast 200 KV capa-

citor bank as a current source for a dense plasma 

focus. They described a fast high voltage, high 

impedance capacitor band designed as a current source 

for a dense plasma focus with a voltage of 200 KV, 

initial current rise 2 x 103 A/S, current rise time 

~ 500 ns and impedance 35 MJL • The bank con

sists of 50 parallel storage modules which are 

connected by parallel plate transmission lines. 
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9co~e and Object of the Present Work:-

In the present investigation both immersive 

and non-immersive diagonostic techniques have been 

adopted. We utilize (a) spectroscopic method, 

(b) r f coil and capacitor probe in conjunction 

with longitudinal magnetic field under the scheme of 

non-immersive diagonostic technique, and (c) single 

probe and (d) probes of different constructional 

geometry and different modes of insertion under 

immersive scheme. 

Though a large amount of work has been carried 

out regarding breakdown of gases and consequent pro

duction of plasma, measurement of plasma parameters, 

waves and oscillations in a pl.asma and other allied 

problemsf still the nature of some of the physical 

processes occuring in a plasma during the period of 

its formation and maintenance have not been adequately 

:i.nvestigated. The physicaJ. processes occ·uring in the 

initiation and maintenance of.an arc plasma are still 

not properly understood. Further the phase of transi-

tion from glow to arc, should be investigated in 

order to develop a-theoretical. basis for the occurance 

of arc plasmav In this comp:i~ation some of the asso

ciated problems have. been investigated. 
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(i) Measurement of plasma parameters in an arc 

by probe method 

( ii) Measurement of plasma parameters in an arc 

plasma by diffusion voltage measurement. 

In order to develop a generalized theory 

for the occurance of arc plasma and to investigate the 

tra.nsi tion of glow discharge to arc plasma experimental 

and analytical investigation has been undertaken by 

Sen and some of his research fellows (1973, 1976, 1978, 

1979, 1980, 1985, 1986, 1987), during last few years. 

Actually to develop the theory for the occurance of 

arc plasma, a large collection of data regarding 

plasma paramete~s and their variation in a perturbing 

field is necessary. It is therefore, worthwhile to 

study whether .the Langmuir single probe technique can 

be utilised for measurement of arc plasma parameters. 

'I'his will also show the validity of Langmuir probe 

theory in the arc plasma region. Besides there is an 

itpportant mechanism by which charged particles are 

lost in a plaB!Ila, and the proces·s is known as ambipo-, 

lar diffusion. Hence besides the experiment for 

Langmuir probe an experiment has been set up to. measure 

the resultant diffusion voltage in an arc. The ,pro cess 

of diffusion is basically connected with the radial 

distribution function of charged particles and an 



99 

expression for the radial distribution function of 

conductivity in an arc plasma has been provided by 

Ghosal, Nandi and Sen (197-8). The object is to analyse 

the experimental results by utilizing the new distri-

bution function. This experiment can also show the 

validity of distribution function as proposed by 

Ghosal~ Nandi and Sen (1978). This experiment may be 

extended in presence of different buffer gases, at 

different pressures and with different tube radii. 

(iii) Measurement of electron atom collision 

frequency in an arc plasma by radio

frequency coil probe in conjunction 

with a longitudinal magnetic field:-, .. -

There are some standard methods for calcu-

lating the electron atom collision frequency in glow 

discharges but the corresponding results in case of 

an arc plasm a have been 1 it tl e reported so far. The 
.,.. 

elect~on atom collision frequency is an important 

parameter and its variation with pressure and arc 

current will provide information regarding the colli-

sional processes in an arc plasma. In carrying out 

this investigation it has been argued that an exter-

nal magnetic field can be used as a probe. 
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Here the theory developed by Ghosa.l, Nandi and 

Sen ( 1976, 1978) regarding the radial distribution of 

conductivity of an arc plasma has been modified due 

to its tensorial behaviour when the arc is placed in 

a longitudinal magnetic field. A working formula has 

been developed to measure the electron atom collision 

frequency where the magnetic field has been used as a 

pro be o~~ 

The present study.is to explore the tensorial 

behaviour of plasma conductivity in an arc plasma in 

_presence of magnetic field and hence from the measured 

impedance parameters both in presence and in absence 

of magnetic field the electron atom collision fre-

quen cy can be determined. The relevant theory has been 

developed taking the ·effect· of radial. distribution of 

cqnductivity into account. 

(iv) Eval ua ti on of electron temperature in 
""':'>"" 

.. 
transverse and axial magnetic field 

in an arc plasma by measurement of 

diffusion voltage:. 

In t!lis laboratory sen, Ghosh and Ghosh 

(·198'3) developed a method to eva.iuate the electron 

ternperature in air glow discharge (pressure 1 .tQrr) 

from the measurement of diffusion voltage taking the 
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radial profile of charge distribution as Besselian. 

They also measured the variation of electron tempe

rature in a magnetic field by placing the discharge 

tube in a transverse magnetic field ( 0 to 100 G). In 

case of the arc plasma this technique has been utili

zed considering radial distribution of charged spe

ci_e s as provided by Gho sal, Nandi and Sen ( 1978). 

Analytical expressions have been deduced to calculate 

the ratio TeH~Te where TeH and Te are electron 

temperature with and without magnetic field from 

measured values of diffusion voltages in presence of 

an external magnetic field. Further it has been obser

ved by Sen and Gantait (1988) that the voltage current 

characteristics undergo a similar change for both the 

alignments of magnetic field but the transverse 

magnetic field has a more dominant effect on the pro

perties of arc plasma than that of an axial magnetic 

field~ Hence in the present investigati~n, it is the 

aim to evaluate the electron temperature in an arc 

plasma by measuring the diffusion voltage and study 

its variation in both transverse and axial magnetic 

fields and provide a theoretical analysis of the 

observed res ul t s .. 
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(v) Breakdown of argon under radiofrequency 

excitation in trancverse magnetic fielci .. :. 

The object in this section of the work is 

to study the physical processes involved when a gas 

breakdown under the simultaneous presence of a radio-

frequency and a transverse magnetic field. 

The breakdown characteristics of argon gas 

under radiofrequency excitation over a frequency range 

and for small H/P (ratio of magnetic field to gas 

pressure) values have been calculated on a theoretical 

model suggested by Hale ( 19 48). Taking the concept of 

equivalent pressure into account in presence of mag-

netic field, breakdown voltage has been calculated 

. as a function of frequency for different gas pressure 

and magnetic fields. On the basis of this model, it is 

also possible to calculate the minimum breakdown field 

(volts cm- 1 ) in presence of magnetic field without 

much mathematical complexity. The theory developed 

both from the basic equation of motion of electrons 

in presence of crossed electric and magnetic field and 

also by using the equi valent pressure concept in pre-

sence of magnetic field will help in understanding the 

processes involved in the discharge and also the range 

of validity of equivalent pressure concept. 
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Intensity enhancement of spectral lines 

with increasing of arc current in arc 

plasma:-

It has been shown by Sen and Gantait 

(1987) that the intensity of spectral lines increases 

linearly with the increase of current in a mercury arc 

but the rate of increase is different for different 

wavelengths. The phenomena has been explained by the 

principle of self absorption of the spectral lines as 

has been done in the case of glow diEcharge5 by Sen 

and Sadhya (1985), who deduced a detailed mathematical 

analysiE:! to explain the results. In order to extend the 

results in case of other metallic arcs and to investi

gate whether it is the case in general, the present 

investigation has been undertaken. 

An analytical expression for the ratio of in

tensity of the spectral lines with increasing arc 

current has been deduced assuming self a!>sorption whi dl 

predicts results in Close agreement with those observed 

experimentally. In this experiment it is proposed to 

show how self absorption plays a dominant role in deter

mining the intensities of spectral lines in case of opti

cally thick plasmas and particularly its effect on inten

sii:;y variation when the arc current is changed. This work 

can however be extended in case of vacuum arcs where 

pressure can be monitored systematically. 
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\vii) Investigation of glow discharge plasma 

subjected to the discharge of a bank of 

condensers:-

Discharge of a series of bank of con

densers charged to high voltages has been utilised 

to create a transient high density plasma in a rare

fied gaso The phenomena has been ascribed to the 

process of thermal ionization. L1 ttle work has been 

reported when a bank of condenser discharges take 

place through a steady state discharge. The object 

is to study how the phyEical processes are affec

ted and how the plasma parameters change when the 

glow plasma receives a transient burst of energy. 

A spectroscopic method has been adopted for measure

ment of the intensity of spectral lines in a glow 

d:i.scharge when a bank of condensers discharges 

through ito A quanutative measurement of electron 

density and temp· tera ture is made in air ·and hydrogen 

glow raised to highly conducting condition by dis

charge of the bank of condensers. It is also net& 

worthy to state that this work can be performed in 

dj_fferen.t gases with a broader interest of tran

sient plasma heated to a very high value ... :.· 

of electron temperature. 



105 

REFERENCES 

1~ Akimov, A.V. and Konenko, O.R. (1966), Sov. Phys. 

Tech .. Phy. 1.Q, 1126 •. 

2.. -Allen, J.E. (1974), In Book: Plasma Physics., B.E. 

Keen Ed., 131, London, England: Inst. 

3.. August, H. ( 1968), Nucleonics in aero space-. 

Proceedings of the second international symposium, 

Columbus, Oh., USh, 12-14 Jul., 1967 (New York: 

Instrument Society of America, 1968), 297. 

4. Auzinya, L. and L'iepinya, V.E. (1979) Latv. PSR 

Zinat. A.kad. Vestis Fiz. Jeh. Zinat Ser.(USSR), 

.1, 68 .. 

5 ~ Aycoberry, C., Brin. A., Delobean, F. and Veyric, 

P., Ionization in Gases: Conference paper, Munich, 

1961' 1052. 

6. Bates, D.R., Xingston, A.E. and McWhirter, R.w.P. 

(1962), Proc. Roy.Soc.,A~67, 297 and ibid A270,155. 

7~ Bengall, F.T. and Haydon, S.C. (1965), Aust •• r.Phys. 

18, 227. 

8~ Bernstein, I$B. and Rabinowitz, (1959), Phys. 

Fl ui d s , 2 , 1 1 2 • 

9o Bhatta.charjee, B .. and Das, S.P. (1982), J.Phys.D. 

'15 '37-~~' - ? .. 

10., Bhattacharjee, B. and Das. s.P.(1974), Ind •• r. 

Pure and Appl.Phys. ~' 760. 



106 

11~ Bhattacharjee, B. and Das, S~P. (1977), Ind.J. 

Pure & Appl. Phys., 15, 131. 

12. Bielski, A. (1966), Acta Phys. Polon. (J·;..: Poland), 

30, 375. 

13. Bienkowski, G.Ko and Chang., K.W. (1968), Phys. 

Ji,l ui d s , ..:!J. , 7 8 4 • 

14. Blackman, V.H. (1959), AIOSR TN-59-681. 

15.. Blevin, H.A. and Haydon, S.C. (1958), Aust. J. 

Phy s. , .1..1., 18 .. 

16. Boddy, P.J. and Nash, D.L. (1969), IEEE Trans. 

Pts. Materials Packaging (USA) PMP-5, 179. 

17a Bohm, D. et al (1949), The characteristics of 

Electrical Discharges in Magnetic field, Mcgraw 

Hill Book Co. Inc., New York. 

18. Boschi, A. ·-and Magistrelli, F. (1963), Nuovo 

Cimento (Italy), 29, 487. 

19o Brown, EGA. (1940), Phil. Mag. 29, 302. 

20. Brown, s .. c. and McDonald, A.D. (1949), Phys. 

Rev. 76, 1629. 

21- Chekmarev, I.B., Simkina, T.Yu and Yuferev, v.s. 
(1977), Plasma Phys. 12,, 15. 

22.. Chen, F.F. Etievant, c. and Mosher, D. (1968), 

Phy s. Fluids, .ll, 811 • 

2'3., Chenol, M. (1948), Ann. Phys. Paris,], 277. 

24~ Cherrington, B.E. (1985), J.Vac.Sci. & Techno!. 

A (USA), 3, 6 37. 



107 

25. Chou, T.s., Talbot, L. and Willis, D.R.(1966), 

Phy s • Fl ui d s , 9 , 21 50 • 

26~ Chung, P.M.-, Talbot, L. and Touryan, K.T.(1975), 

Electric Probesion Stationary and Flowing 

Plasmas: Theory and Application (Springer

Verlag, Berlin). 

27. Ciampi, M. and Talini, N. (1967), J.Appl.Phys. 

38, 3771 • 

28o Clements, R.M., Morris, R.N., and Sony, R.N. 

(1971 ), Electron. Lett. (G.B), . .!l, 390. 

29~ Clements, R.M. and Smy., P.R. (1973), J.Appl. 

Phys. (USA), 44, 3550. 

30. Cohen, I.M. (1963), Phys. Fluids,.§_, 1492. 

31. Cohen, J.S. and Sultorp, L.G. (1984), Physica 

A (Netherlands), 123A, 549. 

32. Cooper, R.J. (1947), Instn. Elect. Engrs. 94, 

315. 

33$ Cowan, R.D. and Dieke, G.H. (1948), Rev. Mod. 

Phy s • 20 , 418 • 

346 Crompton, R.W. and Sutton, D.J. (1952), ibid, 215 

467. 

:?5~ Davies, L .. W.(1953), Proc. Phys.Soc. B66, 33. 

36.. Deutsch, H. and Pfau. S. (1976), Beitr.Plasma 

Phys., .1§., 23 .. 

37. Devyatov, A.M. and Mal'kov, M.A. (1984), Moscow 

Univ.Phys. Bull. (USA), 39, 80. 



108 

38. Donskoi, et al (1963), Sov.Phys. Tech.Phys., 

1' 805. 

39. Dote, T. (1985), J.Physa Soc. Japan (Japan), 

54, 566. 

40e Drawin, H.W. (1969), Z.Phys., 228, 99. 

41. Dremin, M.M. and Stenfanovskii, A.M. (1979), 

Sov. J. Plasma Phys. (USA), 5, 892. 

42. Drouet, M.G., Poissard, P., Meunier,J.L. (1986) 

IEEE International Conference on Plasma Science, 

Saskatoon, Fask, Canada, 52. 

43. Druyvesteyn, M.J. (1930), z.Phys., 64, 790. 

44. Duffendack, o.s. and Koppius, O.G. (1939), 

Phys. Rev. 22, 1199. 

45. Ecker, G. and Kanne, H. (1964), Phys. Fluids, 

1· 1834. 

46.. Ecker, G. and Zoler, o. (1964), Phys. Fluids, 

1· 1"996. 

47. Elton, R. C. ( 1970) in Methods of Experimental 

Physics, Vol. 9A (Eds: H.R.Griem And R.H. 

Lovberg, Academic Press, N.Y.). 

48. Eremeev, V.N. and Novikov, V.N. (1982), Sov.J. 

Plasma Phys. (USA), 8, 633. 

49o Felts, ._T. and Lopta, E. (1987), J.Vac.Sci. 

Technol .. A., Vac.Surf. Films (USA), .2,, 2273. 

50.. Ferritti, L. and Veronesi, P. (1955), Nuovi 

Cimento, ~, 639. 



109 

51.. Fowler, R.fi.and Duffendack, o.s. (1949), 

Phys. Rev. 76, 81. 

52o Franck, G., Held, R. and Pfeil, H.D. (1972), 

Z .Naturf, 27a, 14'39. 

53. Franklin, R.N. (1976), Plasma Phenomena in gas 

discharges (Oxford Universiry Press). 

54~ Frieser, R.G. and Nogay, J. (1980), Appl. 

Spectrosc. (USA, 34, '31). 

55. Fujimoto, T. (197'3-), J. Phys. Soc.Japan, '34, 

216, 1429. 

56. Fujimoto, T. (1979), J. Phys. Soc. Japan, 47, 

265, 273. 

57. Gantait, M. (1988), Investigation on the Electri

cal and Optical Properties of Arc plasma, Ph.D. 

Thesis, North Bengal University, Darjeeling. 

58. Geissler, K.H. (1970), Phys. Fluids, fl, 935. 

59. Ghosal, s.K., Nandi, G.P. and Sen, S.N. (1976), 

Int. J. Electron., 41, 509. 

60. Ghosal, S.K.Nandi, G.P. and Sen,··s.N. (1978), 

Int·. J. Electron., 44,. 409. 

61. Gill, E.W.B. and Donaldson, R.H. (1931), Phil. 

Mag. , ~, 71 9 • 

62o Gill, E .. W.B~ and von-Engel, A. (1948), Proc.Roy. 

Soc. (London), A192, 446. 

63. Githens, s. (1940), Phys.Rev., 57, 822. 

64. Golovitskii, A.P. KruzhaJ..ov, V.A., Perchanok,T.M. & 

Fotiadi, A.E. (1987), J.Appl.Spectrosc. (USA),_i2,23. 



110 

65~ Golubovskii, Yu. B., Zakharova, V.M. Pasaunkin, 

V.N., Tsendin, L.D. (1981), Sov. J.Plasma Phys. 

(USA), 1, 6 20. 

66. Gouesbet, G. and Valentin, P. (1980), Phys. 

Fluids, (USA), 23, 232. 

67. Gourdin, M.C. (1963), Symposium on Magnetoplasma, 

Dynamic Electrical Power Generation, Session 

III, 35. 

68. Gratreau, P •. (1973), Plasma Phys. (G.B), .1.2• 269. · 

69~ Griem, H.R. (1964), Plasma Spectroscopy (McGraw 

Hill Book Co., N.Y.). 

70. Grollean, B. (1974), Rev. Phys • .Appl.(France), 

9' 483. 

71. Gruzdev, P.F. (1967), Opt. Spectrosc., 22, 89. 

12. Gruzdeva, N.S., Nikolaevskii, L.S. and Podmo

shenskii, I.V. (1974), Op. & Spectrosc. 37, 591. 

73.·- Gutton, c. and Gutton, H. (1928); C.R.Acad.Sci., 

Paris, 186, 30'3. 

74& Hale, D.H. (1948), Phys. Rev. 1]_,·· 1046. 

75. Hasem, M.S.M. et al (1984), J.Quant. Spectrosc. 

and Radiate Transfer (G.B), 11• 91. 

76. Haydon, S.C .. Mcinstosh, A.I., and Simpson, A.A. 

(1971), J.Phys. D. 4, 1257. 

77. Hausler, R.S. (1957), Zs. Angew Phys. 9, 66. 

78~ Herlin, M.Ag and Brown, S.C. (1948), Phys .. Rev. 

74, 291,910, ·1650. 



1 1 1 

79. Hess, Wo (1965), Z.Naturforsch, 20a, 451. 

80~ Hey, J.D. (1976), J.Q.S.R.T., ~' 69. 

81., Heylen, A.E.D. and Bunting, K.A. ( 1969), Int. 

J. Electron., 27, 1 • 

82.. Hoffman 9 C.R. and Skarsgard, H.M. (1969), Phys. 

Rev. (USA). 178, 168. 

83. Hoh, F.C .. and Lehnert, B. (1960), Phys.Fluids, 

_L, 600. 

845 Hollister, D.D. (1964), AIAAJ, 2, 1568. 

85. Holstein, T. (1946), Phys. Rev. 70, 367. 

86. Hoyaux, Max. F. et al (1968), Sov.Phys. Tech. 

Phy s., 1, 805. 

87. Iguchi, M., and Kawamata ( 1966), Bull. Electro

tech. Lab. (Japan), LQ, 673. 

88. Ivanov, G.A. and Gavirilova, Z.G. (1972), Sov. 

Phy s. Tech. Phy s. (USA ) , ..ll, 53. 

89o Janzen, G., Moshner, F. and Rauchte, E. (1970), 

Z.Naturf., 25a, 992. 

90. Jayakumar, R., Chakravarty, D.P.- and Rohatgi, V.K. 

(1977), Rev.Sci.Instrum., 48, 1706. 

91. Johanning, D. (1984), Beitr. Plasma Phys. (Germany) 

24-, 49., 

92~ Kadamtsev, B.Bo and Nedospasov, A.V. (1960), J. 

N"ucl ¢ E.uergy, Part C 1, 230. 

9) .. K e.n d o , M -; T a. chi t a 1 R • 1 Takeda , S • ( 1 9 7 2 ) , J • 

Phys~ Soc.(Tap .• (Japan), 32, 1453. 



112 

94., Karamer, J. (1987), Acta Phys. Slovaca, 

( C z echo sl o v ak i a ) , 3 7 , 11 • 

95. Kaya, N. (1982), Rev.Sci., Instrum. (USA), 

53, 1049. 

96.. Khvashchtevski, s. (1962), Nukleonika, 7, 369. 

97. Kihara, T. (1952), Rev.Mod. Phys., 24, 43. 

98. Koritz, H.E. and Keck, J.c. (1964), Rev.Sci. 

Instrum., 35, 201. 

99.. Kosinar, I., Martisovits, V. and Teplanova, K. 

(1979), Acta Phys. Slovaca (Czechoslovakia), 

29, 139. 

100. Krichner, G. (1930), Ann. Phys. Lpz., 7, 798. 

101~ Kuhn, H.G., Atomic Spectra (Longmans Green 

and Co .. Ltd., Second. Edn., 1964). 

102. Kumar, H., Kumar, L. and Verma, J.S. (1979), 

Ind. J. Pure & Appl. Phys., 17, 316. 

103. Kumar, s., Chandra, A., John, P.r. and Sarkar, 

D.C. ( 1971 ) , J. Phy s. D. ( G.B. ) , ,:!: , 9 59. 

104 •. Laframboise, J.G. (1966), Univ. of Toronto, 

Institute of Aerospace Studies Report,100. 

105.. Lamb, L. and Lin, S.C. (1957), J.Appl.Phys. 

£§, 754. 

106. Lam, S~He C1965), Phys. Fluids, 8, 73, 1002. 

·io7. Langmuir, I. ( 1924-1926) In collected works of 

Irving Langmuir, Vol.), 4 and 5, (Ed.C.G.Suits, 

Pergamon Press, N.Y. 1961). 



_1 08 e 

109. 

113 

Langmuir, I., and Mott-Smith, H. (1924),-· Gen. 

El~ct.Rev., 27: 449, 5'38, 616, 762, 810. 

Lax, B. , Allis, W. P. and Brov;rn, S.C. ( 19 50), 

J. Appl. Phys. _gj_, 1297. 

110-~ Lindberg, L. (1985), J.Phys. E.(G.B.), ~, 214. 

·111.. Lin, S.C. et al (1955), J.Appl .. Phye. 26, 95. 

·112. Lochte-Holtgreven, w. (1968), in Plasma diagonos-

tics (North Holland Publishing Co., Amsterdam). 

11.3 • Loeb, L • B. ( 1 9 21 ) , Phy s. Rev. 17, 8 4. 

114. (1921), Proc.Nat.Acad.Sci., 7, 5. 

115. (1923), Ibid, ~.335. 

116. (1924), J.Franklin Inst. 195, 45. 

117. Maciel, H.S. and Allen, J.E. (1985), G.D.85, 

Proceedings of the Eight International Conference 

on Gas Discharges and their Applications, 344. 

118.. Marchetti, M.C., Kirkpatrick, T.R.· and Dorfman, 

J.R. (1984), Phys. Rev. A., 29, 2960. 

119.. Margenau, H. and Hartmann, I.M., (1948), Ibid, 

73,297,309,316,326. 

120.. Marhic, M.E. and Kwan, .L.I. (1977), J.Appl. Phys. 

48' 371 21. 

121. Mcwhirter, R.W.P. (1965), in Plasma dia.gonostic, 

Techniques (Eds. R.H. Huddleston and S.L. Leonard. 

A cad em i c Press, N • Y • ) • ) 



114 

122. Mentzoni, M.H. (1964), Pnys. Rev. (USA), 134,A80. 

123. Miyashiro, s. (1984), Z.Naturforsch, Teil A. 

(Germany), 39A, 626. 

124o Miyoshi, Y. and Ariyasu, T. (1980), Technol. Rep. 

Kansai Univ.(Japan), No. 21, p. 51. 

125 .. Noskvin, Yu. V. and Chesnokova, N.N. (1965), 

High Temp., L• 335-

126. Moulin, T. and Masse, J. (1964), Symposium 

International Sula Production MHD d' 'Energie 

Electrique, Paris. 

127. Murino, P. and Bonomo, R. (1964), XIX c·ongresso 

Na1..ionales ATI, Seina, p. 44. 

128. Nevodichanski, G. and Soshka, v. (1968), Ac;ta 

Pnys. Pol on (Poland), 34, 747. 

129o Nicol, K., Becker, R. and Kumar, J. (1971), 

Z.Phys. (Germany), 247, 319. 

130. Ogra.m, G.L ., Chang, J. and Hobson, R.M. (1980), 

Phys. Rev. 21A,982. 

131. Olson, R.A. and Lary, E.C. (1961"), USA Res. :tab. 

Rept. M-1282-1. 

132. Olson, R.A. and Lary, E.C. ( 1962), Rev.Sci. 

Instrum. 33, 1350. 

133e Olson, R.A. and Lary, E.C. (1963), AIAAJ, _!, 2513. 

134. Pacheva, J., Zhechei, D. (1970), 2nd.Conference. 

on Atomic Spectroscopy Hanover, Germany, 14-17, 

Jul., 3 pp. 



115 

135.. Pasternak, A.W. and Offenberger, A.A. (1975), 

J. Appl. Phys. _i§, 1135. 

136. Peterson, W.K. et al (1981), J.Georphys. Res. 

86, 761. 

137. Pfender, E. (1978) in Gaseous Electronics, Vol.I 

(Academic Press, N.Y.). 

138. PLeshanov, A.S. (1968), Magn. Gidrodinamika 

( USSR ) , No • 4 , p • 9 '3 • 

139. Pytte, A. (1969), Phys. Rev. (USA), .112• 1'38. 

140.. Posin, D .. Q. (1948), Ibid, 7'3, 496. 

141. Pim, J.A. (1948), Nature, London, 161, 683. 

142. (1949), J.Inst. Elect. Engrs. Part III, 

96, 117. 

143. Richter, J. (1965), Z.Astrophys., 61, 57. 

144. Richter, J. (1968) in plasma diagnostics (ed.), 

L.Holtgraven (Amsterdam: North Holland). 

145.. Rocca, J.J., Fetzer, G.J. and Collins, G.J. 

( 1981 ), Phys. Lett. A. (Netherlands), 84A, 118. 

'146. ,Rosa, J.R. ( 1961 ), Phys. Fluids, ·.·4, 182. 

147. Sadhya, S.K., Jana, D.C. and Sen, ~.N. (1980), 

Int. J .El. ectron., 49, 235. 

1489 Sanders, N.fl. and Pfender, E. (1984), J. Appl. 

Phys., (USA), 55, 714. 

149,. sato, M .. )(1978), J. Phys. D., 11• L101. 

·150 .. Savic, P. and Boult, G.T. (1962), J.Sci.I:ast. 

39, 258. 



116 

151. Sawada, R. and Miura, T. (1980), Electr. Eng., 

Jpn. (USA), 100, 14. 

·1?2o Schade, E. (1970), Z.Phys. (Germany) 233, 53. 

153o Schott, L .. (1968), in Plasma Diagonostics. 

(Ed., W .. Lochte-Hottgraven, North Holland 

Publishing Co., Amsterdam). 

154. seashottz, R.G. (1971), J.Geophys. Res. (USA), 

76, 1793-

155. Self, S.A. (1967), Phys. Fluids, 1.Q, 1569. 

156. Sen, A.K. and Chouchih Kang (1968), 46, 2553. 

157. Sen, S.N. and Bhattacharjee·, B. (1969), J.Phys. 

A. (Gen. Phy s. ) 2, 106. 

158. Sen, S.N. and Bhattacharjee, B. (1969), Brit.J. 

Appl.Phys. (J.Phy.D.) 2, 1739. 

159. Sen, s. N. and Das, R.P. (1973), Int.J.El.ectron., 

34, 527. 

160. Sen, S.N., Das, R.P. and Gupta, R.N. (1972), 

J. Phy s. D. .2,, 1260. 

161. Sen, S.N. and Gantait, M. (1988)," Pramana, 30,143. 

162. Sen, S.N. and Ghosh, A.K. (1963), Canadian Jour. 

of Phys. 11• 1443. 

163. Sen, S.N., Ghosh, S.K. and Ghosh, B. (1983), Ind. 

J. Pure & Appl. Phys. 21, 613. 

164. Sen, S.N. and Gupta, R.N. (1964), Ind.J.Phys. 

38, 383. 

165. Sen, S.N. and .Gupta, R.N. (1969), Ind.J.Pure & 

Appl. Phys. 7i 462. 



117 

"166. Sen, S.N. and Gupta, R.N. (1971), J.Phyd.D. 

4, 510. 

167~ Sen, S.N. and Jana, D.C. (1977), J.Phys. Soc. 

Jap. 4 3, 17 29. 

168. Sestak, B. and Forejt, L. (1986), Phys. of 

Ionized waves, Contributed Papers of SPIG,86, 

Si benik, Yugoslavia, p. 179. 

169. Shimahara, H. and Kiyama, s. (1964), J.Phys. 

So c. Japan , 27 , 1 3 7 2 • 

170. Skowronek, M., Rocus, J., Goldstein, A. and 

Cabannes, F. (1970), Phys. of Fluids (USA), 

j], 378. 

171. Smith, P.T. (1930), Phys. Rev. 36, 1293. 

172. Spatenka, P. and Sicha, M. (1985), Czech.·J.Phys. 

Sect. B. (CzechoSlovakia) B35, 1189. 

173. Spence, P. and Roth, J.R. (1986), IEEE International 

Conferences on Plasma Science, Saskatoon,Sask. 

Canada, p. 75. 

174. Suchy, K. (1985), Beitr.Plasma Pnys. (Germany), 

25, 537. 

175o Sue, C.H. and Lam, S.H. (196'3), Phys. Fluids, 

.§_, 1479. 

'176. stenerhag, B., Handel, s.K., Gohle, B. (1971), 

eT. Appl. Phys., (USA), 42, 1876. - . 

177.. Stenzel, R .. L. et a1 (198)), Rev.Sci.Instrwn., 

2_1, 1302~ 



118 

178., Stokes, A.D. ( 1965), Pro c. Inst. Elect.Engrs., 

112, 1583. 

179. Stokes, A.D. (1969), J. Appl. Phys. 40, 1973. 

180. Stubbe, E.J. (1968), Proc. IEEE, 56, 1483. 

181 .. Tanaka, H. arid Usami, s. (1962), Bull. Fac.Eng. 

Yokohama Nat. Uni v., .!1, 65. 

182. Tanaka, H. and Hogi, M. (1964), J.Appl.Phys. 

Japan, 3, '335. 

183. Tanaka, H. and Hogi, M. (1964), Ibid, 3, 338. 

184. Terlouw, J.C. and Ri·etjens, L.H. Th. ( 1963), 

CRVI Conf. Internat. Phenomena d'Ionisation 

dansles Gaz., 1• pp. 383. 

185. Thomson, J. (1937), Ibid, 23, 1. 

186. Thomson, J.J. (1930), Phil. Mag. 10, 280. 

187. Timofiev, B. (1976), Sov.Pnys.Usp., 19, 149. 

188.. Tonks, L. (1939), P1iys. Rev., 56, 360. 

189. Tonks,L. (1941), Phys. Rev., 2.,2, 522. 

190. Tonks, L. and Allis, W.P. ( 19'37), Phys. Rev. 

52, 710. 

191. Townsend, J.J. and Gilel E.W.B., (1937), Phil. 

Mag., 26, 290. 

192. Townsend, W.G. and Williams, G.C. (1958), Proc. 

Phys. Soc., 72,823. 

193.. Uramoto, J. (1970), Pnys. of Fluids, 13, 657. 



119 

194 .. Vandersijde, B. (1972), J.Q.R.s.T., 12, 1497. 1517. 

195. Vlastos, A.E. (1968), J. Appl. Phys. (USA), ,22,3081. 

196. von-Engel, A. (1965), Ionized Gases,.2nd. Edn., 

.(Oxford University Press). 

197. Vorobjeva, N.A., Zahorov~, V.M. and Kagan, Yu,M. 

(1971), 9th. Int.Conf. on Phen. Ionised Gases, 

p. 260. 

198. Vitovskii, N.A., Mashovets, T.v. and Ryvkin, 

S.M., (196'3), Soviet Phys. Solid State (USA), 

_1, 2085. 

199. Wasserstrom, E., Su., C.H. and Frobstein, R.F. 

( 1 9 6 5 ) , Phy s • Fl ui d s, §. , 56 • 

200. Wehrli, M. (1922), Ann.D. Phys., .1• 69. 

201. Whang, Ki-Woong, Noh Young-Su (1986), Inst. 

Electr. Eng. 35, 3'3. 

202 e Wienecke, R. ( 196'3), Z.Naturf., 18a, 1151. 

2 0 3 • W il son , R • ( 1 9 6 2 ) , J. Q • S • R. T • , 2 , 4 7 7 • 

204. Yamashita, M. and Kimura, M. ( 1~80), Jpn. J. 

Appl. Phy s. (Japan),· J..2, L 449. c 

205.. Zasedka, L.N. and Reztsov, V.F. (1982), Ukr., 

Fiz. Zh. (USSR), 27, 1644. 
'· -

206. ZoUllkerman, R. (1940), Ann. Phys. Paris, 13, 78. 



120 

CHAPTER II 

THE 'EXPERIMENTAL SET UP. 

2 .. 1" Introduction:-

In this dissertation experimental observation 

a.nd theoretical interpretation of some of the physical 

processes occuring in the glow and arc discharge plasma 

both in the absence and in the presence of either trans

verse or longitudinal magnetic field have been undertaken. 

In this investigation the plasma parameters of the glow 

(excited by ac and rf sources) and arc discharges 

have been estimated utilizing different techniques, 

electrical and spectroscopic under immersive and non

immersive probe schemes. 

For the study of pl·asma behaviour we utilise the 

positive column of the discharges excited by ac and rf 

discharges, low pressure ~ercury arc and metal arcs in 

air with three different types of electrodes (i) silver

silver, (ii) copper-copper and (iii) iron-iron. 

To study the effect of magnetic field a low 

pressure plasma with a low input energy has been taken, 

because plasma transport properties will be more inf

luenced by the magnetic field as in low pressure dis

charge the mean free times of the plasma species are 
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large. It is also worthwhile.to note that in case of 

low pressure arc, before any set of observations is made, 

a steady state of the discharge has initially been achi

eved, there after the plasma parameters under interest 

have been investigated. 

Discha~i;ubes&arc tubes: 

Discharge tubes used in experimental measure

ments were constructed of pyrex glass. For glow dis

charge measurements the tubes were fitted with steel 

electtodes to minimize the sputtering yield. The exter

nal voltage has been applied to two cirriul ar para.ll el 

plate electrodes for breakdown. All arc tubes in which 

experiments have been carried out are also made of 

pyrex glassu The arcs have been produced between two 

mercury pool electrodes (fitted with two tungsten wires 

for external electrical connections) by a 250 volt de 

source from a d c generator. Fig. 2.1 .,.,shows the design 

and construction of all arc tubes used in the laboratory. 

They are fitted to simple traps so that the mercury 

vapour going out of the discharge tube could condense 

smoothly and could return to the tube. Otherwise, it 

was observed that mercury would condense in the connec

ting rubber tubes and. a mercury plug would be formed in 
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the passage and thereby would disturb the vacuum system. 

The whole arc system is cooled down by air coo1ers and 

two mercury pool electrodes by circulation of water. 

Cleaning and processing of arc tube: 

For the preparation of mercury arc the arc 

tube is thoroughly washed and cleaned with dilute 

chrondc acid and then with NaOH solution. The tube is 

then washed several times with distilled water and then 

with dehydrated benzene. The tubes are then heat baked 

in an electrical oven. Triple distilled mercury is then 

poured into the tube to the desired level. The tube is 

then connected to a double stage rotary vacuum pump and 

a vacuum of the order of 10- 2 torr is achieved. 

2.4. Preparation of gases for g1ow dischar~ 

For measurements whF.lre air acts as a buffer, 

air has been passed through dilute solution of caustic 

potash to remove traces of C02 and is then washed with 

water by passing through series of wash bottle contain-

ing cold water to remove traces of caustic potash, duPt 

particles and organic matters. It has been dried by 

passing through a tower of fused Cactl 2 and finally 

through P2o
5

• Then air is introduced to a dischaTge tube 

and controlled through a needle valve. Hydrogen gas is 
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prepared from electrolysis of a.· sol uti on of pure barium 

hydroxide in between platinum electrodes in a U-tube. 

For hydrogen, the gas evolved f~om the cathode was 

passed through a hard glass tube containing copper 

spiral heated electrically. The gas is next passed 

through the same arrangement described above. After 

purificatio~ has been done in stated manners the 

gases are stored in a round bottomed glass flask 

which is connected to the discha~ge tube. 

For usual discharge tubes, after several days of 

run for outgassing and observation purposes, the glass 

wa:l.l wouid become coated by impurity materials d·ue to 

sputtering of the cathode. For that reason steel elect-

rodes are used. 

2.5. Measurements of pressure: 

By utilizing Mcleod gauge the pressure of 

the gas in the discharge tube is measured. As shown in 
.,. 

fig. 2.2, a parallel line is used for the measurement 

of pressure in the discharge tube. At the junction bet~ 

ween these two vacuum lines the pressure is the same and 

if the conductance of the two lines are identical, the 

pressure in the discharge tube would be equal to that 

a. t the Mel ead gauge. Dushman' and Lafferty ( 1962) have 

discussed that effective pumping speed, 

given , 
-

, 
s 

1 
+c 

••• (2.1) 
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FIG. 2·2. DIAGRAM OF A GLOW DISCHARGE TUBE . 
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where S is the speed of the pump (50 litres/min) and 

C is the total conductance of the line. For viscous 

flow, conductance of a line is given by 

c = 2.·84 P2. litre j Sec. • 0 .(2.2) 

where a and "L are the radius and length of the 

tubes and P2 is the upstream pressure. The parallel 

lines as shown in fig. 2.2 are identical as far as 

possible. The lines are made of rubber and polythene 

pressure tubes. The needle valve is placed in between 

the junction of identical lines and the pump for the 

same reason. A pirani gauge is used in the discharge 

tube line and through it the pressure of air can 

be compared~ In glow discharge tubes, the order of 

f -1 pressures ranges rom 1 to 10 to-rr. 

In case of arc, a pirani gauge has been used in 

the arc tube line and through it the pressure of 

background dry air (buffer gas) has been measured. A 

needle valve has been placed in the arc tube line to 

allow a microleak for adjustment of air pressure in

side the system. 

The pressure of merc·ury vapour has been measured 

from standard tables (Hodgman, 1956) after calculating 

inside wall temperature T O f the tube which is w 
equal to the outside wall-temperature increased by the 
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temperature drop over the tube wall resulting from the 

impact of energy which is dissipated in the tube and 

carried away via the tube wall (Verweij, 1960). The out-

side wall temperature has been. measured by a mercury in 

glass thermometer when the arc exists in a steady state 

condition. In the experiments the arcs have been cooled 

down by air coolers. Therefore, a steady outerwall tem

perature corresponds to a steady condition of the arc 

under investigation. After Verweij, (1960) the tempe

rature drop has been estimated by considering the total 

energy dissipated W = E i per em. along the tube 

length. Here E is the magnitude of electric field 

measured by noting the voltage drop across the arc minus 

standard cathode fall of 10 volts as measured by Lamar 

and Compton (1931), then divided by the entire arc 

length and i is the arc current. In fact, the amount 

of energy which escapes as radiation through the tube 

wall is comparatively small and the ultraviolet reso

nance radiation is absorbed within a very small penet

rating depth in pyrex glass wall of the arc tube. There

fore the diss.ipated energy flux is carried away mainly 

by thermal conduction through the surface area of 1 em. 

of the arc tube 1 ength, hence through 2 7\ R sq. em. 

(R is the inner tube radius). 

The temperature drop is given by 

W=- 27\RK LlTw 
d 

••• (2.3) 
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where K is the thermal conductivity of the glass 

(K pyrex= 11 x 10-3 joul/cm/sec/Ch_.) and d is the 

thickness of glass wall. For a typical operation of 

arc at a current of 2.5 A, l:l. T W has been estimated 

to be 7-8°C. A plot of saturated vapour pressure of 

mercury ( PHg ) with Tw has been shown in fig.2.3. 

As number density of ground state mercury atoms Ng is 

explicitly related with PHg by the relation 

2. 6 w 

16 p 
N 3 3 v 10 Hg g = • A -

Tw 
••• (2.4) 

has also been plotted against 

Magnets and power supplies: 

T in the fig.2.3. w 

Magnetic field has been produced by an 

electromagnet. Depending upon the length and diameter 

of arc tube/glow tube, gap between the pole pieces of 

electromagnets has been adjusted. For a~curacy in 

measurement, the pole-pieces have been. so chosen that 

the rnagneti c field was unifo.rm and without having any 

radial magnetic field component. For investigation in 

longitudinal magnetic fields, the total arc tube has 

been placed in between the pole pieces as shown' in 

fig. 2.4, when a transverse magnetic field is ufili

zed only certain portion of the positive column of 
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the arc tube, where investigations have been made, has 

been inserted between the pole pieces (fig. 2.5). 

The magnetic field strength has been measured by 

gauss meter (Model G14). The electromagnets have been 

run by a. stabilized d c power supply ( Ty.pe EM20). 

Both the mercury a~c in the tube and some other 

metal arcs (in air) using Ag-Ag, C~-Cu and Fe:-Fe elect

rodes have been produced by a de generator who~e 

voltage may be adjusted by a rotary variable resistor 

fitted externally (in the front panel of a steel stand) 

and current can be adjusted with a rheostat inserted in 

series with the electrodes. The arc current has been 

varied upto 6-7 A. For photomultiplier tube, oscillator 

and de amplifier the power supplies have been fabri

cated in the laboratory. The circuits for their fabri

cation have been taken from Radio Amature's Hand Book 

(1965). 

The calibration curv·es for the magnetic field 

for different set-ups have been shown i~ fig. 2.6, 2.7 

and 2~8. 

2. 7. Determination of electron density and 

electron temperature Te in a mercury arc 

utilizine tun~sten probe: 

A cylindrical tungsten probe of 0.014 ern. 

radius within a glass capsule with a bare tip of 0.1 ern. 

height has been placed into the plasma at a separation of 
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14 em. from the anode of the tube as shown in fig.2.9(a) 

The tip of the probe if:~ fixed accurately a.t the axis of 

the arc tube and the probe is perpendicular to the axis. 

In usual practice the height of probe (h) should be 

1 arger than radius ( r p ) of the pro be. But an upper 

limit of the ratio h/rp may be calculated from the 

exppession of electron saturation current to the probe 

••• (2.5) 
2 7\ m 

where e , ne , m and T e are tb e charge, density, 

masE' and temperature of electrons and Ap is the probe 

collecting area (.Ap = 2 7\ rp.~ ). It is desirable 

that I e < sar) should not be large enough so that 

probe would not become too hot or incandescent and 

get damaged. In this investigation h/rp is nearly 

7.14e Both h and rp have been me~sured by a trave

lling microscopea It will be discussed in chapter III 

that the results for the probe of these characteris-

tic dimensions in arc plasma can be interpreted in tbe 

light of orbital theory. 

The whole circuit arrangement for probe current 

measurement has already been shown in fig. 2.9(a). The 

probe is provided with de potential from a series of 

dry batteries through a potentiometer. 
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For changeover from ion current to electron 

current an external polarity reversal arrangement uti

lisj.ng manually operated band-switch is adopted to 

record the respective current. The probe circuit is 

connected to anode and the probe potential which is 

relatively negative with respect to anode has been 

varied in steps of 0.2- 5 volts. The probe current 

which has been recorded, is the total current through 

the probe. Electron current Ie has been taken by 

sub 'tracting ion current I i from the to tal current 

••• (2.6) 

In our present experiment Ii is observed to be 

smaller than 1 .. 
tol by a factor of order 1000. 

So effectively I e equal to 1 tol · 

2.8. Diffusion voltage measurement by probes: 

Two cylindrical tungsten probes of radius 

0.014 em. and height 0.8 em. are inserted parallel to 

one another, one along the axis r = 0 and the other 

at a separation of 0.6 em. from the axis in the same 

croee sectional plane of the arc tube of 41 em. length 

as shown in fig. 2.9 (b). The resultant voltage between 

the two probeshas been recorded by a VTVM having an 

internal impedance of 100 M SL • A low pass filter 

circuit is provided at the output of the probes to 
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prevent oscillations generated in the arc from reaching 

the VT~~. The VTVM output gives the magnitude of the 

diffusion voltage. The diffusion voltage is recorded 

with variation of arc current from 2A to 5A for three 

backgroQ~d (buffer) air pressures (0.075 torr, 0.10 torr 

and 0 • 1 3 to r r ) , 

2 .. 9. R.F. oscillator circuit: 

The radiofrequency oscillator is of Hartley 

type; and the circui.t' diagram is shown in fig. 2.10(a). 

The range of frequency of this oscillator iE from 3.3 

MHz to 10.1 MHz. ·The inductance L of the tank circuit 

is divided into two parts L 1 and L 2 and their common 

point is connected to the cathode terminal of the vacuum 

tube 811 • The end of L1 is connected to the grid through 

the parallel combination of Rg and cg' which provides 

the grid bias potential. The end of L2 is connected to 

the plate of the oscillator valve 811 through the block

ing capacitor Cc. Another variable gang condenser is 

inserted in parallel with the inductance (primary coil), 

thereby making a complete tank circuit. The current cir

culating in the resonant circuit passes through both 

parts of the inductance and developes a potential diffe

rence for the grid excitation. The d~rect compon~nt of 

the plate current is supplied from a stabilised high 

val tage power supply 'through a radio frequency choke. 
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The blocking capacitor Cc' which has a small reactance 

compared with the load impedance, gives a path to the 

ac component, while the de from the power supply is 

prevented. For a fixed gang condenser position, the 

oscillator frequency ().69 MHz) has been measured 

in the experiment by an absorption wavemeter. The 

·secondary receiving circuit consists of the coil 

wound around the arc tube, a variable tuning con~ 

denser and a radio frequency milliammeter (all connec

ted in series, Fig. 2 .1 0 (b) ) • 

2o10~ Measurement of electron atom collision 

frequency in an arc plasma by radiofreguency 

coil probe in conjunction with a longitudinal 

magnetic field: 

In this diagnostic investigation a radio 

frequency coil probe technique has been employed to 

find electron - atom collision frequency: in an arc 

plasma in, presence of axial magnetic field. An arc 

tube made of pyrex glass of length 10.8 ems. and dia

meter 1.83 em. is used. Besides the two tungsten mer

cury pool electrodes at the two ends, other two tung

sten probes have been introduced upto the axis of the 

tube in the positive column with a separation of 4.6 em. 
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as shown in fig. 2.11. A small coil of length 4.5 em 

has been wrapped around the tube in the region of probe 

to probe separation. These coils supply radio frequency 

power induction from the externally applied high fre

quency oscillator. The arc tube was placed inside the 

two pole pieces of an electromagnet separated by 11.5 

em., 

A radiofrequency milliammeter ranging from 0 to 

120 mA (Thermocouple type) made by Weston Instruments, 

Inc, (USA Model No. )08) in series with a variable 

gang condenser has been connected at the two ends of 

the coil woU:n.d around the arc tube. These three ele

ments connected in series act as a secondary tank cir

cuit in the investigation. 

The oscillator coil is placed·near the work coil 

i.e. the coil wound surrounding the arc tube, and the 

induced rf potential is tun;ed with the variable con

denser inserted in the secondary circuit in series with 

the rf milliammeter and the work coilo.~ The arc is then 

produced by adopting the tilting process. Subsequently 

the rf. meter indicator shifts from its previous posi

tion~ The tuning condition is achieved by the variable 

gang condenser. A number of aircoolers and a water cir

culation system have been provided for controlling the 

arc temperature and to maintain a steady wall temperature. 

·The rf m.eter readi.ng is then recorded as far accurately 
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ae possible. This current reading is i 1 • . Then the 

voltage across the two probes irrserted in the positive 

c:olurrm has been measured by an electronic multimeter 

with high input impedance~. Now without disturbing 

any arrangement of the circuit the arc is switched 

offo The meter recording pointer again shifts from its 

previous position. The tuning condition is again set 

by the condenser and the tuned current i i s r e co rcl ed • 
0 

Be~ore starting the experiment the magnetic 

field was first calibrated with current (Fig. 2.6). 

The sequence of· observations and measurements 

are given in the following paragraph : 

The arc tube was placed in between the two 

pole pieces of electromagnet so that it may be tilted 

freely to strike it. The tube was pla·ced along the 

magnetic field so that any radial magnetic field com

ponent should vanish. To mafntain the desired discharge 

current rheostats were adjusted. The prpbe coil was tuned 

and the rf current i ( i.e. the coil probe current in 

arc on condition and in absence of magnetic field) was 

no~ed. In this condition the probe to probe voltage E 

was noted. When the magnetic field was applied, the 

probe to probe voltage and discharge current decreased. 

In presence of the axial magnetic field 
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the coil probe current iB was noted .. To avoid extinc

tion of the arc for lower discharge current, the 

discharge current IB was ~djusted to its previous 

v·8J. ue I in presence of magnetic field and again 

E and B IB were noted simul taneouslyo Now bo.th the 

magnet and the arc were turned o~f. The coil probe was 

retu...·ned and the tuned current i i.e. the coil probe 
0 

current in absence of plasma was noted. The whole pro-

cedure was repeated a number of times. The observation 

has been carried out for a fixed oscillator frequency 

3 .. 69 MRz. 

The variation of the quantity ( o( - 1) where. 

o< = i 0 I i 1 is proportional to the arc current 

'I'. In this experiment each time the arc current was 

changed, sufficient time was allowed to pass to ensure 

equilibrium before any measurement [E .or ( o<- 1)] 

was made .. ( o( - 1 ) and E varied linearly with the 

arc current. But due to application of axial magnetic 

field the value of E and ( o( - ·1) decreased slowly 

with the increasing magnetic field. It was found that 

.if the arc currents were in the lowerside, the reduc

tion of current. due to the application of axial. magnetic 

field some times .caused extinction of the arc. To remove 

this difficu.l ty, immediately after applying the magnetic 

j~ield the arc current was . adjusted to its or~ginal 



'ifaJ. u.e when necessary. But it has been shown that the 

collision frequency was constant for various magnetic 

fi.eld at particular arc current. 

2,,·1i .. Eva:l.uation of' electron tem!?erature in 

transverse and axial magnetic field in 

an arc plasma by measurement of diffusion 

voltage: 

For measurement of diffusion voltage in 

presence of transverse magnetic field·. the arc tube of 

41 em. length, 26.5 em .. anode-cathode spacing, 2.2 em. 

inner diameter and 2.5 em. outer diameter has been 

utilised and in presence of longitudinal magnetic field 

the arc tube is of 9.1 em. length, 6.2 em. anode

cathode spacing, 1.86 em. inner diatl!_eter and 2.16 em. 

outer diameter., The arc is energised by a de generator 

with a rheostat to change·the current through the arc. 

The whole arc is ·cooled by air coolers and two mercury 

pool electrodes by water circulation.Toc.,. maintain the 

background pressure fixed in the arc vessel, dehydrated 

air is introduced with an arrangement of needle valve 

which is suitably filled in the vacuum arrangement. For 

determination of plasma parameters in transverse. magne

tic field the positive column of the mercury arc is 

ke:pt between the pole pieces of electromagnet wb;ile 

for that measurement in axial magnetic field the whole 

arc tube has been placed between the pole pieces. 
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As in previous articles, similarly two cylind

rical tungsten wires of 0.014 em. and 0.8 em. height 

have been set parallel .to one anpther one along the 

axis r = 0 and the other at a separation of 0.6 em. 

from the axis in the same cross sectional plane of the 

tube .. But these two probes in case of axial magnetic 

field are of 0.53 em. height while other specifications 

remain same as in ·transverse magneti~ field. 

In both magnetic fields the output voltage at 

the two probes has been measured by a· VTVM. It is 

actually the low pass filter output, as a low pass 

filter is connected at the output of the probes to 

prevent noise caused by oscillation in the arc from 

reaching in the VTVM. The diffusion voltage has been 

recorded as a function of the magnetic field with arc 

current as a parameter. For transverse magnetic fieid 

the diffusion. voltage has been recorded upto the mag

netic field 1000 G at three fixed arc currents namely 

2.5 A, 3.0 A, and 3.5 A, and in axial magnetic field 

upto 1010 gauss at three fixed arc currents namely 

3.0 A, 4.0 A and 5 .• 0 A. 
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2~12. Diagonostics by spectro~copic method: 

To estimate the piasma parameters spectros

copic method has been utilized. Fig. 2.12 and Fig. 2.1) 

show a detailed schema·tic diagram of this experimental 

set up. The radiations from· the. axial. regions of ver

tical discharge tube passing through a vertical slit 

is focussed by a double convex lens on the verticaJ. 

Slit of the collimator of the spectrograph. There is 

a Pellin-Bro ca prism. for .90 degree deflection of the 

~Jpectrum in the spectrograph. Such a mounting is essen

tial as ~monochromator is mounted with the fixed slit. 

The exit sl.i t is perpendicular to the plasma source. 

The wavelength (arc and glow spectral lines) of the 

source is changed by rotating th~ prism with a mecha

nical. arrangement fitted with an accurately calibrated 

drum .. From Handbook of Chemistry and· Physics Hodgman 

( 1956), the wavelengths of the visible spectrum have 

been checked,. 

In general, this type of apparatus has a low 
-

resolving power which woUld be advantageous in the 

present investigations, because it is unable to resolve 

Zeeman splittipg. The slit width ranging from 0.25 mm ·to 

1 mm .. can be varied with a micrometer arrangement, depe-:

nding on the response of lines.chosen to the photomulti

plier., . The slit width has been kept constant ·for a set 

of observation. 
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T , two criteria for suitable e 

line choice may be mentioned:-

(1) The energy of separation of the upper states of 

the two transitions chosen should be comparable to the 

value of Te • B-ut this is not po ssi bl e always. In 

the visible region for two lines which have sufficient 

response to the deterltor the energy of separation of 

upper states becomes sometimes smaller than the value 

of T • One of the remedy that is suggested is to use e 

one of the ionic lines and one atomic line. 

( 2) The lines should be such that in the near 

vicinity there would be no other line, so that 

J0ocl~ del>- is the measure of total intensity 

of a radiation with frequency ·~ and in our inves

tigation Slit widths are comparatively wide enough as 

to detect the total intensity of radiation. 

The selected spectral line has been focussed 

on the cathode of the photomultiplier tube MI OFS29V ~ 

operated at 1425 V, whereas the collimator is focussed 

by rock and pinion arrangements. Behind the eyepiece of 

the spectrograph the top cathode type photomultiplier 

which has low mean radiation equivalence of dark 

current is placed in a darkened ebonite housing. The 

power source of photomultiplier is provided in two 

sections : the first is 1200 v stabilized to supply 
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the dynode voltage and the second is to provide 225 V 

between the final dynode and the anode as in Fig.2.13. 

To ope;rate the VTVM the second voltage source is used. 

It consiBts of two 6J7 tubes operated at 32V on the 

plates and 1~3 V negative grid bias. The grids are 

connected to the two ends of a resistor R (600 K..Q. ) 

which is in series with the plate of. the photomulti

plier. A potential drop developed, when current flows 

through the resistor R1 and one of the 6J7 tubes 

draws less current producing an imbalance in the plate 

circuit. A 0-200 ;« A· meter is connecte~ in between 

the plates of the 6J7 tubes to measure this unbalanced 

current. For this c.ircuit arrangement for a signal 3V, 

the 6J7 tubes reached cut-off and beyond which there 

is no further increase in the meter deflection. 

The microammeter is set to zero with R2 and 

a coarse balance is made with R4 with no radiation 

on the photomultiplier tube. In this way the effect 

of dark current in actual measurement of radiation is 

completely minimised. With 3V or a little more applied 

to resistor R1 , the meter is set to full scale 

deflection with the help of another resistor R3 • The 

radiation of the spectral line under investigation is 

recorded at the output by microammeter. The slit of the 
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spectrograph is varied in such a way that meter def

lection corresponding to the spectral line with stron

gest response to the photomultiplier is in the full 

c: cal e range o f t h e meter • 

The sensitivity of a photomultiplier depends 

onwavelength of incident radiation and on quantum 

efficiency of the cathode· material (including the 

effect of photomultiplier's window material)~ A cha

racteristic of quantum efficiency of MIOFS29V~ 

against wavelengths is plotted taking the values 

from carl Zeiss brochure no. 40- 637 - 2, in Fig.2.14. 

From this plot the cathode radiant e.ensitivity S in 

amperes per watt corresponding to a radiation of wave~ 

1 ength .A (i) is cal cuJ..ated as 

s ::: ••• (2.7) 
12395 X 100 

here Q is the percentage quantum efficiency. The 

relative spectral sensitivity for two lines are 

calculated and the microarnrneter reading for total 

intensities of lines are corrected for relative spe

ctral response' of the photomultiplier from the deter

mined value of S • The emissive frequency ~ is 

directly proportional to observed total intensity 

which can be separated into a continuous and di~crete 
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:part 

••• ( 2.8) 

6~.L contains the :s desired spontaneousl.y emitted 

energy within the line, is eliminated 

b,y balancing the VTVM to the null of meter reading 

with resistors in the circuit when the continum 

radiation at the near' vicinity ·a.t the line is focu-

ssed or the photomUltiplier tube cathode and the contri-

bution for E.~, c is to be negligibly small. 

2o13Q Measurement of intensity enhancement of 

spectral lines with increasing arc 

current in arc plasma.: 

Two respective metal electrodes of a 

particular arc have been fixed with a vertical stand 

as shown in fig. 2.15, where upper met~ electrode 

is attached to a vertically movable bench arrangement 

with the help of a screw. Initially the two electrodes 

are brought into contact by this screw. A 'de source 

wi-th an adjustable rheostat and an ammeter.,iEJ utili

zed to produce the arc namely for Ag-Ag, Cu-Cu and 

Fe-Fe in ail'. An accurately calibrated constant 



movable bench 

E I ectrode !"' 

\ 

FIG.. 2·15 . METAL .ARC ARRANGEM:EN'I 



142 

deviation spectrograph has been used to measure the 

wavelength of the spectral lines of the arc sources. 

·Each line is focussed on the cathode of the photomul.-

tiplier tube M10 FS29V).) a~d intensities are thus 

obtained by measuring the output of the photomultiplier 

which is measured by a difference amplifier. The whole 

arrangement of this spectroscopic part- its arrange

ment and its electronics circuit is given in the pre

vious section. 

The output microammeter current recorded in the 

difference amplifier is observed to be linearly propor

tional to the known spectral line intensities and the 

slit width of the spectrograph has been adjusted to 

obtain a large deflection in the microammeter, thereby 

enhancing the desired level of sensitivity in the mea

surement of the line intenEity ratio. In case·of silver 

electrodes the arc current is varied from 3A to ?A and 

in case .of copper and iron electrode the variation is 

2.5 A to 5 A. 

2.14. Spectro~copic invest!gation in air and hydrogen 

discharges heated by repeated discharge of a 

bank of condenser~ 

A spectroscopic method is to be operated 

for measurements of electron temperature and electron 

density to which plasma can be raised by utilizing the 

bank condenser discharge. In this exp erirn en tal 
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arrangement a discharge tube of length 8 em. having 

four electrodes is used. Electrodes are circular and 

:parallel to each other. The discharge tube is connected 

1;o exhaust pump through glass tubes. Air and prepared 

hydrogen have been passed through dilute sol uti on of 

caustic potash to remove traces of cc2 and is then 

washed with water by passing through series of wash 

bottles containing cold water to remove traces of 

caustic potash, dust partiCles and organic matters. 

It has been dried by passing through a tower of fused 

cac1 2 and finally through P2o5 • The pressure inside 

the discharge tube has been kept constant by means of 

a needle valve and by utilizing Mel eod gauge pressure 

is measured~ The separation between two electrodes 

iB 2 .. 95 em. to which voltage (50 cycle ac) through 

variac is applied for breakdown of gases. By two ele

ctrodes separated by a distance 0.85 em. a discharge 

from eight charged condenser~ (each of 24 )J. F) connec

ted in parallel, has been passed. The whole spectros

copic method has been discussed in article 2.12. By 

utilizing this method, the enhancement of current 

before and after bank condenser discharge has been 

noted. by a microammeter for a particular spectral line 

and henoe repeated for the other lines. The enhancement 
., 

o:f dtscharge current is· also noted by milliammet~r 
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between two electrodes through which condenser discharge 

has been passed. The above procedure is repeated for 

2250 volts, 2000 volts, 1750 volts and 1500 volts 

discharge voltages for 0.2 torr pressure in case of 

air gl. ow and for 0. 7 torr pressure in· case of hydrogen 

glow. The whole experimental arrangement is as shown 

in Fig. 2.16. 
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CHAPTER III. 

MEASUREMENT OF PLASMA PARAMETERS IN AN ARC PLASMA BY 

.PROBE METHOD 

Introduction 

A single probe method has been used to 

measure the electron temperature and electron density 

in an arc pla.sma in mercury vapour for arc· current 

varying from 2 A to 5 A and for three background 

pressures namely 0.075, 0.10 and 0.13. torr. 

r,angmuir' s method for determination of electron den-

sity n
9 

and electron temperature Te is well known 

and this is also a standard and si!Dple method of mea-

Bl.tri:ng plasma parameters directly. In .zero magnetic 

field the· theory of the pro·be rests on the assumption 

that a parameter ~ ::: rp I :Ad introduced by 

Chen, Etievant and Mosher (1968) where :p is the 

radius of the probe and :Ad is the De bye shielding 

length for repelled species should be greater than 5 

(five) c This should hold good in order that Langmuir's 

orbital theory for~the determination of electron density 

and electron temperature by the single probe method can 

be regarded as valid. However, the limitations as well 

as the validity of these assumptions have been di:scussed 



147 

by a large number of workers. In this regard a detailed 

discussion has been provided in the review article 

(Chapter I). In this laboratory Sadhya, Jana and Sen 

( 1979) measured the electron density and electron tern-

perature in a glow discharge in hydrogen, oxygen, nitro

gen and air and investigated their variation in transverse 

and longitudinal magnetic fields by single probe method 

and the results were quantitatively explained by develo

ping necessary mathematical formulation. It was further 

shown that the results obtained by probe method were in 

agreement with the results obtained by other methods, 

such as microwave and spectra scopic methods. 

For the last few years Sen, S.N. and his research 

fellows, in this laboratory have taken up systematic 

investigation of the properties of arc plasma in order 

.to develop a generalised theory as to the occurance of 

an arc plasma and bringing out the salient changes as 

regards the transition of glow discharge to arc plasma. 

The measurement of electron temperature and its 

variation with an axial magnetic field in an arc plasma 

has been investigated by a spectroscopic method in 

detail [ Sadhya and Sen ( 1980)] • Since a large collec

tion of data regarding plasma parameters and their varia

tion tn a perturbing field · is necessary to .build up 

the theory for the occurance of arc plasma it is 
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worthwhile to investigate whether the Langmuir single 

probe method can be utilized for measurement of arc 

plasma parameters. This will not only enable us to 

obtain the necessary data but will also extend the 

validi t:; of Langmuir probe theory from the glow di a

charge to the arc plasma region. We report here the 

results of measurements of electron temperature and 

electron density in a mercury arc plasma for a range 

of arc current. 

Another property that is of importance is the 

mechanism by which charged particles are lost by the 

ambipolar diffusion process • As experiment-has been 

set up to measure the resultant diffusion voltage in 

an arc plasma for different arc currents. The method 

has been utilised by Sen, Ghosh and Ghosh (1983), in 
=:'" 

evaluation of electron temperature in glow discharge. 

!J:'be process of diffusion is basically connected with 

the radial distribution function of charged.particles 

and an expression for the radial distribution function 

of the electrons in an arc plasma has been provided by 

Ghosal, Nandi and Sen (1978), the experimental. results 

will be discussed in the light of the above theories. 
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Experimental Arrangement and Measurement 

The method of measurement of electron tem

perature and electron density is the same as was used 

earlier and described in the paper by Sadhya, Jana and 

sen (1979). In Chapter II the detailed experimental 

procedure for measurement of electron temperature and 

electron density has been given. Here, however, measu

rement has been carried out in a mercury arc plasma 

produced within a cylindrical glass tube of inner radius 

1.31 em with two mercury pool electrodes 38 em apart. 

The schematic diagram of this experimental set up has 

been given in fig. 2.9 (a), (Chapt. II). The arc is 

. produced by supplying power from a 250 V d.c. generator. 

The arc current has been varied from 2 A to 5 A by a 

regulated rheostat in series. Measurement has been 

taken for three background air pressures, namely 0.075 

torr, 0.10 torr and 0.13 torr. A cylindrical tungsten 

1.vire of 0.014 em radius within a glass capsule with a 

"tare tip of 0.10 em length is utilised as the probe 

which is placed at a distance of 14 em from the anode. 

The probe current measurement circuit has been shown in 

Fig .. 2.9 (a) (Chapt. II). The probe was supplied with 

d.co bias voltage:from dry. battery through a potentio

meter .. For change over from ion 'current to electron 

current externally polarity reversal has been made with 

the help of band-switch. The circuit has been connected 



150 

to the anode of the arc tube and the probe voltage which 

is relatively negative with respect to anode has been 

varied in steps from 0.2- 5 volts. The probe current 

has been measured as a function of probe potential. 

3.2.1. Measurement of Te and ne 

According to Langmuir the relation between 

the probe current and probe voltage is given by 

Ire exp (- ••• (3.1) 

and 

1 1 ( SKTe 
re - '4 Ane m7\ 

}; 
) 2. ••• (3.2) 

where the symbols have their usual significance. A is 

the effective electron collecting area of the probe and 

is the unperturbed electron density. Assuming 

the distribution to be Maxwellian, Te is calculated 

by taking the slope of the Boltzmann line in a semi

logarithmic plot of Ie versus VP according to 

eqn. ( 3 .. 1) .. Actually it is observed that the probe 

current never saturates. The rise of current with 

increasing positive potential is expected due to 
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growth of effective collecting area of the probe as the 

sheath expands. Linear extrapolation of the curves has 

been made in such a way that the Boltzmann line is drawn 

through more points of less positive potential where the 

distribution is expected to be Maxwellian in accordance 

with the suggestion of Schott (1968). The other line 

is drawn in such a manner that it passes averaging the. 

points deviated from being on the l.ine of semilog plot 

points. The intersection of this line with the Boltzman 

line indicates th.e point of space potential (i.e. 

plasma potential.) ·and the current corresponding to the 

space potential is taken as the saturation electron 

current which is ·utilised for calculating electron 

density from eqn. ( 3. 2) • 

3~2.2o Method of measuring diffusion-voltage in 

the arc plasma 

An arc tube with internal radius 1.10 em. 

was used for measurement of diffusion voltage. The sepa

ration between the two mercury pool electrodes was 

4.0 em. Two cylindrical probes of length 0.8 em and 

radius 0.014 em are placed parallel to one another 

one along the axis r = 0 and other at a distance of 

0.6 em from the axis. The output voltage at the probes 

was measured by a V.T.V.M. having an internal impedance 

of 'i 00 M ..n. o A low pass filter circuit has been uti-
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lised at the output of the probes to prevent osci~~a

tions generated in the arc from reaching.the V.T.V.M. 

The qutput voltage between the probes which measures 

the diffusion voltage has been measured for arc currents 

varying from 2.0 A to 5.0 A for three values of pre

ssures namely 0.075 torr, 0.10 torr and 0.13 torr. 

Results and discussion 

The variation of probe current with probe 

potential has been plo"tted for arc currents 2 .o, 2.5, 

3.0, 4.0 and 4.5 A for pressure 0.075 torr in Fig. ).1, 

for 2.0, 2.5, ).0, 4.0 and 4.5 A for pressu:re 0.1 torr 

in Fige ).2 and for 2.0, 2.5, 3.0 and 4.0 A for pressure 

0 .. 13 torr in Fig. 3.3. From these re,sults the variation 

of log I
8 

against· the probe potenti8l has been plotted 

for the three different pressures for the various val~es 

of the arc currents in Fig. ).4, 3.5 and 3.6. As is ex

pected the variation of log I
9 

against the probe 

potential. is linear for a certain range of probe poten

tial and from the slope of the curves the corresponding 

electron temperature has been calculated utilizing eqn. 

(3.1L. From figs. 3.1, 3.2 and 3.'3, it is seen that the 

- probe current does not show saturation and the saturated 

electron current has been calculated by a method as 

suggested by Schott (1968). The electron density has been 
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calculated from eqn~ ('3.2). The results are entered in 

columns ( 4) and ( 5) of Table 3.1. Langmuir ( 1925) while 

studying the scattering of electrons in mercury arc 

discharge deduced an expression for the arc current 

density given by 

-10 
I= 5·76 X 10 

where ne is the electron density, the mean 

free path of electron, T e is the electron tempe

rature and E is the axial electric field per em. 

From this expression it is evident that at a parti

cuJ.a.r pressure the quantity ITe112; neE should be 

constant for different arc currents for different 

pressures .. The results are entered ,in column 7 of 

table 3~1. It is evident that the values calculated 

for 1 T ~::;;/ n e E show a fair degree of cons

istency justifying the validity of eqn. (3.3) for the 

arc current. 

From the eqn. (3.3) it is evident that the 

mean free path of the electron can be caJ..culated for 

different values of pressures. Taking the mean value 
1/2. 

of ITe fne E as entered in column (8) of Table 

3 .. 1, the value of has been calculated and 

results entered in table 3.2, column (3). From col.(4) 
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it iE evident that P.A is almost a constant for 

three different pressures and we can calculateL =.P)I 

the mean free path of the electron at a pressure of 

1o0 torr in the mercury vapour. There is no direct 

method for measurement of mean free path of the ele

ctron in the gas. The mean free path of molecule from 

kinetic theory of gases is 1/V'Z.N?\u 2 where N is 

the number of molecules per unit volume and (f is 

the molecular diameter. In case of mercury this cames 

out to be 3 x 10-3 em. at 1 .. 0 torr. 

The mean free path of an electron has been 

found by classical reasoning to be 4V2 .A and 

this expression has the correct order of magnitude. 

However~ the electronic mean free path becomes a 

function of the energy of electron due to Ramsauer· 

and Townsend effect. 

The variation of open circuited diffusion 

voltage with arc current as measured has been 

plotted in fig. 3.7 fo-r three pressures namely 

0.075 torr, 0 .. 10 torr and 0.13 torr. It is observed 

that the diffusion 'voltage becomes a minimum 

for a certain value of arc current at a particular 

pressure and this decreases with the increase of 

pressure. In a previous paper Sen, Ghosh and Ghosh 
.-

(1983) have measured d~ffusion voltage in a glow 

di F:charge and have obtained the variation of electron 

temperature with a transverse magnetic field. In glow 

discharge the radial dir:.1tribution of charged particles 
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Table '3 .. 1 

~~--~-

t I f I I f 

1 T e 1-''2. ; Average 
I~ack- 1 Arc ,Mercury 1 El e c t.."t"o n E1. ectro:q Arc I T e 'Y2. 
ground ,?urrent ,vapour , tempe- density, neE I drop ' neE 
air pre..!~n amp. , pre- , ra.ture X 

in 
in x1o 10 : 1010 ssure irl , ssure . , OK 10-12 VOlts 1

1 
X 

'J:o rr., - ;in torr i 
cm-3 

--- -------- ----- ---- ---
2 .. 0 0 .. 2342 11487.3 0.6967 42 0 .. 5159 

2.,5 0.2752 10131.0 0.7803 41 0.5534 

0~075 3.0 0.3032 9572.8 0.9812 39 0.5406 0.5352 

4.0 0.3342 9041.6 1.2964 '38 0.5448 

4 .. 5 0.3658 8521.9 1.5608 '36 0.521' 

2.,0 0 .. 2343 8195.6 0.7856 44 0.3694 

2 .. 5 0~2752 '7593e5 0.8580 43 0 .. 4159 

0. ·j 3.0 0.3032 6066.9 1 0 0092 42 0.3890 0.3875 

4 .. 0 0.3342 5839.4 1.3208 ~ ·" 41 0.3980 

4o5 0.3658 5532.1 1.5766 39 0.3655 

2.0 0.2343 7785.8 0.8473 47 0.'3124 

2.5 Oo2752 7079.2 0.9336 4E; 0.3453 0.3321 

G Q 13 3.0 0 .. 3032 5696.9 1 .0948 44 0.3313 

4.0 0.3342 4800.0 1.3704 42 0.3395 
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Table 3 .. 2. 

Ba ckgro u..>1d 
IT e "Y2 
neE p,A:::L 

pressure 

in torr X .1010 em em 
--- ---
0 .. 075 0 .. 5352 9 • 294 X 1 o- 2 6.971 X 1 o- 3 

0.1 0.3875 6.728 X 10-2 6.728 X 1 o- 3 

0.13 0.3321 5.765 X 1o-2 7. 494 X 1 o- 3 

density has been assumed to be Besselian. It has how-

ever, been shown by Ghosal, Nandi and Sen (1978) that 

the radial distribution function for the azimuthal con~ 

ductivity for an arc plasma is given b~ 

where Cf0 

cond ucti vi ty 

R is the 

r 2. n 
CJ(r)= u(o)[1- ( R) ] 

is the axial cond ucti vi ty, (f ( r ) 

at a distance r . from the axis of 

tube radius of the arc and n is a 

which has been shown to be 

R2 
n [-a . 2 J 

••• ( 3. '4) 

is the 

the tube 

constant 
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where 'a' is an experimentally determined quantity 

which varies with arc current. This distribution func-

tj_on can very well represent the radial ~harged particle 

diBtribution in an arc plasma. It has been shown by Sen, 

Ghosh and Ghosh (1983) that the diffusion voltage VR is 

KTe 

e 
... (3.5) 

and since the electron density is proportional to the 

conductivity we get from equation (3.4) 

and from eqn. ( 3. 5) 

Let z = ( 1 -

then VR = 

.u::• 

eqr.-, fl~ t; 

v = 
R 

nKTe 
e 

r2 

R '2. ) 

n KT e 

s e 

nKTe 
log -..--..-~·---- ......... 

~ . .., 

2r ··· 

S 
(- Ra ) __ 

rz. 
(1- R2.) 

d z 
z 

z +C 

r = 0 I VR = 0 and C= 0 

dr 



Hence 

zn KTe 
e 
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l'3·6) 

'rhe values of electron temperature for the arc current 

for which diffusion voltage has been measured can be 

obtained from the first part of the present _paper. Some 

values for n were obtained by Ghosal, Nandi and Sen 

(1978), but a measurement of n for a wider range of 

current has been carried out in this laboratory by the 

preF.ent author and variation in the value o;f n with 

arc current is plotted in fig. 3.8. Hence it is nume

rically possible to calculate the values of VR .'for 

different arc currents at different pressures_ from 

eqno ( 3.6). The results are entered in Table 3.3. It is 

observed that though the theoretically calculated values 

are higher than the corresponding experimental results, 

the minimum voltage occurs at the.same value of arc 

current in both the cases. The Value of the current at 

which the diffusion voltage becomes a ·minimum aJ. so dec-

reases with the increase of pressure as is observed 

experimentally. 
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Table '3 • '3 

Pressure in I Arc current I Diffusion voltage in volts 

Torr I in Amps. 
Exp erim en tal ' Theoretical 

I 

--- ------ --- ---- --- -----
2.0 0.498 0.575 

2e5 0.470 0.527 

3.0 0.438 0.506 

0.075 4.0 0.518 0.539 

4.5 0.670 0.544 

5.0 0.78 0.588* 

2.0 0.458 0.410 

2.5 0.438 0.374 

3.0 0.435 o. 349 

0.10 3.25 
•e 

0.334* 
· .. 

3.5 0.447 0.336* 

4.0 0.556 0.348 

4.5 0.700 0 .• 353 

5.0 0.796 0.369* 

2.0 0.446 0.390 

2.5 0.425 0.348 

3.0 0.410 0.307 

0 .. 13 3.5 0.450 0.297* 

4oO 0.570 0.304 

4.5 0.719 0.313* 

5 .. 0 0.823 0.334* 

* from extrapolated values 



160 

The resLuts are presented in table 3.4. 

Table 3.4 

Pressure i.n Torr, Arc current in Amp 

at which diffusion 

voltage is minimum 

0.075 

0.10 

0.13 

3.50 

3.25 

3.00 

We can thus conclude that the distribution formula for 

aztm uthal cond ucti vi ty as proposed by Gho sal, Nandi and 

sen (1978) gives results in quantitative agreement with 

experimental results. We have thus ;~een that the 

I .. angmuir probe method can also be . util'ised for the 

mea~~rement of electron temperature and electron density 

just as in the case of glow diEcharge and the results are 

eonsistent with the values obtained by sp.ectroscopic 

method (Sadhya and Sen, 1980). Langmuir's expression for 

arc current (eqn. 3.3) is verified and the results pro

vide a means of calculating the electronic mean free path 

in the gas. 
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The not too satisfactory agreement between 

the diffusion voltage calculated and experimentally 

observed results may ·be attributed to some uncertain·ty 

in the vaJ. ue of n but the o ccurance of minima as 

observed experimentally at the same calculated val us 

of the a.rc current at three pressures lends support 

'Go the val.idi ty of di gtri bution function as proposed 

by Gho Eal, Nandi and Sen ( 1979). The importance of 

the experiment is that the electron temperature can 

be measured accurately without perturbing the plasma 

by only measuring the open circuited diffusion 

voltage. 



162 

f{eferences: 

1. Chen1 F.F., Etievent, c. and Mosher, D., 

( 1986), PhyseFl uid s, .11, 811. 

2,. Ghosal, S.K., Nandi, G.P. and Sen, S.N. 

(1978), Int. J.El.ectron., ,i1, 409. 

~).. Langmuir, I. (1925), Phys. Rev., 26, 585. 

4o Sadhya, S .. K., Jana, D.C. arid Sen, S.N., 

(1979), Proc. Ind. Natn. Sci.Acad., 45A, 

309. 

5. Sadhya,· .s .. K., and Sen, S.N. ( 1980), Int. 

J. Electron, 4-8, 235. 

6~ Schott, L. (1968), Electrical Probes in 

Plasma Diagonostics, North Holland Publishing 

Co., Amsterdam. 

'7.. Sen, S.N., Ghosh, S.K. and Ghosh, B. ( 1983), 

Ind .. J. Pure & Appl. Phys. ,gj_, 613. 



Indian Journal of Pure & Applied Physics 
Vol. 27, May 1989, pp. 220-226 

Measurement of plasma parameters in an arc plasma by a single 
probe method 

S N Sen, M Gantait & C Acharyya 

Department of Physics, North Bengal University, Darjeeling 734 430 

Received 18 September 1987; revised received 4 August 1988 

A single probe method has been used to measure the electron temperature and electron density in 
an arc plasma in mercury vapour for arc current varyirig from 2 to 5 A and for three background pres
sures of 0.075, 0.1 and 0.13 torr. Langmuir's expression [Phys Rev (USA), 26 (1925) 585] for arc cur
-rent has been found to be valid within the range of arc current investigated and the results have been 
utilized to calculate the mean free-path of the electron in mercury vapour. The open circuited diffusion 
voltage in the arc plasma has also been measured for the same range of current and voltage. Utilizing 
the radial distribution function of conductivity as introduced by S K Ghosal, G P Nandi and S N Sen 
[Int 1 Electron ( GB), 44 (1978) 409] an analytical expression for the diffusion voltage has been calculat
ed which can satisfactorily explain the observed results. The validity of the probe meihod for measure
ment ofplasma parameters in an arc plasma has been discussed. 

1 Introduction 
The measurement of plasma parameters such as 

electron density and electron temperature by 
single probe Langmuir method is well known. In 
zero magnetic field, the theory of the probe rests 
on the assumption that the parameter .; = r/ .itct in
troduced by Chen et af.l, where rP is the radius of 
the probe and Ad is the Debye shielding length, for 
repelled species, should have a value greater than 
5. This should hold good in order that Langmuir's 
orbital theory for the determination of electron 
density and electron temperature by the single 
probe method can be regarded as valid. Sadhya et 
af.2 measured the electron density and electron 
temperature in a glow discharge in hydrogen, oxy
gen, nitrogen and air and investigated their varia
tion in transverse magnetic fields by the single 
probe method and the results were quantitatively 
explained by "developing necessary ·mathematical 
formulation. It was further shown that the results 
obtained by the probe method were in agreement 
with the results obtained by other methods, such 
as microwave and spectroscopic methods. 

For the last few years we have taken up a syste
matic investigation of·the properties of arc plasma 
in order to develop a generalized theory as to· the 
occurrence of an arc plasma and bringing out the 
salient changes as regards the transition of glow 
discharge to arc plasma. _The measurement of 
electron temperature and its variation with an ax
ial magnetic field in an arc plasma has .been inves
tigated by a spectroscopic method in detail by 
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Sadhya and Sen3• Since a large collection of d~ta 
regarding plasma parameters and their variation in 
a perturbing field is necessary to build up the the
ory for the occurrence of arc plasma, it is worth
while to investigate whether the Langmuir single 
probe method can be utilized for measurement of 
arc plasma parameters. This will not only enable 
us to obtain the necessary data but will also indic
ate whether Langmuir's oribital theory can be ex
tended for measurement in case of arc plasma as 
well. We report here the results of measurement of 
electron temperature and electron density in a 
mercury arc plasma for different background air 
pressures and the corresponding mercury vapour 
pressures for different arc currents. 

Another important property that is of import
ance is the mechanism by which charged particles 
are lost from a plasma .. One of the main factors is 
the loss by the ambipolar diffusion process. When 
the process of diffusion becomes ambipolar, a 
steady radial voltage develops due to charge se
paration which is defined as diffusion voltage. An 
experiment has been set up to measure the result
ant diffusion yoltage in an arc plasma for different 
arc currents. The method has been utilized by Sen 
et a/.4 in evaluation of electron temperature in 
glow discharge. The process of diffusion is basical
ly connected with the radial distribution function 
of charged particles and an expression for the ra
dial distribution function of the electrons in an arc 
plasma has been provided by Ghosal et al5 The 
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experimental results will be analyzed in the light of 
the above theories. 

2 Experimental Arrangement and Measurement 
The method of measurement of electron tem

perature and electron density is the same as was 
used earlier and described in the paper by Sadhya 
et a[.2 Here however, measurement has been carri
ed out in a mercury arc plasma produced within a 
cylindrical glass tube of inner radius 1.31 em with 
two mercury pool electrodes 38 em apart. The arc· 
is excited by supplying power from a 250 V de 
generator where the arc current. has been varied 
from 2 to 5 A by a regulated rheostat in series. 
Measurement has been taken . for three back
ground air pressures (0.075, 0.1 and 0.13 torr). 
The corresponding values of mercury vapour 
pressure for different arc currents are entered in 
Table 1. A cylindrical tungsten wire of 0.014 em 
radius within a glass capsule with a bare tip of 
0.1 em length is utiUzect' as the probe which is 
placed at a distance of 14 em from the anode. 

2.1 Measurement ofT, and n. 

In order to justify the validity of Langmuir's 
probe theory in the present experimental set-up, 
the vapour pressure of mercury was determined as 
in an earlier paper by Sadhya and Sen3 by noting 
the temperature of the wall for different arc cur
rents. The results are entered in the third column 
in Table 1. The Debye shielding length Act is of the 
order of 10- 3 em for these pressures and since the 
radius of the probe is 0.014 em, the criteria (Chen 

et aU) that g = r! A.d should be greater than 5 is 
satisfied. Further the electronic mean free-path of 
mercury vapour at an average pressure of 0.3 torr 
is 7.6 x 10- 2 em and the radius of the probe is 
1.4 x 10 -z em and hence rP < A.e, which arso satis
fies the criteria for Langmuir's probe theory. Ac
cording to Langmuir; the relation between the 
probe current and probe voltage is given by: 

... ( 1) 

.• 

and 

I =.!An (8kT.,)ltz 
re 4 . e m:n: 

. .. (2) 

where the symbols have their usual significance. A 
is the effective electron collecting area of the 
probe and n~ is the unperturbed electron density. 
Assuming the distribution to be Ma.xWellian, I;, is 
calculated by taking the slope of the Boltzmann 
line in- a semilogarithmic plot of /e versus VP ac
cording to Eq. ( 1 ). Actually it is observed that the 
probe current never saturates. The rise. of current 
with increasing positive potential is expected due 
to growth of effective collecting area of the probe 
as the sheath expands. Linear extrapolation of the 
curves has been made in such a way that the 
Boltzmann line is drawn through more points of 
less positive potential where the distribution is ex- · 
pected to be Maxwellian in accordance with the 
suggestion of Schott6 • The other line is drawn in 

Table 1 _:_Variation of electron temperature and electron density at different arc currents for different pressures 

Background Arc current Mercury Electron temp. Electron Arc drop IT/ "I n.E Average 
air pressure A vapour K density x 10- 1" v X 1010 rr,t"ln. 

torr pres,sure in torr cm- 3 X 10 10 

0.075 2.0 0.2343 . 11487.3 0.6967 42 0.5159 0.5352 

2.5 0.2752 10131.0 0.7803 41 0.5534 

3.0 0.3032 • .. 9572.8 0.9812 ' 39 0.5406 

4.0 0.3342 9041.6 1.2964 38 0.5448 

4.5 0.3658 8521.9 1.5608 36 0.5213 

0.1 2.0 0.2343 8195.6 0.7856 44 0.3694 0.3875 
' 2.5 0.2752 7593.3 0.8580 43 0.4159 

3.0 0.3032 6066.9 1.0092 42 0.3890 

4.0 0.3342 5839.4 1.3208 41 0.3980 

4.5 0.3658 5532.1 1.5766 39 . 0.3653 

O.i3 2.0 0.2343 7785.8 0.8473 47 0.3124 0.3321 

2.5 0.2752 7079.2 0.9336 46 0.3453 

3.0 0.3032 5696.9 1.0948 44 0.3313 

4.0 0.3342 4800.0 1.3704 42 0.3395 
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such a manner that it passes averaging the points 
deviated from being on the Jine of semilog plot 
points. The intersection of this line when extrapo
lated backwards with the Bolt-zi.nann v line indi
. cates the point of space potential and the ·current 

' corresponding to this space potential is taken as 
the saturation electron current which is utilized for 
calculating electron density from Eq. (2). . 

2.2 Method of Measuring Diffusion Voltage in the Arc 
Plasma 

A mercury arc with internal radius 1.1 em was 
used for measurement of diffusion voltage. The se
paration between the two mercury pool electrodes 
was 41 em. Two identical cylindrical probes of 
length 0.8 em and diameter 0.01 em are placed 
parallel to each other, one along the axis r= 0 
and the other at a radial distance 0.6 em from the 
axis. The output voltage at the probes was mea-. 
sured by a VTVM having an internal impedance 
of 100 MQ. The voltage across the two probes is 
tb.e diffusion voltage and has been measured for 
arc currents varying from 2 to 5 A for three va
lues of background air pressure namely 0.075, 
0.10 and 0.13 torr. 

3 Results and Discussion 
The variation of probe current with probe pot

ential has been plotted for arc currents 2, 2.5, 3, 4 
and 4.5 A for a background pressure 0.075 torr in 
Fig. 1; for arc currents 2.0, 2.5, 3;4 and 4.5 A for 
a pressure 0.1 torr in Fig. 2 and for arc currents 
2.0, 2.5, 3.0 and 4.0 A for a pressure 0.13 torr in 
Fig. 3. From these results the variation of log Ie 
against the probe potential has been plotted for 
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the three different pressures for the various values 
of the arc currents in Figs 4-6. As is expected, the 
variation of log I e against the probe potential is 
l4Iear for a certain range of probe potential and 
from the slope of the curves the corresponding 
electron· temperature has been calculated utilizing 
Eq. (1). From Figs 1-3 it is seen that the probe 
current does not show saturation and as men
tioned earlier the saturated electron current has 
been calculated by a method as suggested by 
Schott6

• The electron density has been calculated 
from Eq. (2). The results are prsented in Table 1. 
· Langmuir7 while studying the scattering of elec
trons in a mercury arc di,scharge deduced an ex-
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pression for the arc current density given by: From Eq. (3) it is evident that le .the mean free
path of the electron can be calculated· for different 

. values of background air pressure. Taking the . 
mean value of r/:_12 I neE as entered in column 8 
of Table 1, the value of le has been calculated and 

where ne is the electron density, le, the mean free:.. ·results entered in Table 2, column 3. From column 
path of the electron, .. Te, the electron temperature .. 4. ·it is evident th~lt Ple .is almost a. constant'· for. 
and E the axial electric .field per em. From this ex- three different pressures and we. can calculate 
pression it is evident thar at a particular pressure, _ L= Ple the .mean free-path of the electron at <a 
the quantity I'T:121n.E should be ·a constant for pressure of.l terr. The result is entered in the 
different arc currents. Since both the. electron tern- fourth cohirili:t in Table 2. There is no direct meth
perature and electron density have beeri measured od for measurement of mean free-path cif the elec
for different arc currents and corresponding vol- tron in the gas. The mean,, free-path of a molecule . 
tage drop across the arc has been measured, the from kinetic theory of.gases is 1/ .J2nna2 where N 

I= 5.76 X 10 -to n~~2e 
T. 

. . . (3) 

. quantity I ~12 I neE can be calculated for different is the number of molecules per unit volurile and a. 
arc currents for different pressures. The results is the molecular diameter. In ·case of mercury, this 
are entered in column 7 of Table 1. It is evident comes out to be 3 x 10""' 3 em at 1 torr. The mean 
that the values calculated for 1~12/ neE show a free-path of an electron has been found by classi
fair degree of consistency justifying the validity of cal reasoning to be 4 .J2·l and this expression give~ 
Eq. (3) forthe arc current.· · the correct order of magnitude as obtained experi-
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Table 2-Calculation of electronic mean free-path at-different 
pressures 

Background IT) 121n.E Ae X lQ-2 nc= Lx w-J 
pressure X 1QIO em em 

torr 

0.075 0.5352 9.294 6.971 
0.1 0.3875 6.728 6.728 
0.13 0.3321 5.765 7.494 

mentally for mean free-path of the electron at a 
pressure of 1 torr. However, -tQ_e electronic mean 
free-path becomes a function of the energy of 
electron due to Ramsauer and Townsend effect. 

The variation of open circuited diffusion vol
tage with arc current as measured has been plot
ted in Fig. 7 for three background pressures 
namely 0.075, 0.1 and 0.13 torr. It is observed 
that the diffusion voltage becomes a minimum for 
a certain value of arc current at a particular pres
sure and this decreases with the increase of pres
sure (Table 3). In a previous paper (Sen et a/.4

) dif
fusion voltage has been measured in a glow dis
charge and the variation of electron temperature 
with a transverse magnetic field determined. In 
gJow discharge, the radia1 distribution of charged 
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Table 3-Experimental values of arc current at which diffusion. 
voltage is minimuin for different pressures 

Pressure 
torr 

O.D75 
0.1 
0.13 

Arc current in 
amp at which 
the diffusion 

voltage is 
minimum 

3.5 
3.25 
3.0 

particle density has been assumed to be Besselian. 
It has, however, been shown by Ghosal et a/.5 that 
the radial distribution function for the azimuthal 
conductivity for an arc plasma is given by: 

00. (4) 

where a0 is the axial conductivity, a the conduc
tivity ;it a distance r from the axis, R the radius of 
the arc and n a constant5 given by: 

[ R
2 l n= --;-1 

where a is an experimentally determined quantity 
which varies with arc current. This distribution 
function can very well represent the radial charged 
particle distribution in an arc plasma. It has been 
shown by Sen e( a/.4 that the diffusion voltage VR 
is: 

00. (5) 
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and since the electron density is proportional to a, 
we get from Eq. ( 4 ): 

then 

VR = - ~kT. fdZ = - nk T. logZ 
e Z e 

k rr Rz 2 

VR = - n e .Le log R~ r 

... (6) 

The values of the electron temperature corre
sponding to the arc currents for which diffusion 
voltage has been measured are reported ·in the 
e<trlier part of the. present paper. Some values of n 
were obtained by Ghosal et al5, but a measure
ment of n for a wider range of current has been 
recently carried out in this laboratory and varia
tion in the value of n with arc current is .plotted in 
Fig. 8. Hence it is numerically possible to calculate 
the values of VR for different arc currents at dif
ferent pressures from Eq. (6). The results are pre
sented in Table 4. It is observed that though the 
theoretically calculated values are higher than the 

3•0 

1·5 

t·O 

~ 
t·s 

1"0 

· o·s 

0 
' 

1'() t-0 . 3·0 
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Fig. 8-Variation of n with arc current 

s·o 

corresponding experimental results, the minimum 
voltage occurs at the same value of current in both 
the cases. The value of the current at which the 
diffusion voltage becomes a minimum also de
creases with increase of pressure as is observed 
experimentally. The discrepancy between the the
oretically calculated and experimentally observed 
values of VR may be due to the fact that both n 
and, Te are functions of the radius of the arc tube. 
We can thus conclude that the distribution formula 
for azimuthal conductivity as proposed by Ghosal. 
et aL5 gives results in quantitative agreement with 
experimental results. We have thus seen that the 
Langmuir probe method can also be utilized for 1 

the measurement of electron temperature and· 
electron density. in an arc plasma just as in the 
case of glow discharge. It is not pqssible to calcul
ate the percentage accuracy in these measurements 
but the ·results are consistent quantitatively with 
the values obtained by the spectroscopic method 
(Sadhya and Sen3 ). Langmuir's expression for arc 
current [Eq. (3)] is verified and the results provide 

Table 4-Experimental and calculated values of diffusion 
voltage at different arc currents for three different pressures 

Pressure 
torr 

. O.o75 

0.10 

0.13 

Arc current 
A 

2.0 
2.5 

3.0 
3.5 
4.0 
4.5 

5.0 

2.0 
2.5 
3.0 
3.25 
3.5 
4.0 
4.5 

5.0 

2.0 
2.5 
3.0 

3.5 
4.0 

4.5 
5.0 

*From extrapolated value 

Diffusion voltage in V 

Exptl Theor. 

0.498 0.575 
0.470 0.527 

0.438 0.506 
0.412 0.495* 

0.518 0.539 
0.670 0.544 

0.78 0.588* 

0.458 0.410 
0.438 0.374 
0.435 0.349 

0.334* 

0.44] 0.336* 
0.55(;). '0.348 

0.700 0.353 
0.796 0.369* 

0.446 0.390 
0.425 0.348 
0.410 0.307 
0.450 0.297* 
0.570 0.304 

0.719 6.313* 
0.823 0.334* 
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a means of calculating the electronic mean free
path in the gas. 

The not too satisfactory agreement" between the 
diffusion voltages calculated and experimentally 
observed results may be. attributed to some uncer
tainty in the value of n but the occurrence of mini
ma as observed experimentally at the same calcu
lated value of the arc current at three pressures 
lends support to the validity of distribution func-
tion as proposed by Ghosal et a/.5 · 
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CHAPTER "IV 

EVALUATION OF DIFFUSION COEFFICIENT OE ~ECTRONS IN A 

MERCURY ARC PLASMA BY MEASUREMENT OF DIFFUSION CURRENT 

Introduction 

In literature there are extensive references regarding 

the meaEurement of drift velocity of electrons in ioni

zed gases for a wide range of ( E/P) values but corres

ponding measurements of diffusion coefficient of elect-

rons and ions have . not been reported to such a large 

extento The earlier methods used for evaluation of 

diffusion constant of electrons and ions were based 

on tb e well 

where ;« e 

known expression )1- e / 0 e =- e:/ K T e 

the mobility of th~~~lectrons was 

obtained from the experimental measurement .of drift 

velocity and Te the electron temperature :was also 

obtained from an independent measurement. A systematic 
"' 

investigation regarding the diffusion of Slow electrons 

in nitrogen and hydrogen was carried on by Crompton 

and Sutton ( 19 52) using a modification of the well

known method of Townsend as suggested by HuXley and 

Zaazou. ( 1949). They measured the ratio \Jd j De 

for (E/P) values varying from .05 to 20 volts/~m torr 

for both nitrogen and hydrogen and taking the values 
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of vd from previous measurements of Nielson ( 1936) 

evaluated the values of De. It was observed that De 

increases with the increase of (E/P)• Most of the 

work reported in the literature regarding measurement 

of diffusion coefficient refers to measurement of 

temporal variation of charge density in a decaying 

plasma and assuming the validity of equation .of con

tin ui·ty the value of the diffusion co effi ci en t has 

been evaluated. Mass spectrometeric measurements have 

yielded information regarding the nature of ions in 

case of ionic diffusion. Some measurements have also 

been reported regarding the variation of diffusion. 

coefficient in either a transverse or a longitudinal 

magnetic field. Almost all the results reported regar

ding measurement of diffusion cdeffi;·cient relate to 
·~·. 

glow discharge or to a decaying plasma and practically 

little work on the diffusion process in an arc plasma 

has been reported. In a recent communi·cation (Sen, 
...... 

Gantait and Acharyya, 1989) the open circUlated 

diffusion voltage in an arc plasma has been measured 

over a range of arc current and utilizing the radial 

distribution function of conductivity as introduced by 

Ghosal, Nandi and Sen (1978) the results have been 

analysed. Further from the measurement of diffusion 

voltage in an arc plasma in a tran~verse as well as 
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in an axial magnetic field (Sen, Acharyya, Gantait 

and Bhattacharjee, 1989) variation of electron tempe-

rature has been investigated. It has been presumed 

that if the closed circuit diffusion current in an 

arc plasma can be measured then from the relation 

I 
D = ••• (4.1) 

the diffusion coefficient De could be evaluated 

provided that other quantities such as the 

average electron density and ~ e the mobility 

coefficient are obtained from an independent obser

vation. Hence in the present investigation it is 

proposed to ·measure the diffusion current in ari arc 
: .... 

plasma for a range of arc cufrent and also at diffe

rent pressures so as to evaJ. ua te'.~ the diffusion co

efficient of electrons in an arc plasma and study its 

variation with increasing arc current and pressure. 

4.2. Exp erim en tal set up 

The method of measurement of diffusion 

voltage in an arc p~asma has b~en discussed in detail 

in chapter (III). A mercury arc with internal radius 

1 .. 1 em'· was used for measurement of diffusion vel tage 

and diffusion current. Separation between the two 
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mercury pool electrodes was 41 em. Two identical cylin

drical pro be s of 1 engthO .8 em. and diameter .01 em are 

placed parallel to one another one aJ..ong the axis and 

the other at a di8tance of0.6 em. from the axis. The 

output voltage between the two probes which is the 

diffusion voltage is measured with a VTVM having an 

internal impedance of 10 M.sl • A milliammeter connec-

ted between the two probes measures the diffusion 

current. Results are reported for arc current varying 

from 2 to 5 amp. and for three pressures na~ely0.075 

0.1 and 0.13 torr. 

4G3. Results and discussion 

The variation of diffusion voltage and 
'·' 

diffusion current in,the mercury arc 'plasma against 

the variation of arc current from 2 A to 5 A has been 

plotted for a background air pressure of0.075 torr in 

fig. (4.1) for 0.1 torr in fig. (4.2) and for a pre

ssure of 0.13 torr in fig. (4.3). It is evident that 

the variation of a diffusion voltage is the same as 

observed earlier (Chapter III), but the diffusion 

current increases slowly for small arc current but 

shows an almost exponential rise with the further 

increase of arc current. The nature of variatio~ of 
> 
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diffusion current with arc current is of similar nature 

for all the three pressures. The current which is mea-

sured is due to both drift and diffuEion and the current 

density can be written as 

I = 0 
D one 

- e e or ·-· (4·2) 

where is the average electron den8ity and ~ 
c 

the collision frequency. In case of an arc plasma 

it has been postulated by Ghosal, Nandi and Sen (1978) 

that 

r 
R 

where n is a factor which depends upon arc current 

(Chapter III). 

Hence 

I = 0 m ~c 

The values of 

.•. (4.3) 

for different arc currents have 

been obtained in chapter (III) for all the three pre-

ssures by independent probe measurements, E as the 

diffusion voltage drop per ern~ which has been evaluated 
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from the measured diffusion voltage drop and ~c for 

mercury vapour for the three pressures have been cal-

cul at ed from the relation I "\ where .lle 

the values of Ae the mean free path have been 

obtained in chapter (III) and the value of the 

random velocity has been collected from McDaniel 

(1964). Regarding the values of n it ·is to be noted 

that some values of n were obtained by Ghosal,Nandi 

and Sen (1978) but a measurement of n for a wider 

range of current has.been recently carried out in 

thi B l a.bora tory and the variation in the value of n 

with arc current has been plotted in fig. (3.1,3.2, 

3 • 3 ) chap t e r ( I I I ) • Thus the val u e s o f ' 
E, 

and n are en t ere d in T a bl e ( 4 • 1 ) , ( 4 • 2 ) , 

for three different pressures. ·The correspon-

ding values of De are entered in the last column 

in each t a bl e . 

From the tabulated results, it is observed 

that the diffusion coefficient of electrons in mer

cury vapour in an arc varies from 673 cm 21sec to 

·1717 cm 2/sec. at a pressure of0.075 torr, from 512 

· ern 2 Is e c. to 2 50 0 em 2 I s e c, for a pressure of 0 • 1 torr 

and f;orn 395 cm 21sec to 1765 cm 21sec at a pressure 

of0.13 torr for arc current varying from 2 to 4.5 amps. 

i.n each case. we have not come across any experimental 
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Table 4.1 • 

P = 0.075 torr 

I I 

, Diffu- 1Diffu- 1 VaJ.. ue 1 ~c 

sion 1 Sion 1 of n 1 

, e , x 

n D X e 

rent , current vol- 1 x ,10-9 
' tage 2 -1 

1 em sec in 

Amp. 

2P0 

2.5 

3oO 

4.0 

4.5 

I in. mA ' 1 o-12 ' 
' drop/' 

em. ' -----

0.,14 0.83 1. 2476 1 • 65 0. 79 49 0.0673'9 

0.17 0.783 1. 4297 1. 7149 0.7769 0.070305 

0.22 0.73 1.8167 6.38 1.7446 0.7688 0.071125 

0.60 0.863 2.5962 1.9667 0.7108 0.13023 

1.02 1.1167 3.2832 2.105.9 0.6767 0.1717 

values for electron diffusion in mercury vapour in 

literature and conRequently the accuracy of the results 

obtained by this method coUld not be verified. However, 

it is noted that the diffusion coefficient of mercury 

as obtained in this investigation is approximately one 

order of magnitude smaller than the corresponding 

values for hydrogen and nitrogen as reported by Crompton 
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I 

cur-, 
rent r 

in 1 

Amp. , 

---

2~)o 

2.5 

3oO 

4.0 

4.5 

170 

Table 4.2 

P = 0.1 torr. 

' ' I 

Diffu- 1 :Di ffu- 1 Value of 1 n 
~c D X 

ssion I sion I I 

r 2 n-1 1 
e 

I I ne X 
1o-9 : currentvol tage 1 

I X I (1-- ) 1 o- 4 R'2 I 
r ' in rnA. 1 drop/ I 1 o-12 2 -1 em sec 

em. 

--- --- ---- -

0 .• i 2 0~76'33 1 e 4068 1. 65 0. 79 49 0.05123 

0.16 0.73 1o5721 8.814 1. 7149 0.7769 0. 0601 

0,.20 0 .. 725 1,.8686 1. 7 446 0.7688 0.06286 

0.72 0.927 2. 6 451 1 • 9~:51 0.7108 0.1534 

1 B 50 1 .167 3.3164 2. 1 059 0.6767 0.25000 

and Sutton (1952). From the theory which assumes that 

collision is the main factor responsible for diffusion 

it can be deduced that the diffusion coefficient of 

electrons De in an ionised gas is given by 

D e == 1/3 71 v .-
' e e where )..e is the mean free path of 

electron and ve is the random velocity of electrons 

in the 

v e 

gas. In general it may be assumed that 
8 . 

= 10 em/sec and .i\e is of the order of 



Arc I 

I 

curr-; 

ent i 

in 
' Amps, 

..,,_ ~.-, -

2 .. 0 

2o5 

) .. 0 

4.0 

171 

Table 4.'3 

P = 0. 1 '3 torr. 

Diffu~ Diffu- Value n 
~c 

D 
ssion 1 sion I of ne ' r2 

e X 
I 

t 

x1o-9 ,(,-- )n-1 
1 o- 4 curr- 'voltage R'2. 

x1o- 12 I l 

ent in 2 -1 drop/ 
I em sec 

rnA ern. 

---- --- --- ~ 

0.10 0. 7 433 1.5173 1 • 65 0. 7949 0.03958 

0.14 0 .. 7083 1.7106 1.7149 0.7769 0.04839 

0.18 0.6833 2.0271 10.286 1. 7 446 0.7688 0.05215 

Oo86 0.95 2.7444 1.9667 0.7108 0.17658 

") 

10-~ em, so that De comes out to be of the order of 

106 cm 2 sec-1 , but actually electrons in their motion 

through the gases induce dipoles and as a result the 

effective mean free path is reduced due to polariza

tion, consequentiy the actual diffusion coefficient is 

reduced by at least one order of magnitude or may be 

more. The order of magnitude for the diffusion coeffi-

cient for the electrons in mercury vapour thus seems 

to be of the right order of magnitude. Further ttie mean 
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free path of electrons in an ionised gas depends upon 

the energy of the electrons according to Townsend, 

Ramsauer effect and hence will depend upon the arc 

current which is a function of the velocity and so of 

the energy of the electrons. Consequently the diffu-

sian coefficient of the electrons will be a function 

of the arc current as is observed in the present 

investigation and also observed by Crompton and 

Sutton (1952) for increasing values of (E/P). Fur-

ther it is observed from the present experimental 

re ~ul t s that· the diffusion co effi ci en t de creases with 

the increase of pressure which is co~sistent with the 

theoretical expression that diffusion coefficient is 

directly propor·tional to mean free .. :_path. It is further 

noted that the diffusion coefficient increases with 

the increase of arc current for the three pre8sures 

investigated here which may be due to the fact with 

the increase of arc current, temperature of the 

mercury vapour increases as has been measured by 

Sadhya and Sen ( 1980) and as v e is proportional 

to T112 for the same .pressure De should increase 

with the increase of temperature and hence with arc 

current. 
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In an earlier paper by Sadhya and Sen (1980) 

the detailed physical processes occuring in an arc 

plasma have been investigated and a model has been 

developed in which air plays the role of a quenching 

gas and it has been found that in this type of dis-

charge both atomic and molecular ions of mercury are 

present but the number of free electrons·is much 

greater than tho.se of atomic and molecular ions 

and so it can be assumed that the diffusion coeffi-

cient measured here represents diffusion by electrons 

mainlyo A mass spectrometric analysis woULd have 

provided the relative number of atomic and molecular 

ions present. Further the physical processes occur-
I 

ing in an arc plasma are different ·from those 

occuring in a glow discharge and no consistent 

theory has been developed regarding diffusion 

process in an arc plasma. It is expected that the 

values obtained here for electron diffusion in the 

mercury vapour may be useful. in developing a theory 

for diffusion process in an arc discharge. 



174 

References: 

1. Crompton, R.W. and Sutton, D.J., Proc. Roy. 

Soc~ A. 215,467, (1952). 

2. Ghosal, S.K., Nandi, G.P. and· Sen, S.N. 

International Jour. Electronics, 44, 409 

(1978). 

3. HuXley, L.G.M. and Zaazou, A .. A., Proc. Roy. 
' 

Soc. A. 196, 402 (1949). 

4., Nielson, R.A., Phys. Rev. 50,950, (1936). 

5. Sen, S.N., Gantait, M. and Acharyya, C., Ind. 

Jour. Pure & Appl. Phys.~<~t~-'t2.0~ (r.q:OC)) 

& ~h~O-d~.~ 
6. Sen, S.N., Acharyya, C.~ Gantait, M • .t Inter!:!ational 

Jour. Electronics, (1989) (To ;l;>e Published). 

7. Sadhya, S.K. and Sen, S.N., International Jour. 

Electronics, 49, 235 ( 1980). 



175 

CHAPTER V 

MEASUREMENT OF ELECTRON ATOM COLLISION FREQUENCY IN AN 

ARC P.LASMA BY RADIOFREQUENCY COIL PROBE IN CONJUNCTION 

WITH A LONGITUDINAL MAGNETIC FIELD. 

5o19 Introduction 

Gho sal, Nandi and Sen·. ( 1976,- 1978) utili zed 

the coil probe.diagnostic technique for the measurement· 

of azimuthal conductivity and its radial distribution. 

Experiments were performed for low pressure arc discharge 

where. the change of coil impedance due to the in~ertion 

of plasma medium was only resistive and the measurements 

were in sensitive to small change of coil reactance. For 

glow dif::charges where the conductivrty is comparatively 

low both the resistive and reactive parts ~f the change 

of the coil impedance is significant and by _measuring 

those two coil impedance parameters, seve~al authors, 

viz. Basu and Maiti (1973); Basu and Hci~e (1977); 

Tanaca and Hogi ( 1964) were able to det.ermine the 

plasma conductivity as well as the electron - atom 

collision frequency in the plasma. It has been. noted 

however, that for determining collision frequencies 

for an a.rc plasma the coil probe alone is inadequate. 
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Howeverj it is conjectured that if a small steady 

longitudinal magnetic field is used in conjunction with 

the coil probe, the expected tensorial behaviour of 

plasma conductivity might be utilized to measure the 

collision frequency. In our laboratory a number of 

experiments were performed by Gupta and Mandal (1967), 

Sen and Gupta ( 1969), sen ~nd Jana (1978) on the radio 

frequency conductivity of a transversely magnetized 

plasma by a capacitor probe method. They were able to 

determine momentum transfer colliAion frequency/cro~s

section for electrons and also other parameters. In the 

capacitor probe method the plasma is inserted within a 

parallel plate condenser which forms a part of the. 

tank circuit, which is inductively excited by a r.f. 

oscillator. The plasma acts thereby',;~as a lossy dielect-
~·-

ric within the parallel platE;~ capacitor. Th_e parameters 

were determined from the measurements of real. and imagi-

nary parts of the impedance of the glow discharge plasma. 
···t-

in a number of gases. But all those measurements suffe-

red from the disadvantage that the radial distribution 

of electron density could not be taken into account 

and all those mea·suremen_ts were some kind of gross 

average of the plasma parameters over the dimension of 

the capacitors. 
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Actually the purpo E'e of the present study 

is to explore the tensorial behaviour of pla~rna con

d.uctivi ty in an arc_ plasma in presence of magnetic 

field and hence from the measured impedance para

meters both in presence and in absence of ma~netic 

f:i.eld, the el-ectron-atom collision frequency can be 

determined. The relevant theory has been developed 

taking the effect of radial distribution· of cond uc-

tivity into account. 

5 .. 2. Theor~-

If the plasma iE embedred in a static 

magnetic field,the relation between current density 

- --+-J and electric field E cannot· be expressed in 
r .. ~. 

terms of a scalar conductivity as 

... t 5"., ) 

where (]0 is the isotropic scalar conductivity which 

has no directional property.· We talked about azimuthal· 

and axial electrical average· conductivities, where 

directional property had been attributed, which was 

due to the radial non-uniformity of plar;;ma density. The 

situation is expected to be quite different if the 
' plasma is assumed to be·embedilecl in a static mag::J.etic· 
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field. The relation between current density 7 and 
~ 

electric field E in this case cannot be expressed in 

terms of a scalar conductivity as in eqn. (5.1). Either 

by solvj.ng the fluid equations given by Uman (1964) or 

by solving the transport equation and using small per-

turbation approximation given.by Krall and Trivelpiece 

( 1973) it can be shown that for a uniform axial steady. 

magnetic field, along Z direct.ion eqn, (5.1) is to 

be replaced by, 

Jx a; ~ 0 Ex 

Jy ...... ()2 a; 0 Ey ... (5.2.) 

Jz 0 0 ()3 Ez 

'· 

where , ()2. and are the components of 

the conductivity ten~or in cartesian coordinate system. 

For radiofrequency electric fiexdA where the 

radiofrequency is much smaller than electron atom colli

sion frequency and in presence of a superimposed mag-

netic field the quantities 
' are 

given by 

~ce 
(5·3) 

~ce c. + t0 e B 2. 
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••• (5.4) 

~ce 2 + CJes 2. 

e'2. n e 

me ~c 
••• (5.5) 

where the ionic contribution to conductiv1ty h~s been 

neglected and ~ce and ().)ea are the electron 

atom colli~ion frequency and electron cyClotron fre

quency re~pectively. 

For the sake of cylindrical symmetry of the 

present experimental arrangement the conductivity 

tensor defined by e qn. (5.2) may be transformed into 

cyl ind ri cal coordinate system ( r , ~ , z ) for con-
(r· 

veni ence to yield, ,, 

Jr r u2 0 
R 

E 

Jcp ru
2 

rzu: 
1 0 Ecp 

... ( 5· 6) 

Jz 0 0 ()3 Ez 

where it is assumed that the magnetic field is app

lied in the z-direction and where the subscript~ and 

superscripts (R, ~ , Z) differentiate the covariant 
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and contravarient components of the relevant vectors 

respectively; eqn. (5.6) may be rewritten in terms of 

the radial, azimuthal and axial components of the 

~:mr:rent d.enRi ty and electric field vectors as 

(f1 ru2 0 Er 

rCJ2. r '2G: 0 . ·Ecp/ r ( 5. 7) 1 ... 

Jz 0 0 ()3 Ez 

If now it is assumed that the electric field is purely 

azimuthal i.e. Er = Ez = 0, the azimuthal component 

of current density may be obtained from eqn.(5.7) as 

J<P = CJ, E <p ••• (5.8) 

Eqn. ( 5.8) clearly· defines the azimuthal cond ucti vi ty 

which is equal to which in presence of- magnetic 

field is different from the axial cond ucti vi ty Uz 

defined by 

••• (5.9) 

It may be noted here from eqn. (5.3) and (5.5) that the 

relation be tween the azimuthal and axial cond ucti vi ty 

may be written as 

••• (5.10) 
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5.2.1. Working formulae:-

The two expressions as given by Ghosal, 

Nandi and Sen ( 1978) are reproduced here: 

o(- 1 

and 

CJ ( r) = <To [ 1 - ( ~ ) 2 J n 
••• (5.11) 

where o< denotes the ratio of the radiofrec;_uency 

current without and with the plasma, R radiofrequency 
0 

resistance of t~e coil and K is the constant depend

ing upon the number of the turnsof th_B primary coil. 

Theyintroduced a term 'a' defined to be the 

construction parameters and is given by 

a= 

SO
R 

ru(r)dr 

E 
-1 (o<-1) 

f2 K'2 t 

s:r3t(r)dr 

~=· rf(r)dr 

... (5·1'2) 
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where I denotes the arc current, E the axial vol-

tage drop per unit ·length, L the length of the coil 

and f measures the frequency of the r.f. field. 

But in presence of magnetic field in the 

Z-direction, the identity (eqn. (5.12)) is not valid. 

This is evident because 

G"o([> s: r 3 f 8 (r) dr 

U02 s: rf 8 (r)dr 

••• (5.1:3) 

where <foq> and CJoz are the on-axis azimuthal 

and axial conductivities respectively, f 8 (r) 

repreEent s the relevant di stri butic·n function in 

presence of magnetic field. If we write, 

... (5·14) 

a 8 may till be said to be the constriction parameters 

in presence of magnetic field since it is only depen-

dent on the form of the conductivity distribution 

function f 6 ( r ) 

we get 

• Thus in analogy with eqn. (5.12) 
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where the s.U.ff ix B indicates the co.rresponding quan-

tities in presence of magnetic field. 

Writing 

E 
~ (o< -1) - as 

B 8 

E I 

-(o<-1) - d 
I 

We get from eqn. (5.15) and (5.16) 

and from (5o12) and (5.17). 

I 

a =a 

So from eqns. (5.18) and (5.19) 

Cloq> •. oa 
= 

<foz 0 

a t a. 
a' 

I ••• (. 5.16) 

••• ( 5.17) 

••• (5.18) 

••• (5.19) 

• •• (5.20) 

If it is now aesumed that for· small magnetic fields 

which will be used here the confining effect is neg

ligible that is the radial distribution function 

remains the same in presence and in absence of magnetic 

field. i o eo 

we get 

I 
Og 
a' ••• (5.21) 
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The quantities and a' may be experimentally 

determined and their ratio if found different from 

tm.i.ty will indicate the tensorial behaviour of con

ductivity in the magnetic field, from eqn. (5.10) and 

(5.21) we then get 

~ce 
I..Vea 

1 · 76 X 1 0 
7 

)(. 8 

I 1/ 
[ ~. - 1 ] /2. 

a' a ••• (5.22) 

where B is expressed in gauss. 

5.3. Experimental arrangement:-

A schematic diagram for experimental arrange-

ment has been described in chapter II of article 2.10. 

A mercury arc has been utilised, the arc tube of which 

is cylindrical (length 10.8 em and diam~ter 1 •. 83 em) 

and is energised by a stabilised d.c. source with a 

rheostat to control the current which is measured by 

an ammeter. The mercury arc is cooled by the external 

circulation of air. The pressure inside the arc tube 

at desired value is maintained by a variable microleak 

of a needle valve fitted to the pump line of the dis

charge tube. The mercury arc is placed between the pole 
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pieces of an electromagnet energized by a stabilised 

d.c. source. The lines of force are parallel to the 

dt:x:ection of the flow of arc current (frequency = 

3.69 Mc/s). 

The oscillator coil was placed near the working 

coil and the induced radiofrequency voltage was t·uned 

-vvi th a variable condenser. The tuned current was mea

sured with a radiofrequency rnilliamrneter·and a magnetic 

field was then superimposed adjusting the rheostat to 

make the arc current the same as without magnetic field, 

tuned current was recorded again. Simultaneously probe 

to probe voltage with and without magnetic field was 

measured with a high impedance voltmeter. The whole 

sequence of measurement of tuned radiofrequency current 

and probe to probe voltage were performed at different 

magnetic fields viz. 100G, 150G, 230G, 280G,' 345G 

discretely to study the above parameters at_ the same 

arc conditions. Each set of observation was taken at 

three different pressures namely 0.052--torr, 0.075 torr 

and 0.17 torr. 

'l1 ube specification and associated data: 

Electrode to electrode separation of the arc tube 

- 10.82 ern .Outer diameter of the tube= 1.83 ern. Inner 

diameter of the tube= 1.56 em. 
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Coil 1 ength = 4. 5 em. 

Wire diameter= 0.1 em. 

Probe to probe separation = ·4.6 em. 

Number of turns = 41 

Inductance of the coil = 8.5 MH 

Mutual inductance = 0.2073 Henry 

JR.e sul ts and discussion:-

The tunned coil probe current i
0 

without 

the arc being excited and the current i when the 

arc is excited were taken for different arc current 
I 

2.0 A, 2.5 A, and 3.0 A for three different pressures 

0~052 torr, 0.075 torr and 0.17 torr. The values of 

(oZ - 1) where o(= thus obtained have 

been platted against arc current for three differrent 

pressures in Fig. 5.1. The probe to probe ~hltage for 

three different arc currents for three different-pr~-

ssures have been measured and the values of E and 
~-

= E/I ( o( - 1) for zero magnetic field have been 

entered in table 5.1. The corresponding quantities 

o(B have been measured in presence of diffe-

rent magnetic fields 100G, 150G, 230G, 280G and 345G 

for arc current 2A and 100G, 150G, 230G, 280G, 345 G 

and 400G in case of arc 

oox·rasponding values of 

currents 2.5 A and 

' E:a a 8 = - (o( -1 ) 
1 e 8 

3. OA. The 
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have been calculated. In table ·5.1 all the above values 

are entered. It has been noted.that there is a slight 

fall in the main arc current when the magnetic field 

1:2 increased. The value of the exciting voltage of the 

arc has been slightly adjusted to restore the current 

to its original value. The val. ues of "a'j a'8 -1 

have been entered in table 5.1. Th~ values of ( o{
8

- 1) 

have been plotted against the corresponding values of 

magnetic field for three arc currents at three diffe

rent pressures in figures 5.2, 5.3 and 5.4. The values 

of I a' I a's -1 have been plotted against the 

corresponding values of magpetic field for three arc 

currents for pre~sure 0.052 torr, 0.075 torr and 0.17 

torr in figures 5.5, 5.6 and 5.7 respectively. As may 
~:--·, 

be observed they are found to be str~.igh t lines passing 

through the origin. The ·proportionality between Va'Ja'
8
-1. 

and B confirms the theoretical assumption- made 

earlier •. Thus assuming the validity of the equation 

·~ce = 
yo'/ a'6 - 1 

. 7 
1 · 76 X 10 X B 

the values of momentum·trarisfer e~ectron atom collision 

frequency for thr~e differerit discharge curr~nts and 

three different pressures have.been obtained and the 

results are entered in table 5.1. 
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The results for momentum transfer electron atom 

collision frequencies are consistent with those obtained 

by microwave transmission method in this laboratory and 

Bl.so with.literature values. It is evident from the 

resuLts that collision frequency increases with the 

tncreast{of pressure for each value of current which is 

quite natural. The increase of collision frequency with 

the increase of arc current as may be observed from the 

table is evident since as the current increases the 

mercury gets more and more heated and the vapour pre

ssure increases and consequently increases the collision 

frequency. But the current is not the only factor which 

determines the vapour pressure of mercury. Actual mer

cury temperature is dependent on many factors viz. the 

~oltage across the arc, voltage acr~ss the positive 

column, ambient temperature and over'. and above the 

cooling arr.Rngement. For this reason we have not tried 

to correlate moment urn transfer calli sian frequen cv ~ 
v ~ce 

with arc current. 

lt is to be noted that though the axial mag

netic field has been incr.eased upto 345 gauss the value 

of momentum transfer collision frequency is the same 

for val u e s of d i f.f e rent m agn e ti c .f i el clS investigated 

for a particular arc current. In this theory the mag

netic fteld has been used as a probeo If higher mag

netic fields are used the simple theory pastulated 
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will breakdown. Further the analysis of the results 

shows that the assumption that the radial conductivity 

distribution is not much changed specially for small 

values of magnetic field used here from the distri

bution without field is justified. It can be conclu

ded that though the procedure of measurement is 

rather elaborate it enables us to measure not only 

the electron atom collision frequency for momentum 

transfer accurately but its variation with arc current 

and mercury vapour pressure can also be investigated. 
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Measurement of the eledron-atom collision frequency in an arc plasma 
by a radiofrequency coil probe in conjunction with a longitudinal 
magnetic field 

S. N. SENt, C. ACHARYYAt, M. GRANTOITt, 
S. K. GHOSAL t. G. P. NAND It 
and B. BHATT ACHARJEEt 

The theory developed by Ghosal, Nandi and Sen (1976, 1978) regarding the radial 
distribution of conductivity of an arc plasma has been modiiicd to allow for the 
tensorial behaviour of the plasma when the arc is placed in a longitudinal mag
netic field. A working formula has been developed to measure the electron-atom 
collision frequency where the magnetic field has been used as a probe. This paper 
reports the results of measurement in an arc plasma (arc current 2, 2· 5 and 3 A) 
and pressure (0·052, 0·075, 0·17 Torr). The values of electron-atom collision fre
quencies (v •• ) obtained are consistent with standard literature values and the 
method can be re&arded as an alt~rnative one for determining v ••. 

1. Introduction 

A considerable number of investigations of low-pressure positive· columns in arc 
and glow discharges have been made in our laboratory, using coil probe and other 
techniques, aimed at measuring, amongst other things, the azimuthal conductivity 
and its radial distribution and the electron-atom collision frequency(\' •• ) (Ghosal et 
al. 1976 1978, Sen and Jana 1978). All have suffered from the disadvantage that the 
radial distribution of electron density could not be taken into account, so that mea
surements represented some kind of gross average. However, it was conjectured that 
if a small steady longitudinal magnetic field were used in conjunction with the coil 
probe, then the expected tensorial behaviour of plasma conductivity might be used 
to explore the values of vee. 

The purpos~ of the present study has been to explore the tensorial behaviour of 
plasma conductivity in the presence of a longitudinal magnetic field, and hence from 
the measured impedance parameters, in the presence and absence of the magnetic 
field, to determine v ••. The relevant theory has been developed, taking the effect of 
the radial distribution of conductivity into account. 

2. Theoretical considerations 
If a steady magnetic field B is applied along the Z axis of a cylindrical plasma 

column (radius R) and the ion contribution to the conductivity is neglected, the 
· current density J and the electric field E will be given by the tensor 

[J,] [ u 1 
ru

2 
0 ][£'] lq, = -ru2 r 2 u 1 0 Eq, 

Jz 0 0 0'3 £: 
(1) 
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where 

S. N. Sen et a!. 

e2ne vee 
CT1 = -- 2 2 

me Vee + WeB 

e2nc WeB 
CT2 = -- 2 2 

me ·vee + WeB 

e2 n. 
CT3 = -

m0 v. 

(2) 

and. vee and weB are the electron...:.atom collision frequency and electron cyclotron 
frequency, respectively. It is assumed that the frequency of the applied radio-· 
frequency field is ~ v •• and when there is no magnetic field w.8 = 0. . 

The azimuthal conductivity CTq, aand the axial conductivity a. are different, but it 
may be noted that · 

3. Working formulae 

Ghosal et al. (1978) introduced a quantity defined by 

. w2 K2[lR 
ex - 1 = --- r2 cr(r) dr 

2nR0 0 

with 

(3) 

(4) 

(5) 

where ex denotes the ratio of the radiofrequency current without and with the 
plasma, R 0 the radiofrequency resistance of the coil and K is a constant depending 
upon the number of turns of the primary coil. · 

They also introduced a term a (the constriction parameter) defined by 

r~~~h r~Ywh Jo E Ro Jo a= =-(ex - 1) -- = =-c:-:::-- (6) 

l\cr(r) dr 
1 !

2 

K
2
l iR rf(r) dr 

where I denotes the arc current, E the axial voltage drop per unit length, l the length 
of the coil and f measures the frequency of the r .f. field. 

However, in the presence of a magnetic field in the Z direction, (6) is not valid. 
This is evident because 

f:r 3cr.p(r) dr _1Rr3 cr0.p/Jr) dr _ cr0 4> 1Rr3
/ 8 (r) dr 

rR TCT.(r) dr - ~R TCToJJr) dr - CTo: ~R rfB(r) dr 
Jo Jo Jo . 

(7) 

where a0 q, and a 0= are the on-axis azimuthal and axial conductivities, respectively, 
andf8 (r) represents the relevant distribution function in the presence of the magnetic 
field. · · 
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If we write 

1Rr3fn(~) dr 

iR rfn(r) dr =an 
(8) 

then an may be said to be the constriction parameter in the presence of the magnetic 
field since it is' only dependent on the form of the conductivity distribution function 
fn(r). Thus, by analogy with (6), we get 

(9) 

where the suffix B indicates the corresponding quantities in the presence of the. 
magnetic field. 

Writing 

we get;from (9) and (10), · 

and, from (6) and (11), 

So, from (12) and (13), 

, Ro 
a=a j2K21 

~an= a~ 
aor a a' 

(10) 

(11) 

(12) 

(13) 

-(14) 

If it is now assumed that, for the rc;:latively small magnetic fields which will be used 
here, the confining effect is negligible, that is, the radial distribution function 
remains the same in the presence and absence of magnetic field (i.e. a8 = a), then we 
get 

~-=a8 
a0 , a' 

(15) 

The quantities a8 and a' may be experimentally determined and their ratio will 
indicate the tensorial behaviour of the conductivity in the magnetic field. From (3) 
and ( 15), we then get 

w.n 1·76 x 107 B 

Vee= (~ _ t)l/2 = (~ _ t)l/2 
· a~ a~ 

(16) 

where B is expressed in gauss. 



'o ~- . -

000 ·s. N. Sen et al. 

Rheostat D.C. source Ammeter 

Figure l. Schematic experimental arrangement for study of arc plasma characteristics in 
presence of a longitudinal magnetic field. Electrode separation = 10·82 em. Outer dia-
meter of the arc tube= 1·83 em. lnner diamett:r = 1·56cm. Coil length= 4·5cm. Wire 
diameter= O·lcm. Probe-to-probe separation= 4·6cm. Number- of turns= 41. 
Inductance of the coil = 8·5 mH. Mutual inductance= 0·2073 ,uH. 

~ 4. Expe_rimental arrangement -

A schematic diagram of the experimental arrangement is shown in Figure 1. It 
has been described in detail by Ghosal et al. (1976). A mercury arc has been used, 
the arc tube of which is cylindrical (length 10·8 em and diameter 1·83 em) and is 
energized by a stabil~ed d.c. source with a rheostat' to control the current,· which is · 
measured by an ammeter. The m_ercury arc is cooled by the external circulation of 
air. The pressure inside the arc tube is maintained at the desired value by a variable 
microleak needle valve fitted to the pump line of the discharge tube. The mercury 
arc is placed between the pole pieces of an electromagnet energized by a stabilized 
d.c. source. The lines of force are parallel to the direction of the flow of arc current. · 

The oscillator coil was placed near the working coil and the induced radio
frequency voltage was tuned with a variable condenser. The tuned current was mea
sured with a radiofrequency milliammeter and a magnetic field was then 
superimposed. Adjusting the rheostat to make the arc current the same as without 
the magnetic_ field, the tuned current was recorded again. The probe-to-probe 
voltage with and without magnetic field was measured simultaneously, by a high
impedimce voltmeter. The whole sequence of measurement of tuned radiofrequency 

·current and probe-to-probe voltage was performed at different magnetic fields 
(lOOG, 150G, 230G, 280G and 345G), to study the above parameters under the. 
same arc conditions. Each· set of observations was taken at three different pressures, 
namely 0·052, 0·075 and 0·17 Torr. 

5. Results and discussion 

Measurements ofi0 , the tuned coil probe current without the arc being excited, 
and i, the current when the arc is excited without a magnetic field, were taken for 

• 
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Figure 2. Variation of (rx- 1) with arc current for three. diflcrent pressures: P -= 0·052 Torr 
(0); P = 0·075Torr (.6.); and P = 0·17Torr (0). 

different arc currents (2·0, 2·5 and 3·0 A) for three _different pressures (0:052, 0·075 
and 0·17Torr). The values of(cx- 1), where IX= i/io thus obtained have been plotted 
againsf arc current for three different pressures in Fig. 2. The probe-to-probe volt
ages for three different arc currents for three different pressures have been measured 
and the values of E and a= (E/IXcx ~ 1) for zero magnetic field are given in the 
Table. The corresponding quantities, EB and ctB in the presence_ of different magnetic 
fields, 100G, 150G, 230G, 280G and 345G in the case of arc current 2A, and 
100G, 150G, 230G, 280G, 345G and 4}0G for arc currents of 2·5 and 3A) have 
been measured, and the details have been entered in the Table in columns 2, 3, ·7, 8, 

· · 12 and 13, for three different pressures. The corresponding values of a~ = (E8 /l 8 Xrx 8 

- 1) have been entered in the Table in columns 4, 9, arid 14. The values of [(a'/a~)' 
- 1] 1

'
2 are given in the Table (columns 5, 10 and 15). The values of (cx8 - 1) are 

plotted against the corresponding values of magnetic field for the three arc currents 
at different pressures in Figs. 3, 4 and 5. The values of [(a'/a~)- 1] 112 have been 
plotted against the corresponding values of magnetic field for three arc currents for 
pressures 0·052, 0·075 and 0·017 Torr in Figs. 6, 7 and 8. As may be observed, they 
are found to be straight lines passing through the origin. The proportionality 
between [(a'/a~)- 1] 112 and B confirms the validity of the assumptions made in 
deriving (16) and allows it to be used with some confidence to determine vee; the 
values of this parameter for three different discharge currents and three different 
pressures are given in the Table, in columns 6, 11 and 16. 

The results for v~c are consistent with those obtained by the microwave transmis
sion method in our laboratory and also with literature values. From the results 
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· P=·0·052Torr P = 0·075Torr P = 0·17Torr 

Magnetic Es [(a' fa~) Es [(a' fa~) EB [(a'/~~) 

field(G) (Vcm- 1) (IX~ -J) a' -1]112 l'c:c (Vcm- 1) (IX~'- 1) a' - 1].1/2 v" (Vcm- 1) (IX~-1) a~ - 1]112 v" .B B .. 
0 D-587 0·5385 . 0·1580 

0-3}0 
5-969 0·6097 0·3857 0·1174 6·714 0·620 0·350 0·1080 7·612 

100 0·565 0·500 0·1413 X 109 0·587 0·3466 0·1076 0·265 X 109 0·609 0·335 0·1020 0·235 X l09 

2A 150 0·554. 0·470. 0·1303. 0·445 0·576 0·340 0·0979 0·395 ~ .0·5~8 0·320 0·0'957 0·350 
230 0·511 0-425 0·1086 ,0·675 . 0·533 0·325 0·0865 0·600 0:565 0·300 0·0848 0·530 
280 0·489 0·385 0·0941 0·820 0·511 0·300 0·0766 0·730 0·544 0·285 0·0775 0·640 
345 0·457 0·345 0·0788 1·010 0·489 0·280 0·0685 0·905 0·522 0·260 0·0679 . 0·790 

~ 
0 0·5174 0·655 . 0·1356 7·22 . 0·522 0·5076 0·1060 .. 8·042 0·543 0·400 0·087 9·36 

~ 
100 0·500 0·623: 0·1246 0·2450 ·. X 109 0·517 0-4848 0·1003 0·220 X 109 0·533 0·390 0·83 0·195 X 109 

150 0·489 0·5968 ·. 0·1168 0·3650 0·500 0-4706 0·0941 0·330 0·522 0·380 0·0793 0·285 ~ 

"' 
2·5A 230 0·457 . ·o-5429 0·0991 0·5600. 0·467 0·4478 0·0837 0·505 0·496 0·370 0·733 0·430 

::I 
('> 

280 0-435 0·5286 0·0919 0·6850 0·457 0·4242 0·0775 0·610 0-478 0·360 0·0689 0·520 ... 
34,5 0·4015 0·5015 0·0807 0·8400 0-435 0·3944 0·0686 0·755 0·457 ·0·345 0·0630 0·640 ~ 
49D 0·391 0·4692. 0·0734 0·9700 0·413 0·3714 0·0614 0·870 0-435 0·333 _o~E72r, o-740 

0·7925 0·0919 9·308 0·446 0·590 oe877 10·98 0·500. 0·500 . ' 
0 0·348 0·0833 11· 79 

100 0·337. Q· 7857. . 0·0.882 0·1950 X 10~ 0·'439 0·5806 o-0 850 0·165 X 109 0-496 0-490 0·0810 0·150 X 109 

150 0·330 0·7650 0·0843 0·2850 0·430 0·5737 0·0823 0·240 0·489 0·480 0·0783 0·225 
3A 230 0·304 0·7544 . 0·0765 0·435 0·413 0·5555 0·0765 0·350 0·478 0·468 0·0747 0·345 

280 0·293 0·7250 0·0709 0·525 0·402 0·5385 0·0722 0-450 0-467 0-460 0·0717 0-410 

355 
0·283 . 0·6949 - 0·0655 0·645 .c.~-;· 0·380 0·5230 0·0682 0·550 0·457 0·440 0·0670 0·510 

4 0 0·272 0·6750 0·0612 0·745 0·380 0·5077 0·0644 0·640 0·435 0·438 0·0635 0·590 

Table of numerical results . 

•.. 
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Magnetic field _in gauss 

Figure 3.. Variation of (cx 11 - 1) with magnetic field at P = 0·052 Torr: arc current: 3 A (0); 
2·5 A (.6); and 2 A (0). 
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Magnetic field in ~cuss 

Figure 4. Variation of(cx11 - 1) with magnetic field at P = 0·075T~rr. Symbols as in Fig. 3. 
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0 300 400 
Magnelic field in gauss 

Figure 5. Variation of(cx8 - 1) with magnetic field P = 0·17TQrr. Symbols as in Fig. 3. 

0 100 400 
. ,• . .- Mog!1etic field, in gl9uss 

Figure 6. Variation of [(a'/a~)- 1] 112 with magnetic field at P = 0·052Torr. Symbols as in 
Fig. 3. 
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Figure 7. Variation of [(a'ja~) ~ 1]1' 2 with magnetic field at.P = 0·075Torr. Sy~bqls. as in 
Fig. 3. 

Figure 8. 

Magnetic field in gauss 

Variation of [(a'ja~)- 1r12 with magnetic field at P = 0·17Torr. Symbols as in 
Fig. 3 . 
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obtained, it is evident that v •• increases with the increase of pressure for each value 
. of current, which is quite natural. The increase of v •• with the increase of arc current 

could be due to the fact that as the current increases the mercury gets hotter. Other 
factors, however, .are involved, such as the voltage across the arc and positive 
column and tpe arrangement for C09ling. For this reason we· have not tried to cor
rel~te v •• with arc current. 

It is pahicularly noteworthy that although the axial magnetic field has been 
increased to 345G, the value of v ••. is nearly the same for a particular arc.current. 

. . . . This justifies our use _qf a magnetic field as a. probe. If still higqer fields were used, . 
·-' "thesimpl_e theory used would pre~umably break down' atacertain:'stage.'· .· .. ·.· .. 

We may conclude by saying that although the measurement procedure is rather 
elaborate it does enable us ·to measure not only the electron-atom collision· fre
quency. for momentum tra,nsfer with some accuracy, but also· its_ variation. with arc 
current and mercury vapour pressure. · . 
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CHAPTER VI-

EVAL DATION OF ELECTRON TEMPERATURE IN TRANSVERSE AND 

AXIAL MAGNETIC FIELD IN AN ARC P.LASMA BY.MEASUREMENT 

OF DIFFUSION VOLTAGE. 

6.1o Introduction:-

The investigation on the measurement of 

plasma parameters such as electron density, collision 

frequency of electrons with atoms and electron tempe-

rature and their variation with pressure, discharge 

current and externaJ. magnetic fields has been exten-

sively investigated by the standard plasma diagonostic 

techniques in case of glow discharge but the correspon
~r· 

ding data for arc plasma has been li~tle reported so 

far. But Sen and Das ( 1973), Gho saJ., Nandi 'and Sen 

( 1976), ( 1978) and ( 1979); Sadhya and Sen C1980), Sen, 

Ghosh and Ghosh (1983); Sen, Sadhya, Gantait and Jana 
·<· 

(1987); sen and Gantait (1987); "(1988), have investi-. 

gated systematically the properties of arc plasma for 

the last few years. The aim of their investigations is 

to develop a consistent theory for the occurance of 

arc plasma and to study the transition phase from glow 

discharge to arc plasma. Sen, Gantait and Acharyya 

(1988) have shown that the electron density and 
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electron temperature in an arc plasma can be measured by 

Langmuir single probe method. It is known that in the 

_po,sitive column of a glow discharge or in an arc plasma 

a radial electric field developes as a result of net 

charge separation due to different rates of diffusion 

of ions and electrons (~mbipolar diffusion). Taking the 

radial profile of charge distribution as Besselian, 

electron temperature in glow discharge in air (pre

ssure 1 torr). has been evaluated'by Sen, Ghosh and 

Ghosh (1983), from the measurement of diffusion vol

tage. They also measured the variation ·Of electron 

temperature in a magnetic field by placing the discharge 

tube in a t:ransverse magnetic field ranging from 0 to 

100G. The utilization of this method in case of arc 

plasma will be investigated in the present work taking ,, 
into account the radial distribution of charged particles 

in an arc plasma as has been provided by Gh9sal, Nandi 

and sen· ( 1978) .. Further the theoretical analysis carried 

out by Allis and Allen (1937), Tonks and Allis (1937) 

and HuXley (1937) show that .the behaviour of, the elect-

rons with regard to electron temperature, the radial 

distribution of electrons, the current voltage charac-

teristics and other properties will be different when 

the external magnetic field is transverse than when the 

field is axial .. The results obtained by Sen, and Das(1973) 
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i.ndica.te that the theoretical expression deduced by 

}3eckman ( 1948) and later on. simplified by Sen and 

Gupta ( 1971) regarding ·the' variation of electron den

si. t.Y and electron temperature in a transverse magnetic 

field in glow discharge is val'id in the case. of arc 

plasma as well. The voltage current characteristics 

as has been observed by Sen and Gantait (1988) undergo 

a similar chan!ge for both the alignments .of magnetic 
I 

field but the transverse magnetic field has a more do-

minant effect on the properties of arc plasma than 

that of an axial magnetic field. Hence in the present 

investigation it is proposed to evaluate the electron 

-temp era ture in an arc plasma by measuring the diffu

sion voltage and study its variation in both transverse 

and axiaJ. magnetic fields and proviq,e a theoreticaJ. 

analysis of the observed results. 

6.2. Experimental arrangement:-

In this investigation for ~~asurement of 

diffusion voltage in transverse magnetic field the arc 

tube of 41 em 'length, 26.5 em anode cathode spacing, 

2~2 em inner diameter and 2.5 em, outer diameter was 

used and in case of axial magnetic field the arc tube 

is of 9., 1 em 1 ength, 6 .2 em. anode cathode spacing, 

1386 em inner diameter and 2.16 em .. outer diam~ter. 
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Both the arc tubes are made of pyrex glass. The arc is 

excited between two mercury pool electrodes fitted with 

two tungsten wires for external electrical connection 

by a 250V d.c. source fro~ generator with a rheostat 

to control the current as recorded by an ammeter. The 

whole arc system is cooled by air coolers and two 

mercury electrodes by circulation of water. To maintain 

the pressure constant in the tube,· dry ai'r which acts 

as a buffer gas has been introduced by a variable mic

roleak of a needle valve fitted in the vacuum arrange-

ment. By a calibrated pirani gauge the pres~ure has 
-~ 

been calibrated. For measurement of parameters in 

transverse magnetic field the portion of the positive 

column of the arc has been placed between the pole 

pj_eces of an electromagnet while :f'or that ~n. longi-
.,. 

tudinal magnetic field the whole arc tube has been 

inserted between the two pol e p ± e c e s • 

The electromagnet has been run by a stabilized 

d ~c. power supply (Type EM20), and the magnetic field 

has been calibrated by a gaussmeter (Model G.:)~). After 

every sequence of measurement the electromagnet is 

suitably der:nagnetised. 
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6o2.1. Transverse magnetic field:-

For diffusion voltage measurement in trans

verse magnetic field two cylindrical probes (tungsten) 

of 0.8 em length and Oo014 em radius have been inser

ted parallel to one another one along the axis r = 0 

ana the other at a distance of 0.6 em from the axis 

in the same cross sectional plane of. the .tube. But 

these two probes in case of axial magnetic field are 

of 0.53 em. in length while other specifications are 

the same as in transverse magnetic field. In the above 

two cases the output voltage at th~ two probes has 

been measured by a VTVM having an internal impedance 

of 100M SL • A low pass filter circuit has been pro

vided at the output of the probes t~,prevent oscilla-
.,., 

ti,on generated in the arc from reaching the VTVM, which 

records the magnitude of the diffusion voltage. The 

diffusion voltage has been measured as a function of 

the magnetic field with arc current as--a parameter. 

Specifically for transverse rpagnetic field the diffu

sion voltage has been measured upto the magnetic field 

of 1000 gauss at three constant arc currents namely 

2 .. 5 A, 3.0 A and 3.5 A and in axial magnetic· field 

upto 1010 gauss at three fixed arc currents nam~ly 

3eOA, 4.0 A and 5.0 A. 
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Table 6.1 

I 

Magne-, Arc current = 

2.5 A 

Arc current = 

3.0 A 

Arc current = 
3.5 A tic 

field ,-- - - - - -1 - - - ...!. - - - , - - - -

, VRH(exp.) :vRH deduced; vRH~exp.) :vRHdeduced : vHH.cexp.),VRHdeduced 
.i.n K~G,· in ,from.eqn.(ll, m ,1romeQn.(1) m •fromeqn.(1) 

Volts m volts in ' volts in 
Volts volts volts 

0 .. 28 

o .. 45 

0.56 

0.68 

0.80 

0.90 

I .,00 

0.80 

1. 00 

1.'30 

1.50 

1.80 

2.20 

2 .. 50 

0.7075 

0.9568 

1.1807 

1. 4789 

1.8357 

2. 177 2 

2.5590 

0.65 

0~80 

1.,00 

1.20 

1.45 

1.80 

2.20 

6a3o Results and discussion 

In transverse magnetic field:-

0. 6091 

0.8134 

0.9963 

1.2413 

1.5337 

1.8137 

2~;~1265 
,. 

0.45 

0.60 

0.70 

o ... 9·o 

1 • 1 0 

1. 35 

1.65 

0.456.2 

0.6086 

0.7450 

0.9277 

1o1458 

1 • 3545 

1.5878 

The variation of di~fusion voltage,has been 

plotted in Fig. 6.1 for magnetic field varying from zero 

to 1~0 K.G. It is observed that the diffusion voltage 

i.ncreases with magnetic field for three fixed currents 

nameJ.,y- 2 .. 5 A, 3.0 A, and 3.5 A. The values of diffusion 

voltages are entered in table 6.1, for values of ma~netic 

field used in the experiment. From the nature of the curves 
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it can be assumed that an empirical relation of the 

form 

·where· VRH and \JR are the diffusion voltages 

with and without magnetic field and m' is a constant 

can represent the experimental results. we can esti

mate the value of m' by a sta:·:tis_ticaJ. method, which 

is shown for a current of 2.5 A. 

VR H ::;; VR [ 1 + m1 
H 

2 
) 

s = L [ vRH- vR- m' vR H '2] 2 

dS '[ 1 '2.] 2. drr{ =-2.c:_ VRH-VR-m VRH VRt-\ .:=0 

I , 

m = 

VR = 0.55 volts 

m' = 

VR ~ H4 

i=-1 

2 
VRH H = 6.8005 

z.H4 
6.8005- 1.928 

1.3338 

= 2.425 

= 3.652C. 
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The values of m' for arc currents of 3.0 A and 3.5 A 

can be estimated as follows: 

For 3.0 A arc current 

V R = 0 • 48 v ol t s 

~ V RH H 2.. = 5 • 6 7 61 and 

Hence m' = 5.6761 - 1.683'3 

1.164 

= 3.4'302 

And for 3.5 A arc current 

VR = 0.'36 Volts 

~VRH H
2 = 4.2'399, 

and 2H4 = 2.425 

m' = 4.2'399- 1.2625 

0.873 

= '3.41062. 

zH2 = '3. 5069 

To verify whether the assumed empirical relation for 

VRH agrees with experimental resul ta the calculated 

values of VRH are compared with experimental results 

in table 6.1 for three arc currents. It is evident from 
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this table that the resUlts are in good agreement with 

each other. Hence we can conclude that the variation of 

diffusion voltage in a transverse magnetic field can be 

represented as 

VRH = VR ( 1 + m' H2) ••• (6.1) 

' 
where the value of m' decreases. with increase of 

arc current. 

In glow discharge the radial distribution 

profile of charged partiCle density has been taken to 

be Bessel ian. It has been shown by Ghosal, et al ( 1978) 

that the radial diptribution function for the azimuthal 

conductivity for an arc plasma is of the form 

Cfr 
r ~~. n 

G""o [ 1 - ( R ) ,. ] ••• (6.2) 

where G"0 is an axial conductivity, (Jr is the 

conductivity at a distance r from the axis of the 

tube, R is the arc tube radius and n ~is a constant 

which has been shown to be 

n = [ 

where a' is an experiment·aJ.~y measured quantity tha.t 

changes with arc current. It has been shown by ~en 

et al ( 1983) that th'e diffusion voltage VR is 
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V = - 5 dne 
R ne 

KTe 
e 

••• (6.3) 

and as tb e electron density is proportional to cond uc

tivity we can write from eqn. (6.2) 

~ •• (6.4) 

Beckman (1948) has deduced· that in presence 

of transverse magnetic field the radial electron den-

sity is decreased. Sen and Gupta (1971) have shown 

that Beckman's expression can be stated as 

n eH n e exp (-a H) ••• (6.5) 

where neH and ne are the electron concentrations 

in the presence of and in absence of magnet~c field 

respectively, and 

, 
eEc,Y2 r 

d = -------------
2.KieP 

••• (6.6) 

where E is the axial voltage drop per unit length 

and 
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where L is the mean free path of the electrons at a 

pressure of 1.0 torr, K is the Boltzmann constant, Te 

is the random vel o-

city of el13ctrons and r is the distance of the second 

probe from the probe at tube axis and P is the vapour 

pressure of me~cury. 

In presence of magnetic field diffusion voltage 

is given by 

5 
dneH· 

VRH:::: -
.DeH 

KTeH 
e 

with the help of eqns. (6.4) and (6.5) it follows 

that 

--

Hence e 
K 

[ n log ( 1-

•• -.(6.7) 
( 2 n I og R + a H ) 

VR?.. -r2. 
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And when H = 0 it reduces to 

e 
K '2n log .R · 

V p_?-- r 2 

From eqns. (6.7) and (6.8) 

••• (6.8) 

Putting the value of from eqn. ( 6 .1 ) 

where X = 

and TeH 
Te 

2. n I og 

I 2 I 
1 + m H 

X 

OH· 

R 

••• (6.9) 

Therefore, with the values of m' and a/x from 

eqn. (6.9) TeH/Te can be esti~ated for different 

values of H. 

In the present investigation the value of 'a' 
., 

given in the expression (6.6) h~s been estimateu for 
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three arc currents, when arc current is 2.5 A, with 

E == 37/26.5 volts/ em, r = 0.6 em, c, = 2. o x 1 o- 6 , 

p - 0 .. 3731 torr, when arc current is 3.0 A, with 

E - 35.5/26.5, volts/ em, r = 0 .. 6 em, c, = 0.5946 X 10-6 , 

P = 0. 3731 torr; ~dmil arly for arc current 3. 5 A with 

E = 34.0/26.5 voLts/em, 

10-6 , P = 0.3731 torr 

r = 0.6 ems., C = 0 • 49 X . 1 

(values taken from an earlier 

paper (Sadhya and. sen, 1980) and T = 101~1 °K for arc e 
current 2.5 A, Te = 9573 °K for arc current 3.0A, 

and Te == 9000 °K for arc current 3.5 A, given by Sen, 

Gantait and Acharyya (1988), the values of 'a' becomes 

1.83 x 10-3 while for 3.0 A and 3.5 A arc currents it 

becomes 1.013 x 10- 3 and 0.937 x 18-3 reBpectiv~ly 

taking the corresponding values of the abov~ ·. quanti-

ties. And the values of 
~)', 

x = 2n log R 
,, 

,. 

can easily be calculated with the knoWledge of quanti-

ta-tive value of n. Some Values for n were obtained 

by Ghosal, et al (1978), but a measurem~nt of n for 

a wider range of current (2.2 A to 5.0 A) has been per

formed in this laboratory by- Gantait (1988). Some of 

these values have been taken to calculate the value of X. 

The plotting of n with arc current has been reproduced 

j_n Fig. 6.2. 
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Fig. 6·2.. 
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Taking the values of R, the inner tube radius 

1a1 em. and r, the sep~ration between the two probes 

0. 6 em.. And with n = 1 • 71 49, 1 • 7 446 and 1 • 8158 the ,. '" 

value of X is ·found to be 0.60707, 0.61759·. and 0.64279 

for arc currents 2.5 A, 3.0 A and 3.5 A respectively. 

Therefore, putting these values in eqn. (6.9) the 

values of Ten/Te have been calculated and the results 

plot ted in Fig. 6. 3. Each curve shows a· minimum around 

200 - 300 gauss of magnetic field. 

6.3.1. Axial· magnetic _field:-

In case'of axial magnetic field it has 

been shown by Sen and Gantait (1988) that the conduc

tivity of an arc plasma can be represented by 

CIH = Uo exp r: o< H) 

where and Clo are the conductivities with 

and without magnetic field and the values of ~ have 
-

been calculated for three arc currents 3, 4 and 5 amp 

by the statistical method. Hence in case of axial 

magnetic field we can write that 

n e H = n 0 ex p ( - o< H ) 
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then 

TeH = 
2n 

T ·-e 
2n 

T eH VRH 
= 

T 
VR e 

The values of 

KTeH 

e 
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KTeH 

e 

KTeeH [ r2 n -o<H] log (1-?) ·: +.log-e 

ejK VR ~· 
,. 

R 
log v RZ.-r2. 

R 
2.n log V R'2.-r2. 

log R · 2.n +o<H 
V RZ:- r2. ••• (6.10) 

VRH in axial magnetic field as measured 

experimentally have been plotted against the correspon

ding values of the magnetic field in fig. 6.4. The 

values of o( as p·rovided by Sen and Gantait '(1988) are 

Oo2859, 0.2744 and 0.2714 respectively for three arc 

cm~rents 3 A, 4 A and 5 A. 
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The values of TeH/Te calculated from eqn. (6.10) 

have been plotted against magnetic field in fig. 6.5. A 

comparison with· the results entered in Fig. 6 .) for 

transverse magnetic field shows that whereas in case 

of transverse magnetic field a minimum is o'bserved for 

T /T for all the three arc currents a maximum in the· eH e 

value of T
9
H/Te is observed for axial magnetic field 

almost in the same region of magnetic field. After 

attaining the mini!Dum value TeH -increases almost 

linearly with the magnetic field when it is transverse 

whereas it decreases with magnet,ic field when the mag

netic field is axial. 

In a two-fluid model we may assume that · 

two distinct temp era ture s T e (for electron·) and 

Tg Qfor gas) exist. The difference b~~ween these two 

ternpe'ratures can be derived from an energy balance 

equation leading to 

Te- Tg 

Te 

7\mg. 

?.4 me 

where syrri:bols have their usual significance (Hirsh 

and Oskam, 1978). It follows that 

where C = 

T e ( T e - T g ) - G·.A ~ E ?. 

7\mg e 2 

2.4 me K 2 

••• (6.11) 
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In presence of magnetic field eqn. (6.11) can be 

modified as 

T eH ( T eH - T g)= G J.. ~ H E H2. ••• (6.12) 

. F rom e q n • ( 6 • 11 ) and ( 6 • 1 2 ) we get 

with approximation that 

TeH+ Te ~ 2Te 

It has been deduced by Sen and Gantait (1988) that in 

pre8ence of magnetic field 

and 

[:Slevin and Heydon ( 1958), Sen and Ghosh ( 1963 iJ 
where c1 is the same constant as introduced in 

,. 



209 

eqn. (6.6) eqn. (6.13) can further be simplified as 

TeH 
1+ (b [ 

m'-H2.+'2. mH- C1 H
2
jP2. 

J Te 1+C1H2.jp2. 

CE 2 ").2. 
e 

where 
T2. [z- ~] e 

H2 C 
1 dTeH ~[mc1 pz.-- (m 2~ p~)H-m] 

then =0 
Te d H [ 1 + C 1 H2.j p2. J 

Hence 

... (6·14) 

where negative sign before the radical has been· dis-

carded for the same reasoning as before. With sirnpli-

fication 

m 
••• (6.15) 

c,;pz H = 

In order to find whether the value of H corresponds 

to minim urn or maxim urn equation ( 6.14) has be en di ffe

rentiated again so as to yi·eld 
d 2 TeH _ -2/b [ H2. {, _l:i_ _9_t_ .2.\. _ 

Te d H 2. - HZ )3 ( 1 + C1 -pi ) '2. m Cl p2. + pZ m 'j 
( 1 +C1p2 H 

· { m c H 
2 + ( .2.L - m z ) H- m 14 C1 pz_] 

1 p'2. p'2. ) 
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Putting the value of 

H= 

+ .... ·j 

In case of axial. mae:,-netic field m = 0.295 x .10-3 

(Sen and Gantait (1988)) and c 1 = 0.125 x 1o-6 

(Sadhya and Sen, 1980) 

-6 -7 . -9 J 
2.~[ 0·08'7 X 19- 1· 358 X 10 +S·4X10 +··· 

= negative quantity~ 

In case of tranFverse magnetic field m = 5.55 x 10-3 

and c1 = 2.8. X 1o-6 (Sen and Das, 1973). 

' . d T eH 6 -6 6 -6 J --~::: zfl.,[Jo·SXlO -30·4X10 +J1·15X10 + 970'3X10 +··· 
dH2. 

= a positive quantity. 

We can thus conclude that·in case of an ax~al magnetic. 

field a maxi~um in the value . of TeH whereas in 

. case·· of transver·se magnetic field minimum in the vai ue 
. . ' 

of T
8

H is expected when the magnetic field is varied • 

.. Tne experimental results support theEe theoretical deduc-

· : tions. 
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Further· the value e of H where t~e elect-max 

ron temperature becomes a maximum in the axial magne-

tic field and the values of H . where the electron mJ.n 

temperature becomes a minimum in a transverse magnetic 

field have been calculated for three different arc cur

rente from the respective values of m and c1 and 

the results entered in Table 6.2. The corresponding 

values of mercury vapour pres~ure have been taken from 

the earlier paper by Sadhya and sen ( 1980). 

Table 6.2 

Axial Magnetic Field. 

Arc current Hmax Exp. K. G. I H min cal cu-

in amps. lated K.G. 

---- --- ---
3 0.31 0.3285 

4 0.2 0.2818 

5 0.142 0.201 

Transverse magnetic field 

2.5 0.288 0.2735 

3 0.201 0.181 

3.5 0.188 0.132 
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The quantitative agreement between the expe

rimental. and calculated values i~ not very satif:fac

tory as is to be expected d~e to some uncertainty in 

the values of c1 which is the square of the· mobil.ity 

of the electrons at a presEure of one torr. There is 

lack of experimental data in literature regarding the 

mobility of electrons in ~ercury vapour but the order 

of magnitude of c1 is of the right order as is found 

in McDanial ( 1964). However, the agreement between the 

experimental and calculated values of Hmax' or 3:min 

is of the right order of magnitude. 

Taking the expression for electron tempera

ture which is derived by considering the arc plasma 

as a two fluid system it has been pos~ible to derive 

an expression for variation of electron temperature 

with magnetic field and it is found that the theory pre

dicts that in an a1Cial field electron temperature be

comes a maximum at a certain magnetic field and then 

decreases whereas it shows a minimum and then increases 

with magnetic field when the field is transverse. The 

experimental results confirm the validity of the theory. 

Further the electron tem9erature from diffuFion vol-

tage mea~urements and assuming the radial diEOtri-

· bution of charged particles in an arc plasma as 

provided by Ghosal, Nandi and Sen (1978) give the 

"dorrect order of maghitude for electron temperature 
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thereby .providing ·the vaJ.idi ty of the proposed radial 
l 

distribution function. and the measurement of diffusion 

vo;L tage in an arc plasma can be an aJ. ternative di~go

nostic tool for meaeur~m·e~t of electron temperature. As 

has been noted by'Franklin (1976) electron temperature 

decreases with the axial magnetic field for higher 

values of magnetic field' in glow di ~charge and simi

lar resULts have also been obtained in the present 

·investigation on arc pla·sma with the exception that 

for smaller values of· magnetic field a maximum in the 

value of TeH has been found. In tranr.verse magnetic 

field the electron temperature increases with higher 

values of magnetic' field after attaining a minimum 

·for smaller values at magnetic field. 
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Evaluation of electron temperature. in transverse and axial magnetic 
fields in an arc plasma by diff"!Jsion voltage measurement 

S. N. SEN, C. ACHARYYA,t M. GANTAITt and B. BHATTA
CHARJEE,t 

The ·diffusion voltage in a mercury arc plasma has been measured for arc currents 
from 2·5 A to 5 A in transverse and axial magnetic fields from zero to 1·1 kG. 
Assuming the radial distri.bution of charged particles proposed by Ghosal er a/. 
( 1978) and utilizing the method of Sen et a/. ( 19SJ ). the ratio of electron tem
peratures with and withont a magnetic field has been evaluated. It becomes a 
maximum in an axial field and then decreases, whereas it shows a minimum in a 
transverse field and then increases. An expre;;sion for the ratio of the electron 
temperature with and without a field has been deduced that explains these results. 
Quantitative agreement between experiment and theory is fairly satisfactory. 

1. Introduction 

Extensive measurements of plasma parameters such as electron density, electron 
collision frequency with atoms, electron temperature and their variation with pres
sure, discharge current and external magnetic fields have been made by the standard 
plasma diagnostic techniques for glow discharges, but the corresponding data for an 
arc plasma has been little reported so far. For the last few years we have made a 
systematic investigation of the properties of the arc plasma (Sen and Das 1973), 
Ghosal et al. 1976, 1978, 1979), Sadhya and Sen 1980, Sen et al. 1983, Sen 1987, Sen 
and Gantait 1987, 1988. The aim of these investigations has been to develop a 
.consistent theory for the occurrence of an arc plasma and to study the transition 
phase from a glow discharge to an arc plasma. In a recent communication (Sen et al. 
1988) we have shown how the electron density and electron temperature in an arc 
plasma can be measured by a Langmuir single probe method. It is:well known that 
in the positive column of a glow discharge, or in an <Ire plasma, a radial clect1 ic field 
develops as a result of net charge separation owing to different rates of diffusion of 
ions and electrons (ambipolar diffusion). Sen et al. 1983 evaluated the electron tem
perature in a glow discharge in air (pressure 1 torr) from the measurement of diffu
sion voltage, taking the radial profile of the charge distribution to be basselian. 
They also measured the variation of electron temperature in a magnetic field by 
placing the discharge tube in a transverse magnetic field (0 to IOOG). The utilization 
of this method in the case of an arc plasma has been investigated in the present 
work employing the radial distribution function of charged particles in an arc 
plasma due to Ghosal et al. (1978). . 

The well-known theoretical analysis carried out by Allis an4 Allen (1937) and 
others shows that the behaviour of the electrons (and consequently the electron 
temperature, the electron radial distribution, the current-voltage characteristics and 
other parameters) is different for transverse and axial magnetic fields. The results 
obtained by Sen and Das (1973) indicate that the theoretical expression deduced by 
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Beckman (1948), later simplified ·by Sen and Gupta (1971), regarding the variation of 
electron density and electron temperature in a transverse magnetic field in a glow 
discharge is also valid in the case of an arc plasma. Further, it has be~n observed by 
Sen and Gantait {1988) that the voltage-current characteristics undergo a generally 
similar change for both alignments of magnetic field, but that a transverse magnetic 
field .has a stronger effect than ap axial magnetic field. In the present investigation, 
we have evaluated the electron temperature in an arc plasma by measuing the diffu
sion voltage, have studied its variation in both transverse and axial magnetic fields, 
and have made a theoretical analysis of the observed results. 

2. Experimental arrangement 

For the investigation of an arc plasma, a mercury arc was utilized. For the 
measurement of diffusion voltage in a transverse magnetic field, an arc tube of 41 em 
length, 26·5 em anode-cathode spacing, 2·2 em inner diameter and 2·5 em outer dia
meter was used. In the· case of an axial magnetic field, an arc tube is of 9·1 em 
length, 6·2 em anode-cathode spacing, 1·86 em inner diameter and 2·16 em outer 
diameter was used. Both tubes were made of pyrex. The arc was excited between 
two mercury pool electrodes (fitted with two tungsten wires for external electrical 
connection) by a 250 V DC. generator with a rheostat to control the current. The 
whole arc system was cooled by air and the two mercury pool electrodes by circu
lating water. To maintain the pressure constant in the tube, dry air which acts as a 
buffer gas was introduced by a variable microleak needle valve fitted in the vacuum 
arrangement. The pressure was measured by a calibrated pirani gauge. For mea
surement of the parameters in a transverse magnetic field, a portion of the positive 
column of the arc was placed between the pole pieces of an electromagnet while for 
that in a lo~gitudinal magnetic field the whole arc tube was inserted between the 
two pole pieces. 

The electromagnets were run by a stabilized DC power supply (Type EM20), 
and the magnetic lield calibrated by a gauss meter (Model G 14). After every 
sequence of measurements, the electromagnet was demagnetized. 

For diffusion voltage measurement in a transverse magnetic field, two cylindrical 
tungsten probes of 0·8 em length and 0·014 em radius were inserted parallel to one 
another; one along the axis r = 0 and the other at a distance of 0·6 em from the axis 

·in the same cross-sectional plane of the tube. In an axial magne.tic field, they were 
0·53 em, long, the other specifications being the same as for the transverse magnetic 
field. The diffusion voltage was measured as before (Sen eta/. 1983). 

3.1 Results and discussion 

3.1. Transverse magnetic field 

The variation of the diffusion voltage is shown in Fig. 1 for magnetic fields 
varying from zero to 1·0 kG. It may be seen that the diffusion voltage increases with 
magnetic field for three fixed currents, namely 2· 5 A, 3·0 A, and 3· 5 A. The values of 
the diffusion voltage are entered in Table 1. From the nature of the curves it can be 
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Figure I. Variation of diffusion voltage with magnetic field for different arc currents 
(transverse magnetic field). 

assumed that an empirical relation of the form VRH = VR[I + m'H 2
], where VR and 

VRH are the diffusion voltages with and without a magnetic field and m' is a constant, 
represent the experimentlll results. We can estimate the value of m' by a statistical 
method, essentially as described before by Sen and Gantait (1988). 

The value ofm' for arc currents of2·5A, 3·0A and 3·5A are 3·6526, 3·43021 and 
3·41062, respectively. To verify whether the assumed empirical relation for VRH 
agrees with experimental results the calculated .values of VRH are compared with the 
experimental results in Table l. They arc in good agreement and we can conclude 
that the variation of the diffusion voltage in a transverse magnetic field can indeed 
be represented by 

(I) 

where m' is a function of the arc current. 
We can find values of the electron temperature with ('T,11 ) and without ('T;,) a 

magnetic field from the measured values .VRH by procedures closely comparable with 

Arc current = 2 · 5 A Arc current = 3·0 A Arc current = 3·5 A 
Magnetic 

field VRH deduced VRH deduced VRH deduced 
(kg) VRH (exp.) from (1) VaH(exp.) from (1) VRtt(exp.) from (1) 

0·28 0·80 0·7075 0·65 0·6091 0-45 0·4562 
0·45 1·00 0·9568 0·80 0·8134 0·60 0·6086 
0·56 1·30 1·1807 . 1·00 0·9963 0·70 0·7450 
0·68 1·50 1·4789 1·20 1·2413 0·90 0·9277 
0·80 1·80 1·8357 1·45 1·5337 1·10 1·1458 
0·90 2·20 2·1772 1·80 1·8137 1·35 1·3545 
1·00 2·50 2·5590 2·20 2·1265 1·65 1·5878 

Table 1. 
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those used before by (Sen et al. ( 1988) via the relation 

where 

T,11 = l + m'H
2 

T, aH 
1+

x 

c = (~ . .!:)2 
1 m Vr 

and 
R 

x = 2n Jog ( 2 .. 2)112 R -r 

(2) 

The value of a was calculated from the data obtained earlier (Sadhya and Sen) 1980, 
Sen et a/. 1988), and the valtles of x from the values of n. Some values of n were 
obtained by Ghosal eta/. (1978), and measurement of n for a wider range of current 
(2·2 A to 5·0 A) have been made in this laboratory by Gantait (1988). Plots of n 
versus arc current are shown in Fig. 2. Values of T.tJT. are plotted in Fig. 3. Each 
curve shows a minimum around 200-300G. 

3.2. Axial magnetic field 

Values of VRH in an axial magnetic field are plotted against ~he corresponding 
values of magnetic field in Fig. 4. Following a procedure in essence the sainc as thal 
of§ 3.1, ,we obtain the results plotted in Fig. 5. In the two-fluid model proposed by 

3·0,-------------, 

2·5 

2·0 

'7 1·5 

1·0 

05 

0 1·0 2·0 3·0 '1·0 5·0 
Arc current (A) 

Figure 2. Variation of 11 with arc current. 

1·8 

1·6 

!' ):4 

~ 1·2 
' r 

~ 
~ 

0·6 

0·1 0·3 0·5 0·7 0·9 1·1 

· Magnetic field (kG) 

Figure 3. Variation of T • .JT. with magnetic field (Transverse magnetic field). 
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Figure 4. Variation of diffusion voltage with magnetic field (axial magnetic field). 

000 

Hirsh and Oskam (1978), energy balance considerations in the absence of a mag
netic field lead to the equation 

.. 
T, - 1;, _ 1Wig . ),~ e2 £ 2 

1'. - 24m. K2 T~ 

ancl when a magnetic field is present 

Putting 
EH = E(l + mH) 

(Sen and Gantait 1988) and 

(Bievin and Haydon 1958, Sen and Ghosh 1963) we get from (3) and (4) 

Hz 

· lm2 

H
2 

+ 2mH - C -j T . I p2 
cH {1 · -= 1 + Hz .. 

T. 1 + cl pz 

where 

0·6 

0-4'::-o-::o~.,--::co'::-·3---::c0'::-·5--07 0·9 1·1 

Magnetic field fkGl 

Figure· 5. Variation of T.H/Te with magnetic field (axial magnetic field). 
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Arc current Hm,. (exp.) Hm .. (calc.) 
(A) (k-G) (k-G) 

Axial 3 0·31 0·3285 
magnetic 4 0·2 0·2818 
field 5 0·142 0·201 

Hmin (expt.) H min (calc.) 
(kG) (kG) 

Transverse 2·5 0·288 0·2735 
magnetic 3 0·201 0·181 
field 3·5 0·188 0·132 

Table 2. Calculated and experimental values of Hmax and 
H min in axial and transverse magnetic fields. 

The value at which T..1JTc will either show a maximum or minimum will be H = 
m/CdP2

• 

It can be show~ that 

1 d2T..H 
--·--
7'.. dH 2 

will be negative for an axial magnetic field and positive for a transverse magnetic 
field, which explains the occurrence of the maxima and minima in the two cases. 

Further, the values of Hrnax. where the electron temperature becomes a maximum 
in the axial magnetic field and the values of Hmin where the electron temperature 
becomes a minimum in a transverse magnetic field have been calculated fOi three 
different arc currents from the respective values of m and C 1 • The results arc shown 
in Table 2. The mercury vapour pressures are taken from an earlier paper by 
Sadhya and Sen (1980). 

Quantitative agreement between the experimental and calculated values. as dis
tinct from qualitative agreement, is only moderately satisfactory as is to be expected 
owing to uncertainty in the values of C 1 . However, the· agreement "between the 
experimental and calculated values of Hmax and Hmin is' of the correct order of mag-
nitude. · 
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CHAPTER VII 

BREAKDO~.'-iN OF AEGON _ Uimim RAJJIO}'RE'~_':-~J;cy EXCJ TATION IN 

TRANSVERSE .MAGNE'l'IC FIELD 

Introduction:-

In a high frequency gas breakdown the ele

ctron~ gain en~rgy from the .fiPld by suffering·callj

sians with the gas atome and having their ordered osci

llatory motion chA.nge•· to randor:n kinetic motion. Thus 

when this random kinetic energy exceeds the ionization 

potential, electron multiplication occurB. 'l'he break

down of gasel3 in high frequency electrical fields has 

been studied by many workers. In preeence of the mag

netic field, either lonri tudinal or tranr-verse, the 

breakdown of a gas excited by a rAdio-frequency vol

tage has been studied by Townpend and Gill ( 1936) for 

two' frequencies, 48 MHz and 30 .MHz and within a range 

of preesure varying from a few rn torr to 0.24 torr •. 

In 1951 Llewellyn et al (1951) inveptigated the high 

fre~uency breakdown between wi~e and coaxial cyljn

ders in air over the range of frequencies from 3.5 Me/ 

S to 70 Mc/S at pressure below 20 rnm Hg. To interpret 

the results they assumed that the electronic mean· free 

path is small compared with the linear dimension of 

the diPcharge tube and the colli~ion frequency is 

Very much greater than the frequency of the applied 
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field. Bayet (1951) studied the breakdown mechRni8m 

in alt~rnating fields, including u.h.f. fields and the 

role of deionization mechanisms (recombination, diffu

sion and the effect of electron attachment) was dis

cussed. Haefer (1953) gave a detailed experimental and 

theoretical account of breakdown val tage meaPuremP.nts 

in coaxial cylindrical tubes in presence of an axial 

n1agnetic field. Using cylindrical electrodes Ferri tti 

and Veronesi ( 1955) showed that the magnetic field has 

a strong influence on the breakdown voltage of the 

discharge. Measurements were made in air at 0.1, 0.5, 

1.0 mm Hg. pressure and at 10, 15, 20, 25, 30 Mc/S and 

the magnetic field varying from 0 to 650 gauss. Hale 

(1947) computed the magnitude of breakdown voltage in 

rare gases when excited by a radio frequency voltage 

(frequency a few Mc/S to 400 Mc/S) for some fixed 

values of pressure such as 100 f- , 150)1. and 200 )1-- • 

The main assumptions in this theory are that (a) the 

amplitude of oscillation of the electron must be equal 

to the mean free path of the electron at that pressure 

(b) energy gained by the electron between two succe

ssive collisions must be equal to or greater than the 

ionization energy of the gas. The values of breakdo~~ 

voltaE,e thus calculated are in fair agreement with his 

experi.mental results. It is the object of the present 

inve~tigation to calculate the breakdown voltage of 
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a'i'gon, following the procedure adopted by Hale (1947) 

where a steady tranFverse magnetic field is applied a~ 

calculate its variation over a range of radiofrequency 

for some chosen values of prespure. It will be of 

interest to see how the frequency at which the break-

down field beco~es a ~ini~um shifts with the increase 

of the magnetic field. The results are expected to 

provide information regarding the nature of interac

tion of a magnetic field with the ~otion of electronF 

in a radio frequency field. 

7.2. Theoretical treatment:-

It is well known that the breakdown poten

tial for high frequency fields is measured by those 

electrons iri the gas which are able in acquiring the 

ionising energy in one mean free path. It iF known as 

well that in presence of external transverse magnetic 

field electronic mean free path alFo decreaFes 

[ Blevin and Haydon (1958), Sen and Ghosh (1963)]. 

Thus, the breakdown potential should be a function of 

the gas, gas pressure, electrode separation, frequency 

of the applied field and the magnetic field. 
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Under this conBideration the solution of the 

equation of motion of the electron which ~oves in the 

high frequency field and magnetic field in the gas 

can be achieved provided before breakd0wn takes 

place the electric field is not distored by space 

charge. The applied radio frequency field is alo.ng 

the X-axis and the magnetic field is aP.Pumed along 

z axis. The motion of electron under thiB asBu~pt~on 

is given by 

dVx 
m + HeV = eE Sin 2Aft dt y 

( 7·1) 

dVy 
m dt - HeVX = 0 ( 7· 2) 

.According to Hale (1947) the electron is assumed to 

be at rest when the inBtanteneous value of the app

lied field is zero and all colliPions which do not 

result in the formation of an ion pair are neglected 

because such colliFions do not lead the breakdown of 

the gas concerned. The conditionp, are r.o i~por,ed thAt 

tbe electron~ which are at rest when the instantaneous 

field is zero will acquire ionising potential at the 

end of ,one electronic mean free path. However, this 

simplification does not eventually alter the results 
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because the electrons which acquire the ionizing energy 

in gas in one mean free path cause the initial break-

down. 

In presence of magnetic field the equation of 

motion of electron after differentiating equation(7.1) 

d 2 v · dVy 
m x +He = dt 2 dt 

2 
or 

d Vx He dVy 
dt 2 +n;- dt 

or 

From eqn. (7.2) 

dVy 
m dt = ( H:) Vx 

= <..UB Vx 

eE 21\f cos 2 ~ft 

= ( ~ }27\fcos 27\ft 
m 

( 
eE -~ - m ) 27\f cos 27'\ft 

••• (7.3) 

substituting thi~ into eqn.(7.3) we have 

Hence 

A cos c:.08 t + 8 sin cu 8 t + ~ z. ( ej m) ECrJCOSWt 
(J) 6 - (J) 
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Boundary condition 

Vx. = 0 : at t = o 

A 2 - . 21 2) ( ej m ) c;, E 
. (Qs-oo 

and from 

when H = 0, 

dVx. 

dt = 0 

c.ua = o 

at t = 0, B = O •. 

••• (7.4) 

then 1 1 
Yx. = ~ ( efm )w -2 ( ejm) E(J)COSCDt 

, E U> 

E 
:. vx = ( ef m ) ~ ( 1 - cos c.ot) 

E 
·or 

'2/\f 
( 1- COS(J.)t ) 

E 

or, f = ( ej m) ---. ( 1- cos 27'\ft) ...... : ( 7· 4a) 
2.7i.Yx. 

From eqn. (7.4) 

x= 
1 (j). . 1 til sin CUt 

2 a(ejm) E sin c.u 8 t + . 2 "2 (efm )E +C 
CD - U)B WB U> B- <Al . 00 

••• (7.5) 
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At x= 0, t = 0 then C = 0 o 

. , X= 

Now 

1 {jJ 1 
)I H = --z1, ( ejm) ~ E sincu

6
t + zz(e'm "\ Esin<.Ut o o • ( 7 • 6 a) 

(I) _(,i)a a (.i)s_ti) 7' 'I 

E = ------------ ... (1·6h) 

x= 

( efm) [ (.V • . ] 
'2 -- Sin cu 8 t- Sin cut 

(U>-Cil~) C.Us 

( uJ/CD8 )( efm )Esin(.i)
8
t 

+ 
(;}(1- (j)~fc.u2) 

----( ejm) E sinc.Dt 
( (.i) 82 - (.i)2 ) . 

, 
= ( ejm) Olz (c ... yc.v8)E[U>8t+ in terms of cu8+ · · · · ·-] 

1 

+ 2 l ( e f m) E sin c.ut 
(cus.- c.u ) 



then 

. , 
x =(efm) cuEt+ 

when H = 0, 

22'3 

c..J 2 _ (J) 2 ( ef m) E sinU>t 
B 

C.UB = 0 

x = ( e I m ) 2. E t - .2_'2 ( e I m ) E sin wt 
(J) (j) 

E 
x = .A = ( ef m ) (2 ft · ) 

4
J!:2.f 2 7i. -Sin 27'\ft 

Substituting f from eqn. ( 7 .~ we get, 

E = 
v 2. 

)(. 
2~ft- sin 21ift 

( 1 - cos 2 7\ f t ) 2. ••• (7.8). 

eqn. (7.5) and (7.7) are identical with thoFe provided 

by Hale ( 1947) in no magnetic field. 

In light of eqn.(7.4) and (7.6) it is a£sumed 

that the gas Wlder intPrest will undergo breakdown 

when the values of E and f are such that ·:A will 

be one electronic.mean free path and the electron will 

acquire ionizirig ene~gy at the end of it~ mean free path. 
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eV· 
l where V. i E. the ioni-

1 

zation potential of a gas under study, \J is cal cu-

l a ted. 

With the help of eqn. (7.8) for an assigned value 

of A which is a function of preesure, ~ the ueak 
, 2. 3 

voltage has been computed taking ft as 16, 15 , 
16 

and so on for pressure 100JA, 150.f and 200JA and 

entered in table 7.1, and 7.2 and 7.3 respe·ctively. 

Hence the value. of f is calculated from eqn.(7.5) 

The value of ft for which .E is minimu.rn (in 

absence of magnetic field) comes out to be aroun.d 

5/16 (Hale, 1947). 

In presence of magnetic field, ~ decreases 

with magnetic field. Prom the concept of equivalent 

pres Pure as provided by Bl evin and :taydon ( 1958), Sen 

and Ghosh {1963) is given by 

••• (7.9) 

where C 1 = ( efm · L/ vr ) and is the random 

vel o r::i ty a.nd 1 .is the mean free path of electron 

at 1 torr. From literature value for respective para-

meters in eqn. (7.9) values for ). H have been 

computed and are entered in I'able 7.4. Similarly E 

has been estimated from eqn.(7.5) for thre~ preEsures 
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100j« , 150 f , 200f and entered into the tables 7.1 

1.2 and 7.3 and the re~ult~ are plotted in figures 

(7.1 ), and (7.2), and (7.3) reE>pectively. It i~ seen 

that minimum breakdown field increase~ with increasing 

magnetic field and the minimum shifts to higher frequen

cies when magnetic field is increased. 

7.3. Discussion:-

On the basi~ 

to calculate the minimum 

sence of magnetic field. 

has been ·carried out for 

150 f and 200 f. and 

in 100Jl fl 80 gaus~ in 

of this model it i~ alFO possible 

breakdown field (V/cm) in pre-

The theoretical investigation 

three presFures namely 100/" 

magnetic field upto 60 gauss 

and 120 gauss in 20~ 

Fig. 7.1, 7. 2 and 7. 3 show the general characteristics 

of E vs. frequency of the applied electri-c field where 

magnetic field is a parameter. It is observed that all 

the characteristics show that the minimum breakdown 

potential increases with magnetic field and also with 

frequency. From another approach the increase in break 

down voltage with magnetic field in high frequency field 

has been observed by Deb and Go~wami (1964) •. They used 

electrodeless high frequency diFcharge at low pressure 

in tranFverse·magnetic field. It is shown that with 

... _inqr,~a~e in o<. .. , :the ratio of the cyclotron frequency 

to the frequency of the applied field, the breakdown 
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field tends to increase and the main region of the 

curve i~ displaced towards longer wavelength. The 

increase of breakdown v6l tag~ of a low presflure ac 

discharge in neon with frequencies ranging from 100 

Hz. to 20KHz. has been observed by Kelkar (1970). 

He U£ed neon glow lamp protected by a series resistance 

The limitations of this model which we have 

described is linked with validity of the relation 

for · ~ H • As it is strictly restricted for low 

value of H/P, · the whole model is valid for small 

values of H/P. The values of breakdown voltages 

have been calculated by making the same assumptions 

as those of Hale (1947). lhe effect of magnetic field 

on the motion of the electrons has been taken into 

conFideration by the concept of equivalent presFure 

which is the direct outcome of the calculation that 

·the mean free path of the electron in presence of mag

netic ~ield is related with the mean free path, in 

absence of magnetic field by the relation 

}.. = H 

' ... ---·-·· .. "···--·· ···-· 
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It has been ~hown by Sen and Ghosh (1963) that their 

experimental results for mea.surement of radiofrequency 

breakdown voltages in a non-resonant magnetic field in 

air and nitrogen can be quantitatively explained satis

factorily by introducing the concept of equivalent 

pressure. Unf~rtunately we could not get any experi

mental data in literature of breakdown val tages over 

this range of frequencies presFure and magnetic field 

for rare gases so that a comparision between the two 

could be made. But it was noted by Sen and Ghosh (1963) 

that the breakd0wn voltage increases with magnetic fi~d 

for all values of pressure for the frequency of radio 

frequency voltage used. It is worthwhile to make some 

experirn.en tal measurements in thi F frequency region. 

From the curves in figures (?.1), (?.2) and (?.3), 

the values of Cil2. 
b 

and 
. 2. 

(J) . mm where cuB 

is the electron cyclotron frequency and C..O is 
min 

the frequency at which the breakdown voltage becomes 

a !Dinimum have been calculated for eRch cui\fe for the 

three pressures and the results are entered in Table 

(?.5). The variation of C.Uz.. against ti>z. m1n B 

has been plotted for three presEures ( 100 /", 150Jl , 

and 200JA ) in figures (?.4), (7.5) and (?.6). They 

.a!e. all ~traight .lines making different intercepts 

along the X-axis and can be reprePented by the relation 

(i) 2. . 
mm 

2. c-.mCA> 
8 
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c 
or m 

if it can be assumed that c/m is the colliedon fre-

quency in analogy with the term for lower highbrid 

·frequency as in the theory of plasma oscillati,.ms 

then = c/m where C is the intercept 

and m is the Slope of the respective curve. As ·C 

and m can be obtained from the curves the values 

of ~c can be calculated and results are entered in 

table (7.6). Th·e values of ~c are entered in the 

fifth column of table (7.6) and the results are con

sistent with the values reported by McDaniel (1964) 

The last column gives the ratio ~ c I p wh i ch i s 

almost constant as it should .be. 

An alternative theory for the breakdo~n of gases 

under high frequency field has been put forward by 

Holstein (1946) and later on developed by Brown and 

hiP coworkers (1947, 1948). The theory assumes that a 

gas breaks down when the rate of ceneration of elect-

rons by collision of electrons with gas molecules iF 

just compensated by the loss of electrons by diffusion. 

The theory p~~ts that when a transverse magnetic 

field is super:imposed in addition to high frequency 

electric field, then for certain values of magnetic 

field'and applied frequency a reAonance will occur 
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when CiJ = Ci) • Physically thiF. meanp that the mag-
B 

netic field reverses the direction 0f t~e electron 

without loss of energy and as the applied field rever

ses the electron can rapidly gain energy from the field 

provided its motion is not interrupted by frequent 

colliPions of electrons with gas molecules and when 

co~~ision is not taken into consideration the resonance 

condition is expected when 

<.UB = C.U min 

The above mathematical analysis thuR shows that 

resonance condition is modified when collision of 

electrons with molecules of the gas is taken into 

consideration ppecially when colliPion frequency is 

greater than the frequency of the applied field. 

The analysis further· shows that Hale'_s theory 

should be modified by taking in to conEidera tion the 

collir:ion of electrons with neutral molecules. However, 

the two main assumptions that the amplitude of oPci

llation should be equal to mean free path and the 

energy gained in traversing a mean free path should 

be equal to ionising energy 0f the gas are valid in 

presence of a transverse magnetic field as well. As the 

concept of equivalent pressure is valid for l.bw values 

of (HIP) the above theoretical calculation will hold 

for low values of (H/P) as well. 



230 

/ Table 7.1 

Values of E with and without magnetic field at pressure P = 100~ 
I - - - - - - - - - ,- - - - ,- - - - ,- - - - - - - - - - - - - - - - - - ~ - - - - - - - - - - - - -

ft ' 5/16 1 6/16, 
I 

1 7/16 
. 

9/16 10/16 1/16 I. 2/16 t 3/16. ' 4/16 
I , 

I 8/16 
t I I 

----~-·-----------·--------------------~----------

EH = 0 129.660 68.490 50.042 ·42.818 40.792 42.449 47.956 58.916 79.385 119.285 

f :X 1o-6 11.801 23.962 36.947 51.197 67.440 86 .• 646 110.286 140.892 182.615 243.482 

t :X 109 5~296 5.217 5i076 4.883 4.634 

Ea 2 10 134.713 11.032 51.910 44.307 42.119 

4.328 3.967 

43.690 49.145 

EH =20 151.4~4 79.668 57.966 49.224 46.419 47.691 53.052 

EH = 30 184.526 96.694 69.900 58.807 54.780 55.417 60.495 

EH = 40 243.825 127.260 91i213 75.922 69.614 68.967 72~000 

EH =50 348.091 181.251 129.118 106.260 95.875 92.728 95.399 

3.549 

60.147 

64.068 

71.423 

83.845 

3 .1080· ·2. 567 

86.648 120.599 

84.651 

92 .Q45 

124.621 

131.958 

104.181 143.684 

104.582 123.691 161.743 

EH = 60 526.225 274.431 195.701 160.738 145.446 136.301 135.312 140.813 155.751 189.571 

---- -------------~---~--~---~----~--~~·--~-~.-----

. ~ ~ -_. ·-
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rable hl 

Values o1' J:; witn O...YJ.d witho\lt macne cic field at pressure p "" 150 p. 

ft 1 1/16 r 2/16 l )/16 l 4/16 l 5/16 l 6/16 l 7/16 l 8/16 l 9/16 l 10/16 
. f ·t l ~ l l I f l ~ l l l I I 

l:;H D 0 194·495 102.736 75.063 64.230 61 .188 63.673 71.934 88.374 119.078 178.929 

f X 10-6 17.703 . 35·943 55·406 76.796 101.16 129·969 165.430 211.339 273o925 365.226 

t X 109 3-531 .. 3-478 3-384 :;.255 3.089 2.885 2.645 2.366 2.054 1. 711 

~ "' H 
20 208.320 109.785 79o529 68.322 64.789 67.031 75.200 91 .671 122.443 182.399 

~H .. 40 256.857 134.171 97.685 82 ·453 77.148 71.464 86.284 102 .'7GO 133.706 196.783 

E "" H 
60 365.692 190.893 136.912 113 ·916 104.416 103.458 109-407 125.748 156.279 215.530 

.c,;Ji ;: 80 596.573 310.494 220.982 181.528 163.055 156.501 159·045 171.606 198.910 254-464 

~ - 100 H- 1045.433 549.103 395·374 )28.262 295.643 279·38~ 271.-925 271.81) 205.634 325.229 

---



Values oi' 1:; witn <md without magnetic field at yressure P = 200)).. 

ft 1/16 2/16 3/16 .'J/16 5/16 6/16 7/16 8/18 9/16 10/16 

~ r::a 0 H . 259·324 136.980 100.083 85.635 81..583 84.897 95·911 117.832 158.769 238.570 

-6 f X 10 - 2).603 47·924 73.874 102.384 134.879 173.291 220.291 281.783 365.231 486.965 

t X 109 2.648 2.608 2.538 2.442 2.317 2.163 1.984 1. 774 1.540 1.284 

EH ::a 20 269.365 143·532 10).LJ20 88.630 84.247 07.378 98.264 120.303 161 .301 241.174 

~- 40 2.993 159·483 115·934 98·399 92o84V 95.472 106.103 128.126 169.294 249.225 

~::a 60 )69.021 193·495 139.801 117.592 109.529 110.706 121.009 142.-851 184.091 263.931 

~ "" 80 i "' 
487.677 254.632 182.545 151.822 139.222 137·963 145.895 167.669 208.310 287.327 

~::a 100 696.078 362 ·447 258.209 212.f)67 191.752 $~$.41f; 190.=7e5 209.00~ 247.957 323 .. 392 

~li ::a 120 1052-353 548.962 391·331 j21o632 287.603 272.641 272.681 281.628 311o673 379.216 

___ ... ___ 
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Table 7.4 

VaJ. ues of :h H at different pressures and magnetic fields. 

-:---------- - - - - - - - - - - - - ·- - - - - - - --
Val. ue of c1 Magnetic .P = 100_p P = 150)'- P = 200p. 

·· field in :A :A. J.. 

aauss J.H = (ltC H21p?.)Yz AH (ltC~r/j}iz AH: (1+CH2fp2)}2_ 
1 /' 1 ' 1 

--------------- --~------------• 
0 

20 

30 

0.97 . X' 10-6 40 

50. 

60 

80 

100 

120 

0.4152 

0.4074 

0.3982 

0.3863 

0.3525 

0.3575 

0.2768 ' 

0.2745 

0.2677 

0.2575 

0.2451 

0.2314 

0.2076 

0.2066 

0.2037 

0.1991 

0.1932 

0.1862 

0.1787 

J! ----------------.----\..---- -------
' I \" 

'· 

').,;'I '' '. 
, ' 

~ . ' · .. -

Values of A has been taken from 

vacuum technology by A.Roth (North

Holland Publishing Company, 1976). 
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------------------------------
' Magnetic, 

, f'ield in' 
I 

Gauss 

•. 

c,)z. 
B I 

X 10-16 : p = 100fl 1
· p = 150/A-

I 
I 

p = 200)C-

----------------- ---------------
0 0 16.65' 39.44 66.75 

20 12.39 19.27 42.64 70.89 

30 27.77 22.18 

40 49.42 25.30 52.99 77.26 

50 77.26 31.92 

60 111.3.0 43.. 43 62.73 88.74 

80 197.68 77.26 114.06 

100 309.06 127.91 127.92 

120 444.79 157.75 

.- - - .- _. - - .;._ - - - - - - - - - - - - - - - - - - -
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C:IAPTER VIII 

INTENSITY ENHANCEMENT OF SPECTRAL LINES WITH INCREASING 

ARC CURRENT IN ARC PLASMA. 

8. 1 • Introduction:-

The dependence of the inteneity of spectral 

lines on discharge CQrrent in either a glow discharge 

or in an arc plasma has been investigated by several 

authors viz. Sen and Gantait (1987); Fowler and 

Duffendack (1949), Rocca et al (1981)·;and Sadhya and 

Sen (1980). They found a linear increase in.line inten

sittes with current in all the cases. However, it has 

been observed by Sen and Gantait (1987) and by Sen and 

Sadhya ( 1986) that not only there .i 8 variation in the 

intensity profiles of spectral lines for different 

elements, but there is variation in the rate of increase 

of intensity among the spectral lines of the same element 

with the increase in discharge current. ThiE variation 

wa6 attributed to the reabeorption of the r.pectral line~ 

and an analytical theory was developed which could explain 

the experimental results. [sen and Sadhya ( 1986), Sen and 

Gan tai t ( 1987)] • In order to see whether the rate of 

intensity variation with the variation of arc current 

also occurs in metallic arcs burning at atmospheric 

pressure the spectral line intensity variation has been 
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investigated in the present work for spectral lines 

( 

( 

A 5465.5 i, A 5209. 1 i) in case of silver arc 

~ 5153.2 R in case of copper arc l 5218.2 i and 

and A 5369.9 i, A 5018.4 i 'and A 4383.5 i in case 

of iron arc with increase of arc current from 2.5 A 

to 7.0 A. It is alEo proposed to examine the role of· 

self absorption in the spectral intensity of these 

el emente. 

8. 2. Experimental. description:-

Two respective metal electrodes of a parti-

cular arc have been fixed with a vertical stand as dee-

cribed in chapter II (art~ no.2.13) where upper metal 

.electrode 1 s a·ttacbed to a vertically movable bench 

arrangement with the help of a ecrew. Initially the 

two electrodes are brought ·,into contact by this screw. 

A d.c. source wj,.th an adjust.able rheostat and an amme

ter is utilized .to produce the arc namely Ag-Ag, Cu-Cu 

and Fe-Fe in air. An accurately calibrated con~tant detia

tion spectrograph has been ·used to measure the wavelength 

of the spectral lines of the arc Pources. Each.line was 

focussed on the·cathode of the.photo multiplier tube M10 

FS29VA and intensities were then obtained by measuring 

·the output of the photomul. tiplier which was noted by a 

_.difference amplifier. The whole arrangement of this part 

of spectroscopic arrangement and its electronic circuit 
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is given by sen, Das and Gupta (1972). The output micro

ammeter current recorded in the difference amplifier was 

observed to be linearly proportional to the known spect

ral line intenFities and the Slit-width of the spectro

graph has been adjusted to obtain a large deflection in. 
•. 
the microammeter, thereby enhancing the desired level of 

sensitivity in the measurement of the line intensity 

ratio. The a~c current was var~ed from )A to 7 A in case· 

of silver electrodes and 2.5 to 5.0 A in case of copper 

ana iron electrodes. 

8.3. ResUlts and Discussions:-

When there is appreciable self absorption 

spectral intenFi ty I ul of· a line with upper 1 e:V:el 

u and lower level i is given as 

Iul = 

· ••• (8.1) 

where are the local number densities of 

the upper radiating level and .the lower .level as a func-

tion of, position along the line of sight. A ul is 

·-th:e transition probability of the line and eX(~) is 
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the normalised spectral emisEJion profile J o< ( ~)d~ = 1. 

The fraction of emitted line whi~h reaches the detector 

after traversing the medium from position r is 

R· 

ex p (- (J P., ( ~ ) j n ( r ) d r ) 
r L . 

v is the absorption erose-section per atom at the line 

centre, independent of r and P.,(~) is the line 

profile of absorption normalised to unity at the line 

centre · ~ ( ~ 
0

) = 1 , and 

the discharge. 

r= 0 at the centre of 

When there is no self-absorption 

R oc · · 
const. Aul j nu( r)[ So((~) d~] dr I . 

ul 
-R - - oe 

R 

= const. Aut ~-R nu ( r) dr . 

Considering a parabolic distribution of 

we get 

• •• (8.2) 

nu(r). 
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Now self-ab~orption As of a spectral line is 

defined as 

••• (8.4) 

If both the upper and lower level population densities 

are parabolic 

we are assuming the source in which the radiating and. 

absorbing atoms are distributed ~n the same manner. 

Now 

Putting y = r /R 

[ ~ -Y(1-
y2 

3 

• •• (8o5) 

Putting this value in (8.5) and replacing the exponential 
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by the power series we get 

For the discharge type which is under consideration we 

assume that emission and absorption profil. es- are iden

tical. and Gaussian iri nature which is the outcome of 

Doppler broadening being neglected. For a Gaussian 

profil~ 'of absorption and emission it can be shown 

( Mo sbery and Wilkie ( 1978)) ~hat 

. oc . s O<(~)t;"(~)d~= 1 

n+l 
-oc . 

Then from (8.5) we get 

. . . n~ . 
. . 3 n=OC (-1) cr"nl ( O)nRn ~ )1 Z . y 310 z 

1 :- A5 = 1- "'4 ~ l 3 -(y- 3 ) (1-y )dy 
n= 1 n a ( n + 1 ) -1 

. n=oc: n+l n n n 2.f3 . 3 n J 
.3 ~(-1) (f nl(o) R l f ~-( _'!_ )1d( _y_)· 

= 1- 4 L...:. ' I J 3 y 3 y 3 
. n= 1 ( n + t) • - Z/3 · 

. . ·. • •• ( 8·· 6) 
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Values of nl(o)'S are calculated utilizing Forrest and· 

Franklin's (1969) e~uations. Here collisional integral 

c(.Qij~) as given by Johnson et al (1978) has been 

u til i sed • The d en E" i t y of el e c t ron E" at t h e ax i s n L ( o ) 

is calculated from the expressio!'l of c:.1rrent consider-

ing a parabolic distribution 

where )J-E is the drift velocity of electrons at 

the corresponding ( E/P) val ue[Nakamura a!'ld Lucas 

(1978).]. 

Ao·ain (J ·the cross-section of absorp
o 

tion at the line centre, when Doppler broadening is 

considered the sole mechanism for the broadening 

of the spectral line is given as 

U= 7\r cfL A l( 
0 u u 

••• (8.7) 

where r0 ic the classical electron radius 

(2.818 x 1o- 13 em), Cis the velocity of light flu 

and A ul are the absorption oscillator strength 

and the wavelength of transition respectively, 1/f. is the 
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mass of radiating atom and K is the Boltzmann cons

tant. Taking the values of the transitions from Gruzdev 

(1967) Sen ~nd. Sadhya (1986) ob~ained 

where K
0 

is the abrorption.coefficient of radiation 

at the line centre.· It is evident from their calcula-

tion- that K
0 

R (R=O·~Scm.) which may be 

called optical depth is.much smaller than unity. Since 

the series in eqn. (8.6) is a converging one • 

Sen and Sadhya (1986) have however, shown that 

the sel f-abf.'orption of a. spectral 1 ine can be defined 

as 

••• (8.8) 

where is the intensity of the E'pectral 
( 

line without self-absorption · is the observed 

in tensity of the sp :eet_ ... aljL in e has been cal-

cul ate<i · 

where is the absorption oscillator strength, 

Aul is the wavelength of radiation and 

the electron population density at the axis of the 

discharge tube .•. 

.P 
~ __ M __ .] 2.R 

.2.7\ K T g 
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where is the classical electron radius, C is 

the velocity of light, :M is the mass of radiating 

atom, K the Boltzma~n constant and T~is t~e ~emperature 

of the gas and R is the radius of the di~charge tube. 

Furt~er 

9u [ ( E U - E L ) ] 
n- Aul h~ul exp - ... (8·9) 

Z0 KT e 

where n is the number llensity of the radi8.ting atoms 

at the a.xi s of tbe di r::charge tube. T e the electron 

temp era t ur e , Z the internal partition function and 
0 

9u is the statistical weight factor of the upper 

level. E u and EL are the energieE of the upper level 

and lower level between which respective transition 

occurs, A ul · is the Einstei~ coefficient of tran-

sition probability and ~ ul is t~e frequency of 

emitted line under interest. 

If I
0 

denotes the intenci ty of the spectral 

line at the initial current (say 2.5 i or 3 amp.). Then 

from eqn. (8.8) 

Iul = ( 1-AS)i l~L 

Io =- C 1- AS) o I~ 
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Putting the value B of I o 
ul 

and 1° from eqn.(8.9) 
0 

(1-As)i 

C 1 - As) o 

n· 
I 

Denominator i~ a constant becauFe I
0 

is a c0netant and 

the number density of radiating atoms at the axie of the 

diFcharge tube is independent of curre!1t. I'hen, 

c[1-A 5 ] 

. Y2 
= c [ 1-0<Tg n~ J 

where C is a constant 

0(=. 

d ( di 

f .A , rrr
0

c ( 
M )~'2 

lu ul 3 2~K 

1 ul ) 1 [ -3/2. dTg o -)'2 

lo 
= l CCX Tg · di nl-2Tg 

R 

i =;«eE27\ s n~rdr 
0 

. 
0 ~ n -
l - f"eE7\ R2 

dn° l 
d i J 
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where }J- is the mobility of the electron and E is 

the voltage acroG~ the di~charge per unit length, then 

. 

dn~ 1 --
di /'eE7fR'2 

then 

~( I ul 

~=+ 
CO< 

[ ~g 
dTg 

ve~ R~ 1 lo T ""2 di 
no-

g L 

where is the drift velocity of the electron as 

Hence 

2n° -i-=-L-] ··· (8·10) 

lhe quantity within the bracket will be a constant 

for all the spectral lines and we observe that as dTg 
di 

will be same for the spectral lines of a given $ource 

investigated, the rate of variation of intensity with 

discharge current will depend upon the value of 0(' • -
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From the expression used for , it is furt~er 

evident that for all the spectral lines of a particular 

element all parameters except and ~ ul are 

constants, and hence 

d 
di [ 

I ul l 
__ l_o __ J CX. Aul flu 

or 

1
1 ~L J = (.\ut flu )A /(Aul flu) 

A2 Y ' A~ 

••• (8.11) 

The variation ~f intenEity of the spectral lines 

with arc current in case of Ag-Ag, Cu-~u and Fe-Fe 

electrodes has been plotted in fi€ures 8.1, 8.2 and 

8. 3 respectively and the e stirna ted slope of enhance

ment of the intensity ratio has been calculated statie:-

tically. The value of flu for individual spectral 

line has been calculated from the relation given by 

Kuhn ( 1 9 6 4 ) • 

where 

f = lu 
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where A ul is tranEOi tion probability, and 9 
. L 

are stat'istical weights of upper and lower levels. The 

values of the above termE' are provided by Reader 

et al (1980) in case of silver, copper and iron. The 

resul. ts are entered in .Table 8.1. It is evident from 

.. columns 6 and 7 of Table 8. 1 , that the agreement bet-

ween the theoretical and exp eri'll en tal results is very 

close in case of all the three arcs investigated here. 

Similar results have also been obtained in case of 

mercury arc investigated by Sen and Gantait (1987). 

It is concluded that self absorption plays a dominant 

role in determining the ihtensi ties of spectral lines 

in oase of optically thick plasma and particularly its 

effect on intensity variation when the arc current 

is changed • 
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Table 8.1 

--~-----------

Arc 
elect

rodes 

Silver 

Silver 

' ' , ·Wave- , Transition 
' 1 ength 1 

0 
A 

5465.5 

I 

----- -- --- ---
Copper 5218.2 zo51; 2 p3/2. 

Copper 5153.2 2.. D3(t '2 Pyl 

--------------
Iron 5369.94 z5G- e5a 

Iron 5014.94 Z
3
P- e3

Da 

438'3.5 a3 
F- Z

5
G

0 

: ~ [ .!..Y_l ] I 

'd• lo 
I fLu 

1 Expt. 

~--

0.5771 

0.91 0.99 

0.6102 

-- - --- -- -- - -·- ----
0.74224 0.4595 

0. 9'3 . 0.97 
0.79415 0.4777 

---------- -------
2.04073 0.2536 ~(~) di lo =t, (fLu A. ul) : 

1 

: d. e ul) (flu Aul h_: 
0.8'3426 0 • 0835 dl lo ).~ 

. .£( lul r . 
(flu l.ul)3 • di lo ~3 

1.0873 0. 1620 2:0·82: 1 1·92:0·59:1 

----- -·----------------------
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Intellsity enhancement of spectral lines with 
increasing arc current in arc plasl)'la 

S N Sen, C Aduryya. M GlllWI .1< B Bha11ACIW}c.: 

Oqwiruncn1 of Phyuc>, North fkn&.aJ Uruvcrwly, 
Siliguri 7 34 430 

fi1c enhanccmcnl oi imcnsi1y oi the •pcctral lines l 
)465 and 5209A in ca..: of wver arc, S218.2 nnd .· 
SIS:UA i.n case of copper arc and S369.9, SOlS and 
·138 3.5A i.n cue of iron arc wilh i.ncreuc of arc currenl 
from 1.5 to 7.0A hal. been investigated. A"\l~T~ihi ..:U 
!;b~,;:p~ion. nn nnalytical expre"ion for the variation of 
ime.ll.!Oir'J o! the Gpectra.l lines wilh increasing arc curren1 
b.&.> o.-..-Cn ckduced which predicts results i.n close agree
!n'!-.'11 with those obs.:rved experimenUllly. 

Th!: dependence of the intensity of spectral lines 
on discharge current in either a glow discharge or 
i.n en arc plasma has been investiga.J.ed by several 
workers, ... A linear increase in line intensities with 
e1meni is found in all the cases. However, it ha5 
l;ec:n observed by Sen and Gantait' and by Sen 
o<.nd Sidhya~ that not only there i:; a variation in 
\he intensity proftle~' of spectral lines for different 
dements, but there is a variation in the rate of in
crease of intensity among the spectral lines of the 
same clement with the increase in . the discharge 
current. This variation was attributed to the reab
sorption of the spectral lines and an analytical the
uPf was developed1 which could explain the ex
perimental results. In case of optically thick. plas
ma, particularly in the case of arc plasma, Sen and 
Sadhya1 have shown that the self absorption of a 
spectral line can be defined as 

... (1) 

when: 1~, is the i.ntensiry of the spectral line with
,1+ out Y.:Jfubsorption, 1.1 is the observed intensity of 

the spectral line. A, has been calculated and found 
to~ 

;~ 'A,~f,.A.,Pnf 

where A, is the selfabsorption coefficient of the 
.;pectrical liile, [ 1• the absorption oscillator 

f :-:J.r.ouglh, .l.., the wavelength of radiation and n? is 
<h< d.ectron population density at the axis of the 
disc barge tubC: 

where r 0 is the classical electron radius, c the ve
locity of light, M the mass of radiating atom, k the 
Holtzj.mann ; constant, T1 the temperature of the 
gao; and R is the radius of the discharge tube. 
Further 

"' ' .£,. i [ (£ - £,)1 1"' p n
2

" A,.,l!v,,exp --'--
" . kTf 

' 
where n is the number density of the radiating at-
oms at the axis of the discharge tube, T. the elec
tron temperature, 2 0 the internal parti~ion func
tJOn¥o" the stalistical weight Iactor of the upper 
lev. lanc,k's constant, £. and EJ the: energies of c.J-
thc pper land lower level respectively between 
<~h.ich . re>~tiv~ transition oc~urs, A..[ E~stein t/~ 
~odnoent ,of transmon probability and vu/ ts the t-f
lrcquency of emitted line under investigation. 

If I 0 deriotes ·the intensity of the spectral lines at 
the initial i:urrem (say 2.5 or 3A) .then from Eq. 
, I i we can get 

lo•(J- A,lofc; 

Puning the valu~ of r.( and 12 from Eq. 2 ef, 

tJ. ~-~~ 
lo (1-A,lono 

Denominator is a constant because / 0 is a constant 
and the number density of radiating atom~ at the 
axi~ of the dis.chargc tuhc u. indcpendcnl or cur
rent. Then 

where cis a constant. and 

there: 

where i is the discharge current and e is the elec-
tronic chagrge. · 

k 

i- )u£2:JT f n!rd r £..L. 
" . I 

where Jl is the mobility of .the electron and E is · 
the voltage across the discharge per unit length. 
Then 

d-~a--~--
d i peE1rR~ 

and ti. 

c./-
where vis the drift velocity of the: cleclron a~ 

i= npt!v:JTR~ 

~. (!..!1) _!.ca.[_.!_~ n''- 2n~] 
d1 lu 2 T! · T

1 
di 1 'T ... (3) 

The quantity ~~oithin the square brackets will be a 
constanr for all the spectral lines and we, observe 
~~ as d T ( d i will be the same for the spectral 
lines Qf a ~v.en sou_rce under investigatigation, the 
ra_te of vanauon of mtensity with dischar11,c current 
~ depend upon the value of a. From the expres
saon used Cor a it is funher evident that· for the 
spectral lines of a panicular element all parame
ters except f.. and J.., are constant. Hence, 

... (4) 

P.~ 



·--- -~----------- - -·-·--~--~---~-----·---------- ------
'We report here results of variation of spectral line 
intensity with discharge current in three metallic 
arc plasma sources, namely, Ag-Ag, Cu-Cu and 

~'F¢c··l~ in air. A de source with an adjustable-rhe-
. oshn and an ammeter are utilized to produce the 

nrc. The experimental arrangement is given in Ref. 
6. ,~:.n accurately calibrated constant deViation 
spectrograph has been used to measure the wave
length of the spectral lines of the /rc source. Each OL-f 

"" line was focussed on the cathode of the photomul
tiplier tube MlO FS29V1 and intensites were thus 
obtained by measuring the output of the photo
multiplier which vJs noted by a difference amplifi- CL j-... 
er. The whole arfangement of this part of spec
troscopic arrangement and its electronic circuit is 
given in Ref. 7. The output current of the differ-
ence amplifier measured }by a microam&neter was 'o/ 
observed to be linearly proportional to the known 
spectral line intensities {International Critical 
Table, VoL 4) and the slit width of the spectro-
graph had been -:-adjusted to obtam a large deflec-
tion in the microammeter, thereby enhancing the 
desired level of sensitivitY in the measurement of 

. IJ1e h.ne intensit~ ~atio. The a1f. current was varied -r /- c 
'5{ trom ( 3 to 7 A) )in case of silver electrodes and 
1 2.5 to 5A in case of copper and iron electrodes. 

The variation of intensity of the spectral lines 
·~ with arc current has been plotted in a least square 

fitted line in Figs 1-3 for Ag-Ag, Cu-Cu and Fe-Fe 
respectively, and ·the estimated sl0pe of enhance
ment of the intensity ratio has been calculated sta
tistically. The value of f 1u for individual spectral 
line has been calculated from the relation given by 
Kuhn 8 •• 

(t 
where 

where Au1 is the transitiOn probability, 8u and g1 

are statistical weights of upper and lower levels re
spectively. The values of the above terms are pro
vided by Reader et aL9 for siliver, copper and ir- · 
on. The results are listed in Table 1. It is evident 
that the agreement between the theoretical (col. 7) 
and experimental (col. 6) results is very close in 
case of all the three arcs investigated here. Similar 
results have also been obtained in case of mercury 
arc 1• Hence, self absorption plays a dominant role 
in determining the intensities of spectral lines in 
the case of optically thick plasmas and, particular
ly, its effect on intensity variation when the arc 

~ current}1 changed is pronounced. 

The authors are indebted to Pr~f qeter L Smith, 
Centre for Astrophysics, Cambridge, Massachu
setts, and R Jeffrey Fiihr of Data Centre on Atom
ic Transition Probabilities, Centre for Radiation · 
Research, Gaitht>rsburg, USA, for offering useful 
suggestions and rdevant data sheets. 

References 
I Sen S N Gantait M, Indian J l'un· & Appl Phys. 25 (I YH7) 

165. 
2 Fowler R G & Duffendack R S, Phys Re~· (USA), 76 (I <,i4lJ J 

81. 
3 Rocca J J, Fetzer G T & Collins G J, Phys Lm A jNether-

lands), 84 (1981) 118. 
4 Sadhya S K & Sen S N,lnl J E/ec/ron ( GB). 49 ( 1980) 235. 
5 Sen S N & Sadhya S K, l'ramww (India). 26 ( 1986) 205 . 
6 Sen' S N, Gantait M & Jana D C, Indian J Phvs B, 62 

8~ (198(/)78. . . . 
j 7 Sen S N, Das ~ 1 & Gupta R N. J Phys D rGB), 5 (1972) 

1260. 1,:' 

8 Kuhn H G, Atomic Spectra 2nd edn (Longrnans. Green & 
Co London), 196'4. 

9 Reader J & Corru~ C H (Pan I Wa~·elengths): Wiese W L & 
Martin G A (Pari II, Transition Probabilities), Wavelength 
and transition probabiliiies for aroms and a/omic ions (Cen
tre for Radiation Research. National Bureau of Standards. 
USA), (1980) 376. 

Fig. 1-V~riation· of ///11 with arc current Ag-Ag 

Fig. 2-Variation of /1/0 with arc current Cu-Cu 

Fig. 3-Variation of /i/0 with arc current Fe-Fe 
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Table 1-Ratio of experimental and theoretical ;.pectralline intensity variation with arc current 

Arc Wave-lc:ngth Transition 
dectrodes A 

'Df- Silver 
5-l65.5 5:Al-52P_,l 

5209.1 5 2 03 ~-5 2 ?, ~ 

52l!l.2 2 0 5•2- 2P3 2 Copper 
5153.2 2D 3.,-2P, 2 

5369.96 Z 5G-elH 

Iron 5014.94 Z 3f-e302 

4383.5 a3F-Z5G0 

Note: The formula used for cols. 6 and 7 are for: 

0.49037 

0.7422-l 

0.79415 

2.04073 

0.83426 

L01873 

. d l'·'] ;· d ['·'] d (j,) .• ,J. . d-Silver and copper: -. - -. - an -(!, A ) , respecuv y. 
dr 10 ;, dr 10 ;, lu •": 

Variation of int.:nsity ith c_urr.:nt 

bperimentt'fhft1retical~ 7 
0.5771 

O.YI O.Y9 
Ut"'\iJ,! 

0.4593 

0.4777 
0.93 0.97 

0.2539 

0.835 2:0.~:1 1.92:0.59:1 

0.1620 

Iron: dd. [',·'] : dd. [
1

1
•'] : _dd. ['

1
"'] and (j, • .l..,).,: (j, • .t,.,).,: (f1 • .l. •• h, respectively. 

l 0 ;., l 0 .lJ t 0 ... , 

.l 
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CHAPTER IX 

INVESTIGATION OF A G.LOIV DISCHARGE PLASMA SUBJECTED TO 

THE DISCHARGE OF A BANK OF CONDENSERS. 

9. 1 • Introduction:-

The efrect of the discharge of a bank of 

condensers charged to a high potential through a rare

fied gas has been investigated by m~y workers. Nevo

dichauski et al (1968) considered the axial light 

emission from a plasma produced in a gas due to 

electrical explosion of thin metallic cylinders. The 

spectroscopic investigation of the light emission 

showed the presence of a series of local peaks which 

has been explained as due to con:Hnula~ive effect of 

converging shock waves. Showronck et al (1970) dis

cussed the influence of pla·sma frequency on the 1 igh t 

emitted by an exploding ionised gaseous filament. 'The 

plasma generated due to exploding wire is ascribed 

generally to the instantaneous heat generated· and 

subsequent ionization by the process of thermal ioni

zation. Some workers have measured the intensity of 

spectral lines emitted and have also been able to 

eFtimate the degree of ionization. Pinch effect of 
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metallic plasma obtained by exploding wire has been· 

studied by Aycoberry et al (1962). Emission of X-rays 

from exploding wires in a rarefied gas has been 

investigated by Vitov skn et ~ (1963) and Handebs-
..:-· 

tenerhag and coworkers (1971). They ascribed the emi

s~ion as due to decelerated electrons initially emanated 

from the early onset of ionization. The emission of 

light was also studied by Kerr cell shulter cameras. 

In case of glow discharge the enhancement of spectral 

lines by shock waves was observed by Miyashire (1984). 

It was observed that the g].ow diameter, discharge nuo-

rescence and current are enhanced by shock wave. Enhan-

cement of electrical conductivity in a glow discharge 

by alpha particle emission from radio isotope material 

was observed by August (1967). 

The various ch8ngPs bro~~ht about in t~e 

values of plasma parameters when a bank of condenPers 

dischRrges through a glow dischAree pla8ma has been 

little reported so far. The object of this investigation 

is to study tb e changes in electrical cond ucti vi ty and 

hence of electron density and the corresponding electron 

temperature in the glow discha~ge plasma when a bank of 

high Voltage high capacity conden~ers is discharged through 

a glow discharge .• The analysis of the data will enable us 

to under~tand the interaction between an ionised gas and 

a high current pul~ed disc~arge. 
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9.2. Experimental arrangement:-

In this study a di~charge tube of length 8 em 

a.11d provided with four ele'ctrodes has been used Fig.(,2.16). 

Electrodes are circular in shape and parallel to each 

other. Air and hydrogen gas have been pasPed through 

dilute solution of cau£tic potaPh to remove tra~ces ......, 

of C6 2 and is then washed with water to remove further 

traces of co 2 , dust particles and organic matters. It 

has been dried by passing through a tower of fused CaCl 2 

and finally through P 2o5 • The pressure inside the dis

charge tube has been kept constant by means of a needle 

valve and meaf'ured by a Mcleod gauge. The c-eparaticm 

between the two electrodes (A.A.) to excite the dis-

charge is 2.92 em. and breakdown is carried out by a 

transformer. The other two electrodes (B.B) are separated 

by a distance of 0.85 em. and eight condenpers each of 

capacity 24 p F connected in parallel raised to diffe-

rent high voltages are discharged through the glow dis-

charge. The main discharge current before and after the 

discharge of condensers is noted by tbe milliammeter 

which is connected in series with the power Eource used 

to excite the discharge. From these data the correspond-

ing electron density has been calculated. In case of air 

tv.-o spectral lines J.. 4447 i and ~ . 4151 .R and in 

case of hydrogen two spectral lines A 4861.29 i and 
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and A 4340.44 ~ are focusFed on the slit of the 

spectrograph and the corresponding intenEities of the 

spectral lines have been meacured by the photomultip-

lier circuit assembly which haE been described·in 

chapter two (2.16). The above procedure is repeated 

when the bank of condenser is excited by 1500 voltE, 

1750 volts, 2000 volts and 2250 vol tE' and discharged 

through the plasma. In case of air the nressure is 

~aintained at 0.2 torr and in case of hydrogen the 

pressure is maintained at 0.7 torr. From the photo 

multiplier readings which are proportional to 

spectral line intenFi ties, electron temperatures have 

been computed. 

9.3. Resul. ts and discussions:-

The meal"ured experimental results are· entered 

in Table (9.1) before the dischArge of condenpers. From 

the above data it is posEible to calculate the electron 

temp era tur e and electron den E'i ty. 

Calculation of Te, 

'i'he electron temperature can be eptima.ted from 

the equation 

I 
E - E 

••• (9.1) 
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I --r spectral line intensity for wavelength .A 

g ---+- statistical. weight (of the lower state of 

··the line) 

f ----r Absorption oscillator strength. 

E -----..- Excitation energy, and the prime quantities 

denote the corresponding expressions for wavelength ~~ 

Gas 

Air 

Hydrogen 

----, 
I 

Pressure, 
... 

Torr 

0.2 

0.7 

I 
I 

Table 9.1 

--,- - ---- --I 

Discharge' 
I 

current 

mA 

10 

10 

Wavelength 1PhotomUlti-

in o 
A 

'4447 

( 1P -

4151 

( 4P -

4861 .o 

( 28 -

4340 

( 28 -

1 Plier 

I current JAA 
-----" 

8 

1B> 

4So) 10 

10 

4 P) 

4 

5P) 

Calculation of in case of· air 
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I' = Photomultiplier current = 8 ;<--A 

E = 23.10 volt,s = 23.10 x 1.6 x 1o- 12 ergs. 

I 

A = 4447 x 1 o- 8 
C!p S • 

g' = 3 

f' = 0.587 

·I= Photomultiplier current·= 10 /'"A· 
' -12 . 

E = 1 3 . 2 6 v ol t s = 1 3 • 2 6 x 1 • 6 x 1 0 erg s • 

~ -8 
J't. = 4 1 5 1 • 5 . X 1 0 C!D S • 

5 g = 2 J' + 1 = 2 ·~ + 1 = 6 • 
.. 

f = 0.00301 

Calculation of n, the electron density, conf:'idering 

the distribution to be Bessalian, 

i = peEn 

= f" e E 2 7\ l ~ ( o) J0 ( 2 ·405 * ) r d r 
0 . 

=. ;teEzrrn(o)xo·s97\ at R= 1·1s ems. 

= ud e 2. 7r n ( o ) x o · s .9 7 

n (average radially ) = 0.597 n (O) 
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Breakdown voltage= 500 volts 

Cathode fall = 375 vol.ts 

·.where ' 

. . . 

"d 1 ~ 
u =(2:R)' R =2m 

M 

ud = ( _!!'__ /'z M U . 

lL= Vz.eE m 

- 9 ·1 X 10 28 X 2·.95X 300 -

8 = 3·86 x 10 cmjs 
-28 

Hence, ud = ( 
9·1X 10 y2 
14 X 1· 6 7 X 10-24 ) X 3·86 X 10 

6 ' 
= 2·408 x 10 cmjs 

i - Ud e2."7\n (O)X 0·SS7 

8 

when i = 10 x 10-3 amp. (ammeter reading before 

discharge of ~onden~er) 

n ( 0) = 
2.408 X 106 

X 1.6 X 10- 19 
X 2 X 3.14X 0.597 

= 0.692 X 1010 

n = 0.597 n (O) 

= 0.597 X 0.692 X 1010 

= 0.4131 X 1010 
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Hydrogen 

Calculation of Te.~-

I 
E-:- E 

tn (1E 3 A.3g' f'/1' E
1 3 :A' 3 gf) 

· ~ = Pnotom u1 tipl i er current = 1 0 )A A 

E = 12.74 eV = 12.74 x 1·.6 x 1o-·12 ergs • 

.A. = 4861 • 29 R = 48.61 • 29 x 1 o-8 
em~. (.2s -. 4 P) . 

g = statistical. weight of the lower r.:tate of the line = 2. 

f = Absorption oscillator strength = 0.1028 

I' = 
· ··. E' = 13.05 eV = 13.05 :x 1.6 x 10- 12 ergs. 

1." ' ' 

' . . . 
. ·'' 1 • 

X = 4340'.44 i = 4340.44 x 10-8 ems. (2s- 5 P) 

g' = 2 

f' = 0.04195 

-12. 
( 1 3 ·Q 5 - 1 2 · 7 4 ) X 1· 6 X 1 0 , 

. Q.o x (li·74 )
3

x (4861· 29) 
3x2x.0·04193~ 

ln · 
. 4 X ( 13 ·05 )3 X ( 4340·44) 3 X ZX0"102S 

. ' 
' . 

. T = 1.2599 x 1o4°K. e 

.._t. . ·. . . vj 

Calculation of electron density "hydrogen: 

Bre~kdown voltage_ = 825- volts. 

Cathode fall = 214 volts. 
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1 2m 
_'>d = (-, K)Yz. K= -
U 2 ' M 

m J;;, 
"d = .( ""M" ) 2 u . 

where u Vz.eEjm 

. I ·"2. ~ 4-·8 X 10 10
x-6Tl 

\j 9·1 X 16 28x 2·9SXJOO 

. . . . : . 8 
. -2.8 :: 8· 534 X 10 . 

( 
9 ·1 X 10 ) }; . 8 ·· 6 

.. Ud= 1.61x1oi4 2xa·.S34X10=19·92X10 

i = Ud e27fn (o) x o· ss7 
' -3 9 

n (o) = 
10~ 10 

= O·SJ68X 10 
. . · 19·92X106 X1"6X10 19><.2.X3·14XO·S9'7 

and n = 0.597 n (O) 

~ 
= 0.597 X 0.8368 X 10-9 = 0.4996 X ~09/cc 

The vel ues of electron dene.=i ty and electron temperature 

are entered i.n Table ( 9. 2) 

Table ( 9. 2) 

Gas . El. ectron density· El:ectron temperature oK 

~----------------------------
Air 

Hydrogen 

4.131 .X 109 

4.996 X 108 

3~92 x ro4 · 

1.25 X 104 
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The measured values.of discharge current and the corres-. . ' 

ponding .values of photomultiplier current when die.charge 

from· the conden~er is passed through the glOW. discharge 
I . . 

are entered in Table (9.)). 

Table 9.3 

-----~----~------~-• l I I ' I 

Gas·. , Pre- ' Wave- 1 Ini t- 'Ini tial 1 Charging Final ,F-inal 
' • 

1Photomu2 
· ssure 1 length, ~al 11 tiplie1' 
in tori' o •' discha.-; current 

, A , rge cu., 
· 1 rrent , )J- A 

in mA. , 

voltage' dis- ,Photo-
in I char.g' ~ul ti-
volts I ge cu2 pl:i.er 

I rrent' cu-
I in mA' rrent 

)lA 
--- ---

Air 0.2 4447 10 8 1500 22 57.5 

( 1 P-1 D0
) 1750 25 61 • 5 

2000 28 64.0 

2250 :31 68.0 

Hydrogen· 0.7 4861.:3 10 10 1750 65 80 

(2S- 4P) 2000 75 92 

2250 85 104 

·--- -·--

Gal cu1ation .of· . n, the el ectrori densi ty:-when the bank of 

condensers is discharged through the glow diecharge in 

case of ai~, lor 2250 volts~ .£·rom Table (9.3) the final 
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discharge current is '31 m.A. then· 

n = 0. 597 n ( 0) 

n ( 0) = 

·. 

n = 0.597 X 2.1461 X 10 10 

= 1.2812 X 1010 

In· the same way 

n for 2000 volts = 1 • 15 x 1 0 1 0 

n for 1500 volts=o.9o9·x 1o10 / 

;; . 

. Y,; .·· Calculation of n, the electron denE>i ty; 

'•'. 

. . 
.· .. · 

whe.n the bank of conde"n~ers is discharge through the 

glow discharge in case of hydrogen 

n for 2250 volts = 4.24 X 1 o9 
1 

n for 2000 volts = '3.74 ·x 1: 9 0 J 

n for 1750 VOlts = 3.24 X 109 • 
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For calculat~on of electron temperature when the bank 

of condsnserf: is discharged we assume that due to pre-. . 

sence of high density radiation some amoimt of self 

absorption may be present. We can thus asf::ume after 

Sen and, Sadhya ( 1986) that the intensity of spectral 

lines is given by 

where is the observed intensity and 

ls the intenai ty without absorption, flu 

0 
Iul 

is the 

partition function, and P:::. tit roc ( ___ M_~~Yz R 
27rKTg I 

So that 

.. I 

an.d 

where 

where 

9u · U 
I ul = n -z . A ul h ~ L exp (- - ) 

o , u KTe 

U=E -E · u ·1, 

u 
I 0 

- nil. exp (- - ) ul- I"'. KTe 
· : 9u 

fo·~·z Aul h~ul . 0 

. . . u 
I ul = [ 1- oc n1 (o)] n(b exp (----- ) 

. . KTe 
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when the condenBer is diccharged 

l'ut _ 
1uL 

[ 1-o< n', (o)] 

(1~o<n1(o)] 

n' 
-n 

exp (- U/KT'e) 

exp (- UjKT e) 

Putting the values of flu ~ul, r0 , C. M, K, Tg ,R
0

, 

-12. 
o<= 2·52 X 10 

So at 2250 volts, in case of air. 

0·945 
- s·s = o· 98 2. 

T~~ 6·095 X 10
4 °K 

In the same wa_y 

T' for 2QOO VOlts :: 6.11 X 104°K e 
T' e for 1750 volts = 6.2 X 1o4°K 

T' for 1500 volts = 6.4 X 104°K e 
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For hydrogen 

T' e for 2250 vol te = 4.27 :X 1 o4°K 

T' for 2000 vol te = 4.39 :x 1 o4°K e 

T' e for 1750 volts = 4.58 X 1 o4°K 

The values of electron density and electron temperature 

thus cal cuJ.ated are entered in Table (9.4) 

Table 9.4 

-- -,-,------' 
Gas ' Voltage 

1 applied to 1 

1 ~con den sere ' 

Electron den Pity 1 Electron 

' Temp. 

---- --- ---

Air 0 4.131 X 1 o9 3.92 X 104 

1500 9.091 X 1 o9 6.4 :X 104 

1750. 10.33 :X 1 o9 6.2 X 104 

2000 11.52 X 1 o9 6. 11 X 104 

2250 12.82 X 1 o9 6.09 X 104 

----- --- ------- ---- ------
Hydrogen 0 4o996 X 1 o9 1 0 25 X 104 

1750 3. 2473 X 1 o9 4.58 X 104 

2000 3.74 X 1 o9 4.39 X 104 

2250 4.24 X 1 o9 4.27 X 104 
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From the calculated experi"lental results regarding the 

increase of discharge current the values of ei e ctron 

density for the extra input energy applied to the glow 

discharge by the discharge of the bank of conden~ers 

against the input energy is plotted in fig.ure (9~1 ). 

It is observed that there is a linear increase of elect-

'·ron density with input energy. As there is already an 

ionised gas the free ele-ctrons !Ilay readily absorb the 

energy and transfer a part of the energy to atoms and 

molecules by collision but it !Ilay be analy~ed to show 

that this amount is exceedingly small compared to other 

pro ceases which accompany the release of energy t·o the 

ionised gas from the discharge of the bank of condensers. 

The amount of energy supplied manifests itself in the 

form of a nash. An intense beam of light is produced 

whose duration is of the order of a few microseconds 

or less. A spectroscopic examination of the lines shows 

that some ultraviolet lines· are present. This may cause 

some amount of photoionization. A rough calculation re-

garding heat balance shows that there is a sudden rise 

of temperature of the order of 1o 4°K. As in the case of 

·exploding wire method there may be a process of thermal 

ionizatipn which adds to the process of comulative ioni

zation. It has been shown by some workers that when a 

bank of condensers under high potential-discharges 
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through ·a gas a shock wave is usually generated. This 

shock wave may cause further ionization. These four 

pro·cesses such as ioni?.ation due to collision of elect

rons with neutral atoms and mole.cules with increased 

energy, pho toioni za tion, ther'l!al ionization and ioni-

. za tion by shock waves may result in in creased ioni za

ti::m which is reflected in the eudden rise of main 

discharge current. It is difficult to separate out the 

various processes and what is indicated is the total 

effect produced by the various ionization processes. 

The new electron density maybe written as 

It is evident that in the four ionising processes which 

have been listed above the electrons are involved in the 

augmentation of ioniEation proces2 only through COllision. 

It is evident that the increased ioni Fa tion is mainly due 

to photoionis~tion, thermal ionisation and ionisation by 

shock wave. The electron~ recei~e energy from the 
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discharge of the conden~er but the duration of the 

pulse is so small of the order of microseconds that 

the electrons,. due to their finite inertia, cannot 

dispose of their additional energy and retain the 

same which results in an increase of electron tem'pe-

rature. When the condensers are di~charged with 

higher and higher voltages it is observed that 

electron temperature practically remains constant 

·which means that the electrons retain to themselves 

the additional energy gained and cannot tranpfer the 

same to the atoms and molecules and the sudden inc-

rease of ionizatiJn as recorded by the increase of 

electron density is due to photoionization, thermal 

ionization and ionization by shock waves. 
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Sill'!MARY AND CONCLUSION 

IN 'THE PRESENT WORK TriE PFIYSICAL PROCES~·ES OCCURING IN 

ARC PLASMA AND GL·ow DISCHARGE HAVE BEEN INVBSTIGATED BY 

ELECTRICAL AND SPECTROSCOPIC .}lETHODS AND MATHEMATICAL 

ANALYSIS OF THE OBSERVED RESULTS HAS BEEN PROVIDED:-

A. MEAf.UREMENT ·oF PLASMA PARA~LETEP.S IH AN ARC 

PL AS!viA BY PROBE METHOD .• 

A simple probe method has been used to measure the 
~ 

electron temperature and electron density in an arc 

plasma in mercury vapour for arc current varying from 

2 A to 5 A and for three background pressures of 0.075 

0.10 and 0.13 torr. Langmuir's expresf':ion (1925) for 

a!c current has been found to be valid within the range 

of arc current investigated and the results have been 

utilised to calculate the mean free path of the electron 

in the gas. The open circuited diffuf'lion voltage in the, 

arc plaema has also been measured for the same range of 

current. and val tage and utilizing the radial distri

bution funct:j..on of conductivity as introduced by Ghosal, 

Nandi and Sen ( 1978) an analyti qal . expresf:ion for the~ 

di·ffusion voltage"'has been C::'Rlculated which cJ.h's~ti~ .. c~ 
factorily expl~in the observed results. The v~~dity of 

the probe method for measurement of plasma parameters. 

in an arc plasma has been discussed. 
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MEA SURE?,,IENT OF DIFF:UGI ON COEFPI C IENT OF ELECTRONS 

. IN. AN ARC PLASMA. 

By measuring the diffusion voltage in an arc plasma as 

has been introduced in case of a glow discharge (Sen, 

Ghosh and Ghosh,198'3) and alPo the closed circuit 

diffusion current the diffusion constant of electrons 

in mercury has been calculated for the variation of 

arc current from 2 to 4.5 amps. for three background . 
preF.sures ofo.075, o.1 ando.1'3 .torr. The value of the 

diffl.\,sion constant is found to be smaller than the 

theoretical value by at 1 east an order of magnitude 

which has been ascribed to the formation of induced 

dipoles due to motion of. electrons through the gas. 

The increase in the value. of diffusion coefficient· 

with arc current has been explained as due to rise of: 
I 

temperature with arc current and the decrease w.i th 

pressure has been ascribed to decreasa 

free path with increasing pressure. 

of mean 

' .. ~· -~: . -
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c·~ MEASUREMENT OF ELECTRON ATOM COLLISION FREC,UENCY 

I-N AN ARC PLASMA BY RADIO FREQ\ ENCY COIL PROBE 

IN CON.TUNCTION WITrt A LONGITUDINAL MAGNETIC FIELD. 

The theory developed by Ghosal, Nandi and Sen (1976, 1978) 

·.· regarding the radial distribution of conductivity of an 

arc plasma has been modified due to its tflnsorial beha-

•iour when the arc is placed in a 1 ongi t ud inal 

· magnetic field. A working formula has been developed 

to measure the electron.atom. collision frequency where 
' -

the magneti'c field has been used as a pro be. Measurements 

are made in an arc plasma of arc current 2:, 2.5 and '3 A 

and preseure 0.052, 0.075 and 0.:17 torr. The values of 

electron atom collision frequencies are cons~stant with 

· standard literature vaJ. ues and the method cai} be regar

ded ··as an uternative one for determining the 'electron 

atom collision frequency in an arc pl~sm~~ 

Do EVALUATION OF ELECTRON TE?iPERA:I'URE IN TRANSVERSE AND 

AXIAL MAGNETIC FIELD IN AN ARC PL .UH.N.A BY MEASUREMENT 

. OF DIFFUSION VOLTAGE. 

The diffusion voltage in a mercury arc pla~ma has been 

· mear-ured for arc current varying from 2 ~5 A to 5. A ;in. 
4 • •• • • • ~ • : ; :t: .. ! .•.•• - •. : '- ~ • l.; .. : :. . -
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varying from zero to 1.1 kilogauFR. By a~ruming the 

radial distribution function of charged particles a~ 

proposed by Ghosal, Namii and Sen (1978) and utilizing 

the method introduced by Sen, Ghosh and Ghosh (1983), 

electron temperature has been evaluated. It haE been 

found that electron temperature becomes a maximum in 

axial magnetic field and then decreares ·whereas over 

the same range of magnetic field electron temperature 

shows a minimum in a transverse magnetic field and 

then increases with the increase of magnetic field. 

·By qtilizing the two fluid model of plasma an expre

ssion for electron temperature ha~ been deduced in a 

variable magnetic field which can explain the occurance 

of maxima in case of axial magnetic field and minima 

in ca~e of tranFverse magnetic field. The quantitative 

agreem'ent between experimental and analytical· expre

ssion is to a certain extent satisfactory. 

E. BREAKDOWN OF ARGON UNDER RADIO FREQUENCY EXCITA

TION IN TRANSVERSE MAGNETIC FIELD. 

The breakdown characteristics of argon gas under radio 

frequency excitation over a freq·uency range of applied 

electric field and for small H/P values have,:been c:al

culated on ·a theoretic8.l model sugge£ted by ·Haie( 1948")~ 
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Introducing the concept of equivalent pressure in pre

sence of magnetic field breakdown voltages have been 

calculated for the range of .frequencies inveEtigated 
' 

and for different !Ilagnetic fieldt::. The results show 

the breakdown voltages increaFe with magnetic field 

and for higher frequencies •. A.n analyf'iE" of the expe-

rimental _ r e s u1 t s y i el d s t h e val u e of el e c t ron atom 

collision frequency in the gas. 

F.. INTENSITY ENH:ANCEl[ENT OF SPECTRAL L IHES WITH 

INCREASING OF AR~ ClB.RENT Il\' AR~ PLASMA. 

~he enhancement of intenFity of the spectral lines 

.A 5465.5 i, A 5209.1 R in caFe of silver arc, 

.A 5218.2 R and A 5153.2 ~ in case of copper arc 

and A 5369.9 i, .i\. 5018.4 R , .A 4383.5 i in ca.se of 

iron arc with increase of arc current from 2.5 A to 

7.0 A has been investigated. Af'suming self absorption, 

an analytical expression for the ratio of intensity of 

the spectral lines with increasing arc Cllrrent has been 

. deduced which predicts results. in close agree!!lent with 

those observed experi!Ilentally. 



275 

I 

G. INVESTIGATION OF A GLOW DISCHARGE! PLASMA 

SUBJECTED TO THE DISCHARGE OF A BANK OF 

CONDENSERS. 

The effect of discharges of a bank of condensers charged 

to a high potential through a glow discharge in air and 

hydrogen has been investigated. The object of this inves

tigation is to study the changes in electrical. conductivity 

and hence of electron density and the corresponding 

electron, temperature in the. glow discharge plasma 

when a bank of high voltage high capacity condensers 

is discharged through a glow discharge. It has been 

found that electron density increases almost in a 

linear way with the increase of input energy whereas 

electron temperature shows a sudden increase and then 

remains practically constant with further energy input. 

Considering various types of ionization processes in a 

discharge where~add-itional energy has been fed in, a 

qualitative explanation of the observed results has 

been presented. The analysis of the data will enable 

us to understand the interaction between an ioniaed 

gas and a high current pulsed discharge. 




