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CHAPTER I . ==========-

1.1. GENERAL INTRODUCTION 

Accurate measurement of plasma parameters such as 

elect~on density, collision fre~ency and electron tempe

r$ture is essential. :fOr the proper understanding of 1the 
- ' 

physical processes occuring i·n an ionised gas. Occasionally 
-- ·-··- - - -

plasmas are subjected to ~etic field for con11nement_ and 

other purposes. ·Hence the interaction processes betw~en ~ 

magnetic field and plasma should· be properly investigated. 

In this thesis measurements and cal.011ations are described 

rel sting to· positive column of electrical discharges con-
-

fined in cylilld:ri.cal dis charge tubes when a magnetic field 
~ is present. 

A number of diagnostic methods have been deve1oped 

in recent years. In the present study the Langmuir probe 

method and spectroscopic method have been utilised to deter

mine plasma properties. The diagnost~cs are complicated 
' . 

considerably in the presence of the magnetic field. In view 

of that some ~ffort~ have been mad~ to incorporate the 

effect o:£ ma~etic field on the diagnostics. 
' In a magnetic. field plasma parameters change. The 

\ 

changes in properties not only depend- upon the value of 

the magnetic field, but aJ.so on the orientatim;t of the 

field with the discharge tube axis. Experimentally,. two 
. . \ 

J' . I / 

· types of orientations are sui table·. One is when the 
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. 
magnetic field is parallel to the axis of the discharge tube. 

This magnetic field is called a longitudinal or an axial 

magnetic field. Secondly, the magnetic field mey be perpen-
- . 

dicul.ar to the axis of discharge and is known as a trans

verse magnetic field. Studies have been made for, plasma~ 

properties when these two types of magnetic fields are 

sep~ateiy present, 

A study of plasma properties in magnetic field 

not only reve81s variations of the properties with magnetic 

field, but also enables us to verifY the models that are 

applied to interpret the behaviour of plasmas. With these 
/ 

aims in mind we are carrying out investigations in our 

laboratory on the properties of magnetoplasma. The present . 

work repor~s some re~lts and their interpretation •. 

In the next ~bsection a review of relevant 

wo~s has been presented. Thereafter, the scope of the 

present work has been explained. In Chapter II, details of 

the experimental set-ups have been described. In Chapter III 

through VIII, reports of investigations on properties of 

magnetopl~ma have been described. Details of the refe

rences cited in the texts are given at the end of each 

chapter. 
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1~2. 

1.2.1. 

REVIEW OF THE PREVIOU~ WORK . 

MFASUBEMENT OF. ELECTRON TEMPERATURE AND 

. ELECTRON DENSITY. IN LOW. DENSITY MAGNETISED 

PLASMA BY PROBE ~HOD. 

The electric. probe has long been used as a 

fundamentaL diagnostic tool for measuring local properties 

of plasma. The experimental arrangements ·generally are very 

simple. A small metallic electrode is placed in the plasma 

at the location of interest. External circuitry is provided 

to vary-its electric potential. The current flowing to the 

probe is mea~red as a function of ~pplied voltage. The 
. . . 

current voltage diagram or the probe characteristic may 

provide important i~or.mation about local properties of 

the plasma such as electron and ion number densities "ne. 

' 
electron temperature Te. , the plasma poten

and electron distribution. 

Probe theor,y is complicated because probes are 

boundaries to plasmas and near the boundaries the equations 

tJ:tat govern the plas~a behaviour ch~ge. A thin layer around 

the probe exists where electr~n and ion number densities 

differ, and the layer called ~.H a sheath can sustain large 

electric fields. So the number of possibilities for a 

, meaningful use of probes is subject to many restricti.ons , 

otherwise the results of probe measurements may be erro

neouSly interpreted. 
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To. every point in the plasma there is a correspon

ding potential Vs, with respect to a given-reference point 

(for example a large electrode i~ contact with the plasma). 

This is mown as space potential. If a probe (e.g~ a small 

cylindrical . conductor) is inserted·· at a point. in plasma, due 

to unequal motions of electrons and ions, the probe quickly 

attains a potential negative wj:th respect to Vs, tliis poten-

tial is known as floating potential Vf and a sheath is 
\ 

·formed due to space charge effect. If the probe potential 

is raised to Vs~- by some external source, the probe is at 

the sallle voltage as the plasma and there is no sheath. 

Charged particles reach the probe with, their thermal velo- . 

. cities and the electron current considerably exceeds the 

ion current. If the bias is now increased so that the probe 

i·s more positive than the plasma, the i·ons .are increasingly 

~ _repelled and the saturation electron current is draw.n which 

is determined by effective area of the sheath. In the colli

sionless plasmas, the sheath thickness increases as the bias 

is made more positive_ and electron current never completely 

saturates. 

If- the probe is biased more negatively than Vs 

an increasing ~action of electrons is repelled and the 

probe current falls. ~e logari tbmic slope of the charac

teristic in this region is. equal to the ;tocal electron . 

temperature. At Vf' the currents of electrons and ions 
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drawn to the probe are equal and the net- current is zero. 

With increasing negative-bias no electrons can reach the 

probe and ion s~turation current is'draw.n •. From electron 

and ion satUration currents, plasma local density can be 

determined. 

Since Langmuir's (1924--1926) pioneer work, the theory 

of prQbes in the absence of magnetic fields has-been exten-

·y sively develope~ •. ~n the absence. of magnetic fl.elds.the. · 

response of ~ probe depends on a_. number of parameters. 

These parameters de~ermine .the va~ous do~ain at which' 

electric probe can operate.·· In the collisionless limit 

[ ?\ >> "'rP , A.">> A.n] .. wher~ I\_ is the mean ftoee path 

k> of chargt!d particles, ~P is the probe radius_ and- 'A..l> is . 

Debye shielding length given by 1\.b = 4.9 ·( Te. cIne.) 112 

in em.) the theory is· practically complete and extensive 

~- computed resu1 tE! are available [Bernstein & Rabinowitz ( 1959) 

Lam· ( 1965), Laframboise ( 1966) J . ~he continuum case --

~
-(• 

(7\. (~ A. .. l? << "'P·p)_·. has been treated by Su and. Lam (1963) 

and Cohen ( 1963) and sonte attempts have been maae to cover 

'tlle inte~e~iate ~egime . [ Vlasserstrom, Su. and Probstein ( 196?) 

Chou, T~bot ~-Willi~ (1966), Bienkowski and Change (1~6a>J 
A. systemlc.accoUnt of probe theories is given by Chung, 

ilt Tolbot ·and Toueyan ( 1975). 
. . 

It has been di eoussed by Chen et al ( 1968), that probe 

-th~ory is p~ticularly simple when ~ ~ = . ~ p I "1\:D 
which is c8l.led as "Debye ratio" is large ( >> 10r and .. 

the sheath is thin .so that the particle collection area· is 
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_ essentially the geometric area of the probe; or when ~ P 
' 

i a small ( .< < . 1 ) and the sheath very thick so that 

probe current is governed by orbital moti.on theory of 

L8Jlgmuir. J'or a sui table choice of ~I= _.in an experiment, 

it mq be noted that 1\..l' is determined by the plasma 

source itself, whereas ~P is set only by the physical 
. r~l-t 

~ · strength of the material of probe. Hence it might not be - . 

always possible to- have _the Debye_ ratio in the desired 

range. Fortunately for cylindriCal probes, the computa-

/ 
/ 

, tion of Laframhoi~e (1966) shows that orbital motion theory 

is accurate for 5 P < _ 5 and this is e~y to satisfy. 

For a spherical probe orbital mo.tion appro:x:lmation is use-

:ful. for ~\'=' < < 1 only. 

Schott ( 1968) has ·enumerated conditions to be 

satisfied for · ari ideal ~robe operating i:n orbital mo~on 
J 

approximation: 

o The plasma to be ·homogeneous and quasi neutral in 

.----- the absence of_ the probe. 

o Electrons and ions to have Maxwellian velocity . 

distributions .with temperatures Te. and T i. 
respectively with Te )) T;. • The mean free paths 

of electrons am ions 1\.e and 1\.i. to be large 

·compared to all other relevant characteristic 

lengths. Each charged· particle hitting the probe is 

to be absorbed and not to react with the probe 

material. 
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o The sheath bas a well defined boundary. Outside 

· . this boundary the space potential is c·onstant. 

o The sheath thiCtness is small compared to the 

lateral. dimensions of' the pro be so that edge 

.effects can be neglected. 

Particularly in low pressure plasmas the condi

tion of Maxwellian velocit.y distribution ~s often violated. 

An essential progress iB probe theory was achieved by the 
. ' 

work o:f Druyvesteyn ( 1930), who showed that. actual velocity 

distribution can be derived f'rom the fom of characteristic. 

Another disadvantage for cylindrical probes is that the 

potential falls off slowiy with radius so that 'YS , the 

"absorption radius" defining the effecti.ve collection area 

can be much larger than Ao • At low.densities the 

length l of the probe must be much greater than '"'r's 

(and hence greater than ~to ) in order to avoid a end 

effects. The material for the probe should be resist,?nt to 

sputtering,. to heat arid to chemical. reaction •. _Furthermore, 

the work .function of the material . should be high in order 
. . 

to minimize secondary electron emission. For comparatively 

hQt. plasmas tungsten as probe material is a suitable choice. 

Nevertheless, ~he probe and its. insulator support structure 

which is immersed .in the plasma disturb the plasma and the 

measurements -as well. Chung, !ralbot and Touryan ( 1975) have 

reviewed the present state of knowledge about these 

disturbances. 
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Presence of magnetic field further complicates probe 

data interpretation. Experimentally it is known :t~litr me:g···· ;/ 
. - --......._ - - ~ ----------

neti.c field substan~ally modifies the .~haractei-1jftics.- The 

useful sharp knee at the space potential is blurred or di·sa-
• r 

ppeares completely.· For more positive probe voltages {i.e. for 

electron co~lection) the current decreases substantially from 

its value at zero field. In a magnetic field the particles. 

·are c.onstrained to. move at different rates al.ong and across 

the field lines. The problem thus becomes an anisotropic one. 

The charged particls·s can travel only a distance of the order 

of their Larmor radi{ 'Y'L e. ;, without making collision and. 
~ 

when eit~er 'Y'Le. is of the order of ~P or 

less, collisions come into play even when the relevant mean 
' -

free 'path A_ is large compared to ~P • Thus the equa-

tions describing the problem in the neighbourhood of probe 

differ markedly from those valid far from the probe. The 

problem was tackled by several authors from different point 

of view and theories were ~nterpreted in the light of expe

rimental. results. A systematic account has been provided by 
. . 

Chung, Talbot and Touryan. ( 1975) ~ The investigations of 
' I 

Chen et al ( 1968) who compared results o?_tained from probe 

measurements with those of other standard diagnostic tech

niques in magnetic field are of particular interest. After 

detailed experimental observations Chen et a1 recommended 

that if the requirements of spatial and temporal resolution 

permit, one should use a cylindrical probe with·,. "Y'tc < <. 

~- < <. l 
L 

and ? P small. 
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For such -a Langmuir probe·, orbital motion limited current app-

roximation can be used. Recently Baksh+t·et al (1977) -investi• 

gated the trensi tion region _on probe characteristic which is 

used to determine Te. and Vs• In strong magnetic 

d: fields, in which TLe.-. is much smaller 'than geometric 

dimension of probe, the magne-tic .field can affect the electron 

current drawn by the probe. S.o the. standard methods for deter-

.·mining Te and V m~ prove incorrect. s . . 
When the probe. is large compared to mean free path, 

it collects so many electrons that the electrons in the surr-o 

ounding space is absorbed _more rapidly than -'they can be SUPP

lied by difftlsion from the distant regions where they. are 

produced. Therefore, el~ctron collection by a positive probe 

is considerably reduced in presence of a magnetic field. The 

process of ion· current~ becomes relatively. simple, b_ecause in 

Q: most cases rL;. >>·'"rl....e.. ~·So it appears that el~ctron 

densit.y of magnetoplasma can be determined from ion satura-

tion current to a Langmuir probe using usual probe theories 

without considering magrietic field effect. But Chang and 

Chen ( 1977), obserV-ed that for a low densi:ty ('he; ~ \0'
0 e-m-:~ ) 

medium pressure plasma ( P .>, 0 ·1 to'Y'T' ) · i~ a weak magnetic 

f'ield ( "B ~ 1 k gauss), an apparent inc~ease of ion 
/ 

· current compa~able to the ·regular_ probe_. current caused by 

secondary electron emission~from probe surface occurs. The 
\ ' ' 

influence of secondary electron emission b~comes more c anp-

licated in a magnetic field. The plasma de~i ty obtained 

from electron- saturation current by carefUlly ,applying the 
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·probe theories in a magnetic field agrees closely with 

electron dens1ty determined from micro,~ve meas~ements, -~ 

but · 'ne obtained from ion saturation current using usual 

probe theories without magnetic field does not. 

However, :.t when magnetic field is small, effect 

·of the field is significantly smal.l to be neglected 

(Scott (1975)). It has been observed by Kagan- and Perel ( 1969) 

that magnetic field has little effect on t~e probe characte

ristics for cylindrical probe ( ""'(-) 10 < <. Ae ) which is 

perpendicular to. the magnetic __ field, eo long· Y'~ <<. ~Le- • 

· At this_point we shall discuss about the investi

gations carried out for determining the effect of m~etic 

. field on the positive column of plasma with probe method. 

·Cummings an:t' Tonks ( 1941} investigated et:1t the positive column 

of low pressure mercury v.apour ~rc by probe method when a 

longitudinal magnetic field was present. They concluded that 

normal radial electron density ( lie ) "distribution .for a 

mercury plasma is not affected by_the presence o.f longitu

dinal magnetic field. Subsequently Tonks (1941) obtained a 

theoretical interpretation. Later on Bickerton·and von-Engel 

(1956) ·considered Cummings and Tonks' investigation incon

clusive because of the difficulty· of interpreting probe 

characteristics taken in presence of magnetic .field. 

Cummings, and Tonks observed a reduction of Te with the 

increase t!l:f magnetic field. It may be noted here that value 

of magnetic field ( 'B ~ 70 Oe. ) is small enough to 

-neglect magnetic field effect on probe· cha.racteri sties. 



_Bickerton and von-Engel (1956) studied the·positive -, 

column of a helium dis.charge in longitudinal magnetic field by 

tungsten cylindrical and molybde~um disc wall probes• They I . -- . . ' ..,. 

me_asured T e. from the gradient of semi-log plot· of electron 

current and electr.on densities were· measured by· relative 

changes in ion saturation current in varioue magnetic field 
~ 

strength~ The authors .observed that above t torr the maximwn 

ma.gn~tic field ( -13 ( 600 gauss) has only a ~ negligible 

effect on · Te • At the lowest pressure used (0.22 torr) the 

probe characteristics in a magnetic field indicates the 

presence of two gr.oups of electrons, one having distinctly 

highe~ temperature than the other. P.resence of two groupsof 

el.ectrons in a low pressure plasma was alsO _cenfirmed by 

Uehara et al (1975) by probe measurements. BiCkerton and 

von-Engel fUrther observed that when a longitudinal field is· 

. )I: aJ)tlied T e:. is. reduced. For ·low pressure discharge with 

low cu.rrent (glow discharges) a change in the radial electron 

distribution takes place ·with magnetic fields and ne at 

miX axis rises with the increase of field. It was concluded· 

that in some cases of very low·_pressure in zero magnetic 

field, the Langmuir theo:ey- of free ion fall ~ascribes best 

the properties of plasma whereas in a magnetic field of 

sufficient strength Schottky's theory of ambipolar diffusion 

applies. 

S.en and Jana ( 1977). while investigating the 

current voltage cbarac·teristic of glow discharges in an· 

axial magnetic. field ( '"B ~ 800 G) in air ( p = 0.5 to 1_ t~rr) 
I 
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have observed a that radial distribution of electrons can be 

represented b,y a.Bessel fUnction (Schottky's theory) in the 
~ . . -:! • ~ 

presence of longitudinal. magnetic field as well. Sen and 

Gupta ( 1969) from r .f. conductivity measurements in helium; 

neon and argon ( p = 0.7 torr ) in a longitudinal magnetic 

field { 'B ~ 550 G) have shown. that Schottky's -ambipolar 

diffUsion theor.y is valid for these discharges in magnetic 

. field and from the particle balance equation the authors· 

found electron temperature to decrease with increasing field. 

Sen and Gupta also observed the Debye shielding distance 
' 

decreases as the field increases. 

Schott ( 1963) conducted probe measurement in a 
/' - . 

cy~-ind.rical. diffusion chamber. An increase of electron tem-

perature towards the wall at low values of magnetic field 

was observed. At high values of magnetic-field, a radial 

decrease of Te. is found which is due to the transver-

sal cooll.ng down mechanism of electron gas by two particle 

collision. 

While inves"t.Lgating on 1he enhancement of ·radia-

. tiona from a helium plasma in longi tudina.l magnetic field 

Hegde and Ghosh ( 1979) made use of a Langmuir probe in the 

positiye column. !.he authors observed that the electron 

temperature is reduced and .axial electron density increases 

. as the field ( "B ~ 700 Oe. ) increase~. They did not · 
I -

discuss about the corrections of probe characteristics for 

the presence of the magnetic field~ 
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For transverse magnetic field, Tonks (1939) has

reported T.J. Killian's measurements on a low pressure 

(Outerwall temp. 38.6°C) mercury arc by probe method. 

Electron temperature and electron number densi. ty were 

determined from one waJ.l to the other. An exponential 

variation of electron density with distance across the 

arc was observed. Apart from these probe measurements 

other measurements on the properties of plasma in the 

presence of transverse magnetic field have been made and 

investig:l.tions have been discussed in the next subsections. 

MEASUREM:BNTS OF ELECTRON TEMPERATURE IN GLOW 

DISc.HARGES IN TRANSVERSE MAGNETIC FIELD 

BY SPECTROSCOPIC METHOD: 

The ideal experimental method would be one in which 

the probing mechanism does not disturb unduly the processes 

to be investigated. Consequently a spectroscopic method is 

preferred to other diagnostic methads. Spectroscopy of 

laboratory plasmas covers a wi~e area of work, varying 

from atomic structure to plasma physics. All the areas have 

been identified and discussed by Burgess (1912). It is the 

presence and intera~ons between ions, neutrals, electrons 

and photons that lead to atamic processes which both affect 

the pl esma and provide information on plasma state. 

For glow- dLscharges in which electron temperature 

(1-5 eV) and electron densit.y (108-199 cm-3) are comparatively 



• 

·~ \Y'' 

14 

small, electron temperatur~~ can b~ deduced from relative 
,. 

1:ntens1 ties of spectral lines. To determine from rela.-· 

·tive intensity method, ~pectral lines are selected for which·. 

relevant, atomic processes is understood and the excited 
-· 3 ' 

. state· continuity equati~n co·nsidering ~11 o~ the collisional 

and radiative processes that populate ·and depopulate the 

state concerned i~ written down. The process of solVing the 

excited state rontinui ty equations, thus obtained, is very 

co~plex9 ,Simplifications may be ;made by weighting the rela

tive contribution of separate processes and est~lishing a 

certain type of equilibrium to prevail inside the discharge 

tube by considering dominating. particle gain and loss terms. 

Two types of equilibriums are of interest the local 

thermodynamic e.quilibrium model (LTE) and corona equilibrium 

model · ( CE) • 

· When a plasma is- in LTE, there exists a unique tem

per~ture which determines the velocity distribution function 

for species with the dominating reaction rate (usually the 

electrons). If such equilibrium exi..sts, the ·analysis of the 
,. \ . 

state of plasma is .particularly simple since it is only 

such local plasma parameters as electron density, electron 

temperature and composition·tbat determine the xelevarit 

populations. To obtain total LTE, the reverse· of al.l fast 

processes must be maintained and e;x:act balancing. of total 

rates for complementary process~s must be allowed to take 
. - \ 

place. Also,· the relaxation times' (reciprocal of the rates) 
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for the impqrtant p;ocesses must be. shorter than characte

ristic tiimes of significant variations in local plasma 
. ·- ·-" 

.conditions. Since most plasma of interest are optically 
' ! ~ . . . 

thin to internal r-adiation (except _perhaps for the reso

nance lines), .colli'sionel processes are usually mo]:'e ·impor-.. 

tant in establishing LTE ·than radiative pro~esses. Conse-

quently collisional de-excitation rates must exceed radi~ 

.:-~ tive decay rates· tor true_.LTE. In L~E, energy o:r every 

·particular kind is distributed over all particles present· 

in the gas accor<f:ing to Boltzmann distribution leN and in 

.case of ionization, this equilibrium relation leads to 

Saha equation. 

The number density of electrons necessary to obtain 
. . 

complete. LTE has been calculated by Griem ( 1964). This ele-

.ctron density is given by 

with E2 the energy of th~ first excited level and X H 

the ionisation energy of hydrogen and k is the Boltzmen 

·constant •. E2, _ XH and k T e. all .expressed in 

eV. To ca.leulate this criterion, _Griem considered that 

for lowest excited state (resonance level) the collisional 

exci 1Btion rate -is ten times the radiative. rate fiaom that 

. levei •. Later on this criterion was corrected by Hey (1976) 

by considering finer values of Gaunt factor appearing i~ 

collisional excitation re,te co-efficient and incorporating 

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

valid as 

> \,3 . .3 1/'2. -.6 
11 e. / 6 X I 0 Xi. ( kT e.,). c. m . 

"X.i. is the ionisation energy of atom in eV. From the-se 

criteria, a single criterion for electron ~ensit,y necessary 

to maintain complete LTE in the discharge tube is (E~ton,1970) 

( 1.3) 

13 where C is a constant equal approximately to 1.4 x 10 . 

assuming complete trapping of resonance lines and 1.4 x 101.4 

assuming 110 trapping whatsoever. 

For stationary and spatially homogeneous plasmas, 

LTE can be expected to hold if collisional processes with 

'.electrons from assumed Maxwellian distribution dominate in 

the rate equations. Since cross-sections increase rapidly 

with principal quant~ number, whereas radiative decay rates 

decrease, this is ·o-ften the case only for states with prin

cipal quantum numbers exceeding a certain value for which 

radiative decay and collisional excitation rates are compa

rable.' Under the above circumstances it is consistent to 

relatea densities in states above the critical level with 

each other and to el.ectron density in the same way as in a 

system in complete LTE. Richter (1968) has ebown-that.the 

_/!Y occupation number for states over this critical level are 

as in LTE with temperature Te.. but the ground level is 
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overpopulated by a factor. so· the states over the critical 

level is consiiered to be in partial LTE. The electron densit,y 

required for a level with quantum number p to be
1
in partial 

LTE with higher levels is after Griem (1964) approximately 

18 
"ile.. ~ 7 X \0 

'7 
z 

8·5' p 

here ( -z ) is the charged state of atom. Strictly speaking 

this estimate applies only for hydrogen ions. For other atoms, 

p is identified as e:f:fecti ve quantum number of the level 

defined as 

( 1 .5) 

where R = Rydberg constant, To<. is the ionisation limit, 

,~ T 'p is the term value of the level p and for neutral 

atoms Z = 1. Drawin ( 1969) applied a semi-emperical for

mula of excitation rate co-efficient and made a correction 

to equation (1.4). Fujimoto (1973) treated LTE on the basis 

of a collisional radiative model for hydrogen ions and 

observed that LTE is identical with that annunciated by 

H.R.Griem. 

When electron densities are too low for establishment 

of LTE, it is still possible to obtain equilibrium whereby 

the collisional excitation and ionisation is balanced by radia

tive decay and recombination respectively. This type of e-qui

librium generally prevails in solar corona, so it is known as 
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corona equilibrium ( CE) model. In CE, the :popUlation of an 

excited level which-can emit allowed spectral lines, is usua

lly. governed by collisional. excitation from gr~d level and 

spontaneous radiative decay, but since decay is the faster 

process, the :population is mainly in the·ground level. CE 
- . 

can al.so be applied under restricted eondi tiona to the line 

intensities of spectra from low density plasmas created in 
i.o 

the laboratory. An approximate criterion for CE /\to be valid 

for all excited levels is given by Wilson ( 1962) as_, 

/ 10 -O·Sc )4 ne ~ \·5 Xlo Xi. k.Te . ( 1. 6) 

here ag;ain · X;_ is the ionization potential. of the atom 

in eV. Wilson also described a semi-corona (SC) domain 

whenCE is valid except for levels close to ionisation limit. 

The criterion for SO domain in case of ions without metas-

table levels is 

1\ I· '5 
10 Xi_ 

'l. 

( kTe) .:...3 c..m. (1.7) 

McWhirter (1965) proposed another condition for CE and 

Fujimoto (1973) interpreted CE in terms of a collisional 

radiative model. 

When an actual plasma· can not satisfy the c:cl teria 

already stated, complexi. ty arises and all of the collisional 

and radiative rate processes are to be considered for a 
:Particul.ar level. This is particularly important for :plasma 

in transition region (from SC to partial LTE). Fujimoto (1979) 

\ 
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has treated this transition region through quasi saturation 

phase (complete saturation phase means complete LTE) by 

ladder like excitation mechanism. 

For spectroscopic diagnostics two assumptions are 

generally made and these assumptions make the problem easier 

to handle. 

·(i) 

(ii) 

The plasma is optically thin. The optical tbin-ness 

or thickness of radiation -ge_nerally treated in 

terms of optical depth.· In case of an optically 

·thin plasma, the absorption of radiation is neg

ligible. So the radiation of each individual atom 

leaves the plasma and contribute to observed inten

sity. It is generally believed that forCE all the 

light sources, and for LTE all light sources above 

10,000°K are quite transparent even in the central 

parts of the line (perhaps with exception of resonance 

line) (Lochte-Holtgreven,1968). 

Addi. tional simplifications can be achieved if it is 

assumed that electron energy distribution is 

Maxwellian. 

Here we shall discuss in some detail about the , 

energy or velocity d~stribution functions of electrQns. For 

probe diagnostics the nature of electron energy distribution 

function is experimentally determdned, whereas for spectros

copic methods a knowledge of electron energy distribution xa 
function is necessa~ because the di,stribution function, 

~ generally designated by f, enters directly in the collision' 
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integrals. Also, the presence of a magnetic fiel4 can effec

tively influence f. 

In an active plasma, the collisional effects of 

free electrons rapidly establish an equilibrium velocity 

distribution which is Maxwellian in character. An electric 

field present in the discharge or elastic collisions of 

electrons with other atoms, can destroy this equilibrium 

distribution. The significance of this function is that 

f (~;J ~' t) d~d~ denotes the number of electrons 
~ d.~ --'> at position "'!' in 'Y' , with velocity tJ- in the range 

'~ T CL v at time t. he distribution function in term satisfy 

an equation of continuity in position and velocity space i.e. 

Boltzmann transport equation. This equation equates the rate 

change of the nwnber of electrons in to net 

flow of electrons into this volume element. The flow in posi-

y- tion space results from the velocity of electrons, while in 

velocity space it results from their acceleration due both to 

collision with gas atoms and the applied electric field.- To 

simplify the integro differential equation an assumption is 

made that the distribution .function is almost spherically 

symmetric in velocit,y space, hence, can be adequately repre

sented by first two terms of an expansion in spherical har

monics involving the direction of electron velocity. In this 

way the Boltzmann equation is solved and generally the dist

ribution fUnction of unknown form is obtained numerically. 
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Occasionally for plasma with high ionisation, the solved 

distribution function differs in a minor way from a Maxwellian 

one and von-Engel (1965) wrote "generally, the energy distri

bution of electrons in a gas moving in an electric field is 

a:pproxima tely 11axwelli an" • I :r di stri buti on function becomes a 

non-Maxweilian one the concept of electron temperature is 

important only in the sense of average energy. When the degree 

_y of ionisation is small the socalled non-Maxwellian interactions 

of electrons with other particles result in elastic and in-

elastic collisions. These collisions induce energy exchanges 

between charged, excited and neutral particles and conversions 

between potential and kinetic energies occur, consequently for 

these energy transfers, f is affected. 

For.inelastic coll~sions, it is the electrons in 

the tail of the distribution that participate in the energy 

-lt/J{- exchange. For a low temperature plasma, a small percentage of 

high energetic electrons in the tail is lost due to inelastic 

collisions and the tail is depleted. The nature- of the func

tion is not appreciably altered for bulk electrons which can 

not excite or ionise. This argument led- von-Engel (19-65f to 

consider energy distribution fUnction to be Maxwellian 

(partiaularly f'or helium gas). 

Elton (1970) has described at least four criteria 

to be satisfied if the free electrons in plasma to have a 

Maxwellian velocity distribution. These are: 

(1.8) 
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where tee. is the energy relaxation time for colliding 

electrons. For a specific experiment, it must be much less 

then : (a) -l:. :H· , the energy decay time :for free free 

processes, (b) teh.. , the characteristic electron heating 

time, (c) t f'"-...,.,t , the characteristic containment time 

for particles and· 1~ tly (d) t 'f-n e\ , the relaxa. ti on time 

for electron impact including atomic processes such as exci-

y tation, ionisation etc. when the electron number density is 

comparatively high so that criteria (1.8) are fulfilled, the 

radiations from plasma also. increase. Griem (1964) has exp

ressed "most laboratory plasmas that emit enough light for 

spectroscopic observations are also sufficiently dense and 

~ long lived that the velocity ·distribution of electrons is 

very nearly Maxwellian at any instant of time and at any 

point in space". 

Tonks and Allis (1937) investigated the e:ffect of 
I. 

an external magnetic field on the electron velocity distri- , 

bution function and Bernstein (1962) justified the use of a 

Maxwellian distribution for strong magnetic field in th~ 

approach via Boltzmann equation •. It was experimentally ~bser

ved by xp: probe method that at least in longitudinal magnetic 

field electron energy distribution function is nearly Maxwe

llian (e.g. Bickerton and von-Engel (1956) for helium in 
' 

600 G field, Vorobjeva et at (1971) for pure mercury in 

800 Oe. field)~ 
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To report some measurements of properties of magneto

plasma by spectroscopic method: electron density in ring 

discharge {3.26 ~mz) in argon { p = 2.50 torr ) in longitudi

nal magnetic field ( B ~. 4.5 kG) was measured by Ricketts 

(1970) by line intensity, and line to continuum intensity 

ratio method. The author selected lines of high lying levels 

assumed in LTE and observed marked decrease in Te on the 

>-"' axis of discharge when axial magnetic field is applied. This 

temperature drop was explained in terms of possible heat trans

fer mechanism. An analysis of the profiles of ce~tain Hei 

spectral lines emitted from a low presmtre ( p = 0.5 torr ) 

after glow plasma submitted to a magnetic field of 1 o5 G has 

been provided by Drawin and Ramette (1979). The authors 

observed that a strong magnetic field leads to ·profound modi

fication of the line profiles and complicates the diogno sties. 

Now we shall discuss about the effect of a transverse 

.-

magnetic field on the positive column of a low pressure dis

charge. As a cylindrical plasma column is subjected to a 

unifonn transverse magnetic field it is pushed in the direc

tion of Lorentz force. The electrons and ions are pushed in 

the same direction hence question of charge separation does 

not arise, only the gyrofrequencies of electrons and ions 

will be vectorially in opposite directions (clockwise and 

anticlock-wise). So a deviation of density and potential 

distribution ~« from cylindrical symmetry occurs. As a con

sequence tkR~ there will be a potential difference between 
I". 
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points of the wall on a diameter perpendicular to magnetic 

field and this potential difference is known as Hall voltage. 

Qu·ai.i tative descriptions of plasma column subjected to trans

verse magnetic field have been given by Francis (1956). 

By utilising Tonks and All~ s ( 1937) expressions 

for electron drift in transverse magnetic field Beckman (1948) 

showed that the fl.. eld deflects the column towards the wall 

~).__, with the result that the total loss of electrons and ions is 

increased. This causes an incr.ease in electron temperature 

and axial electric field strength. Beclanan ( 1948) observed 
'2.. 1/'2. 

that the axial. electric field E is changed to E( o< -t (3 lo<. ) 

in presence of a transverse magneti.c field and electron density 

at a distance ~ from the axis and in field B is given by 

( 
c~ cos c:p) _ 

'T\a :. no e.xp - 2.1)d.- :To (2. 405 .~I R) (1.9) 

Tlo is the electron density at the axis, C is a constant 

depending on ion mobility, 1)a... is the ambipolar diffusion 

coefficient, J"o 'is the Bessel function of zero order 

and of first kind and ¢ is the azimuthal co-ordinate. 

By measuring the voltage across a fixed distance by floa

ting probe Beckman ( 1948) observed the electric field 

increases in a transverse magnetic field (B ~ 1000 G) 

in gases like hydrogen, nitrogen, helium and neon. 
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Danders (1957) investigated on low pressure positive 

column in a homogeneous magnetic cross (transverse) field in 
'\ 

Schot~ manner and an equation of charge carrier densi. ty 

distribution was obtained. Current dependence on magnetic 

field was also examined experimentally. 

Effect of a transverse magnetic field on low pressure 

glow discharges in different gases like, hydrogen,.helium, 

_r· neon etc.; was al.so investigated by Sen et al ( 1971, 1972). 

The authors measured the discharge cutrent and intensities 

of certain spectral lines in presence of field. Both the 

discharge current and spectral intensities were ooserved to 

increase first and after attaining a maximum at a certain 

magnetic field gradually decrease. In case of discharge 

current measurements, ~t was observed that the field (B max) 

at which the current becomes maximum is same for all gases 

and independent of pressure for the same initial discharge 

·current, for spectral line intensity measurements, B max 

differ for different wavelength of lines of a same gas. From 

Beckmann's (1948) analysis quantiative interpretations of 

the phenomena were produced. For smaller values. o:t' reduced 

magnetic field (B/p) the ·authors modified Beckman's expre

ssion and have shown that the electric field and hence the 

electron temperature is changed by a tran·sverse magnetic 

field as 

E ( \ -+ (1.10) 
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and 

where c1 is a constant for a particular gas gi v.en by 

2.. 

(1.11) 

c1 = { ( e I~ ) ( L I \.9"(')} where e , m. and L 

are charge mass and mean free path at a pressure of one torr 

~'>f of electrons and \.9......., is the electronic random velocity. The 

analysis was extended through the low pressure mercury arcs 

by Sen and Das (1973). Experimentally, the authors obs~rved 

that for increasing transverse magnetic field (B ~ 300 G) 
/ 

the arc current gradually decreases and voltage across the 

~ arc increases but the power consumed by the arc gradually 

increases and attaining a maximum value at a certain field 

decreases. Quantitative interpretation was given by consi-

-~ daring enhanced charged particle loss and hence an increase 

in T e., and the decrease of axial electron number density. 

For low voltage cesium arc Bendarenko et al (1965} observed 

that as transverse magnetic field increases, the arc current 

decreases. 

Recently Keneda (1977a, 1977b, 1978, 1979) in a 

series of papers studied the-effect of transverse magnetic 

field (B ~ 300 G) on neon glow discharges ( p = 0.3 -

10 torr). By measuring axial electric field strength by 

floating probes, Keneda observed that the axial field 

~ increases considerably with transverse magnetic field 
/ 

......... 
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at lower pressures and the author modified Beckman's expression 

by taldng account of electron loss at wall. 

Ecker and Kanne (1964) treated theoretically the case 

of cylindrical plasma column in a transverse magnetic field. 

The authors investi~ted on the problem mainly for two cases: 

(i) in collision free limit where Langmuir's theory of free 

fall··applies and (ii) in collision dominated region where 

~~- Schottky's ambipolar diffusion theory applies. In the colli

sion dominated case, they found magnetic field does not 

change the temperature. The shift of maximum density distri

bution in the direction of Lorentz force was given a linear 

perturbation treatment (hence, ~mall values of magnetic fi~ld 

was considered). While formulating the basic equations which 

may describe the collision dominated positive column in a 

transverse magnetic field, Ecker and Kanne wrote "the electron 

~- temperature is xallB calculated under the assumption that 

electron heat conduction is small in comparison to collision 

(elastic) losses. Then energy conservati~ law (for XE elect

rons) balances the energy gain in the electric field with 

energy loss due to collisions with neutral particles and 

axial electric field is constant due to Maxwellian's equa

tion". But to have this balance equation realised .for a real 

pl a3ma a certain criterion (Ecker and Zoler, 1964) is to be 

fulfilled. This criterion is 1\.e.. < '2. R Y IJ'l. 

where Ae_ is the mean free path of electrons, R the 

discharge tube radius and )> is the fractional emergy 
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. 
loss of electrons in an elastic_col~ision. This condition is 

not satisfied in normal glow discharges and realised in prac

tice only in cases of high current and comparatively high 

pressure arc discharges. 

Blevin and Haydon { 1958) have shown that a trans-

verse magnetic field effectively increases the gas p~essure 

from p to Ps so that 

( 1 .12) 

c1 has been already defined in equations (1.10) and (1.11). 

Assuming a Maxwellian velocity distribution of electrons 

and a constant average collision frequency, from the eqUi

valent pressure concept, the variation of Townsend's first 

iqnisation co-efficient in case of hydrogen is well under

stood in the high E/p region. But later on Haydon et al (1971) 

have argued that the velocity distribution for e-lectrons in 

presence of transverse magnetic field may not-be Maxwellian, 

so it is not appropriate to consider energy independent 

collision fre~ency when postulating equivalent pressure 

concept for electron behavior in hydrogen gas. From equiva

lent field concept of Allis (1956), Heylen and Bunting (1969) 

w:lthout assuming an • a priori' constant collision :frequency 

evolved an equivalent reduced electric field concept which 

reduces to more familiar equivalent pressure concept when 

electric field is kept constant. Using this concept and 

~....,.-/ assuming Maxwellian velocity distribution for electrons, 
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the transverse and perpendicular mobilities and their ratio 

tan e for electrons in hydrogen in transverse magnetic field 

(swarm expt.) are well explained. The average electron colli-

sion frequency was observed.to vary with electron energy. This 

conception was further verified from experimental datas 

obtained in case of other molecular gases like, k oxygen, air 

and nitrogen. 

Some measurements have been reported in case of r.f. 

discharges and cathode .region of .hollow cathode discharges in 

magnetic field. Also there are reports for Hall voltage mea

surements in plasmas. Since the works are outside the scope 

of present investi ga.tion, we shall not discuss them. 

LOW PRESSURE DIFFUSE MERCURY ARC PL.ASlVIA 

IN A LONGITUDINAL MAGNETIC FIELD: 

Measurements on. a low pressure mercury arc plasma 

in a longitudinal magnetic field was made by Tonks (1939) and 

by Cummings and !onks (1941). Tonks (1939) observed that a 

longitudinal magnetic field leaves the point to point electron 

number density unchanged and does not alter the relative poten

tial in cross section of the discharge tube. Thereafter, 

Cummings and Tonks (1941) found by probe method that electron 

temperature slightly decreases and axial electron density 

slight increases as the axial. magnetic field (B ~ 70 oe) 

~ increases. he authors stressed on the point that plasma may 



react differently on the uni_formity of the axial 1 magnetic field. 

So the magnetic field must be a uniform one 'without radial n 

co~ponent. From 8: detailed theory they ooncluded that 'normal'' 
.. 

distribution for electrons and ions. in the cross section is 

not altered in the presence of a longitudinal magnetic field. 

Tonks (1941) has calculated. approximately the. dispersal. 

effect along a plasma column in longitudinal.magnetic field. 

-~ The solution for radial electron and ion distribution· is the 

sum of a series of zero order Bessel f'lmctions. The first 
' 

term, which is the normal. distribution, is constant along The 

length of the column,' while successive terms decreasec with 
• I -

distance along the column at rates which are complicated 
I 

fu~ctions of B and electron temperature.r 

In contrast Davies (1953) observed a small increase 

in electron temperature in a longl. tudinal magnetic field 
. ' 

(B ~ 1580 G) for ~ d.c. cesium plasma (p = 0.03 to 0.1 torr) 

by measurements of intensity distribution in recombinating 

spectrum. The observation of D~vies can not be aoc~unted for 

by existing theories, Bickerton and von-Engel (1956) have 

attributed this discrepancy between theory and experiment 

in· the high current density ( i 5A/cm2 ) used in a capillary 

. tube· by Davies. For very high current ( i ) 30 A ) arcs 

in argon ( p < 1 torr ) in a longitudinal magnetic. field 

(B =- 2.3 kG), M~hic _and Kwan ( 1977J observed lK ~ axial 

variation of _electron temperature and electron density. 
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vander-Sijde (1972) obtained variat~on of temperature and 

electron density profile for a hollow cathode argon·arc in 

axial magnetic field (B ~ 1250 G) from radiation profiles 

and electron temperature was found to decrease with the inc

rease of the field. Wienecke (1963) obtained an increase of 

pressure in the hot region of a cylindrical symmetric arc in 

an axial _magnetic fiel~. Wienecke concluded that the forces 

exerted by magnetic field on charged particles modify diffu

sion curre.nt and since an energy transport is connected with 

the diffusion, it is also changed in magnetic field'. Davies 

(1953) observed that a Maxwellian distribution of electron 

speed prevailed in longitudinal magnetic field. Maxwellian 

velocity distribution for electrons was also observed by 

Vorobjeva et al (1971) in mercury vapour arc in a longttu

dinaJ. magnetic field {B. ~ 800 Oe) by probe method. 

There is no clear cut de.fini tion of an arc. For a 

low pres sure diffuse mercury arc Ecker and Z oler' a ( 1964) 

-criterion obtained from Ellenbaas-Heller heat balance equa

tion, that energy gain of electrons in electric field is 

balanced by losses in elastic collisions, is not satisfied. 

On the contrary Ghosal, Nandi and Sen (1979) have shown 

that for such a discharge, the energy consumed by the dis

charge is lost mainly in ionizing collisions (also in 
\ 

excitation collisions) and the supplied energy is carried 

away by electrons and ions through ambipolar diffUsion to 



32 

the wall- of the discharge tube ( also by radiation). But from 

definitions given by Pfender (1978) for an arc (e.g. (i) re

lative h~gh current density, (ii) low cathode fall, (iii) hign 

luminosity of the column), we call these diffuse discharges 

in mercury, a low pressure mercury arc. i In these discharges, 

the volume ionisation is generally balanced by diffusion of 

charged particles. Ionisation in the volume is mainly by 

~/ electron impacts of neutral and metastable atoms. Apart _from 

diffusion, recombination of charged particles may play a role 

in the loss of charged particles. But in an active discharge, 

owing to the high value of electron temperature with respect 

to ion (or atomJ temperature, recombination becomes compara

tively less effective than diffUsion. Two types of diffUsion 

are known-.--One is the Langmuir free fall diffusion, effective 

in very low pressure region and the other is Schottkp'e ambi

polar diffusion, operative in comparatively high pressure 

~egion. An ion fluid model described by Franklin (1976) 

covers these two domains through the transition region 

equally well. Electron temperature is calculated from a 

balan oe between particle loss and generation processes. 

-~, 

When a magnetic field is superimposed to a cylindrical 

plasma column, electron diffUsion across and along the field 

becomes anisotropic and the radial diffusion is reduced. The 

p~asma adjusts to this new situation by reducing its ionisa

tion frequency which is determined by electron temperature. 

So a change in electron temperature is expected in a magne

tic field. A reduction of electron temperature or axial E 

/ 

\ 
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electric field in effect determines a reduced diffusion loss. 

The influence of longitudinal magnetic field on a cylindrical 

plasma column operating in ~angmuir free £all domain has been 

treated by Self (1967). By ion fluid model which is equally 

responsive in high and low pressure regions, Franklin (1976) 

investigated on cylindrical plasmas subjected to axial mag

netic :field. Validity o·f ion fluid model was established by 

~/ experimental evidences. According to Franklin the existance 

of longitudinal magnetic field can be regarded asm an equi
t:J 

valent increase of pressure so far~radial motion is consi-

dered. Franklin (1976) further showed that due to decrease 

of radial diffusion of charged particles, ambipolar diffusion, 

if operative, will also be decreased in presence of a longi-

tudinal magnetic field. 

Some controversy arose regarding the ambipolarity 

'4¥ assumption (in high pressure region) in. the case of finite 

length cylinder with non-conducting walls placed in a 

longitudinal magnetic field. Disagreement between·eXperimen

tal data aid ambipolar theory was observed {Geissler,1970). 

Later on Chekmerev et al {1977) have analysed the diffusive 

decay of a weakly ionised gas in a finite length cylinder 
' 

with non-conducting walls in presence of axial uniform 

magnetic field and have found that ambipolari ty of dif;fu

sion is also preserved in presence of the field. The way a 

magnetic field influences the ambipolar diffusion is best 

described by Franck et al (1972). In the absence of 
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magnetic field the radial ambipolar field is positive, retar

ding plasma electrons and accelerating plasma ions. An inc

rease of magnetic field causes a decrease in pure diffusion 

of electrons and ions. In classical theory pure diffusion of 

electrons and ions across magnetic field varies inversely 

with the square of the magnetic field in the absence of any 

instability, 

' 
where be. and b· 1,. is electronic and ionic mobilities. 

Since at a given pressure electron mobility is larger than 

ion mobility by a factor 102 to 103 , electron dLffusion 

is diminished to a larger extent than ion diffUsion. So as 

magnetic field increases, at a particular magnetic field 'B~ 

~- the radial electric field vanishes when '"De. -L =. . 'I) ;_ .1.. • 

For magnetic field higher than B"'f' , the ambipolar 

electric field will be negative accelerating electrons to the 

•au wall and retarding the _ions. To realise experimentally 

"B"f> , where reversal of ambipolar field occurs, is hardly 

possible. Generally where B c:....., is 

the critical magnetic field where helical instabilities set 

in. Only for 0 < -:B <. ":B c "(' 

diffusion takes place, whereas for 

instabilities set in. 

classical ambipolar 

Kadomtsev 



35 

In this context we shall dis cuss briefly about some 

of the anolll6tlous behavior of colwnn plasma in longitudinal 

magnetic field. Most of the anomalous behaviour have been 
\Y\. 

studie.d in noble gases a.nd "some molecular gases. For plasmas 

confined by H non-conducting discharge tubes, Hob and 

Lehnert (1960) studied the effect of axial magnetic field 

in helium, hydrogen and krypton confined in long discharge 

tubes, so that diffusion to the ends can be neglected. The 

authors observed that upto a critical field the 

radial diffusion aero ss the axial magnetic· field decreases 

classically, but after '"Be,.. the diffusion increases with 

B. Kadomtsev and Nedospasov (1960) interpreted the anomalous 

behaviour by discovering an i:ristabili ty in the form of heli

cal wave which will be generaled by longitudinal electric 

field at high values of magnetic field. This instability 

known as current convective instability enlarges the effec

tive ambipolar diffusion with increasing magnetic field by 

E X B drift which tends to drive the plasma electrons radia

lly outward and to ~plify diffusion. The value of ""Bc"f' 

is determined by the pressure. Later on Janzen et al (1970) 

observe¢~. in neon gas that the appearance of the instability 

depends upon the length of the discharge tube. For short 

discharge tubes ( L $ 15 em.) tbhere is no instability. 

For comparatively long discharge tubes Deutsch and Pfau 

( 1976) observed an anomolous increase of column gradient 

in axial magnetic field (B <. ( '"B c..-y- ) in weak discharges 
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in noble gases. The anolamous behaviour was explained.by 

accounting the radial change in energy distribution of 

electrons in relation to longitUdinal magnetic field. Sato 

(1978) explained the same type of anomalous result as that 

of Deutsch and Pfau in tenns of self excited ionisation 

waves (moving striations). Muira et al (1979) observed an 

abrupt decrease of axial electric field for a smal.l inter~ 

val ·of axial magnetic fiel~ in neon. After this fall the 

axial electric field rises again and decrease cl assidally 

with the increase of field. The authors reported also the 

appearance of self excited ionisation waves along the 

abrupt fall of electric field. 

Apart from these instabilities, another weak ins

tability arises particularly in quiescent plasmas in axial 

magnetic field. This is lmovvn as drift dissipative insta-

,y· bili ty ( Timofeev, 1976). For current carrying discharges 

; 

these instabilities are superposed by more strong current 

convective instabilities. Another type of anomalous diffU

sion known es Bohm diffusion which is proportional to 

reciprocal of ma.gnetic'field, is observed in highly ionised 

magnetoplasma confined in metal chambers. Behaviour of 

misclleneous arc devices at normal pressure and exposed 

to magnetic field have been reviewed by Ublenbusch (1976). 
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ENH.AN CEMENT OF SPECTRAL .LINE INTENSITIES 

IN LONGITUDINAL MAGNETIC FIELD: 

When a plasma column is subjected to ·a magnetic 

field there is a coupled change in the axial electron density 

and electron temperature. Since the spectral line intensities 

sometimes depend on these parameters, in a magnetic field 

y..-.~ there will be a change in spectral line intensities. In aJ.l 

types of magnetic fields (e.g. axial, transverse and rota-
. . 

tional), enhancements of spectral line intensities have been 

observed. 

Rokhlin (1939) studied the intensity distribution 

of spectra1 lines of mercury ( p = 10-3 torr, i. = 1.5 - 4 A) 

and observed that for longi tudina1 magnetic field of limited 

extent having significant radial compqne.nt, the intensities 

'ttitt" of mercury lines gradually increase and after attaining maxima 

gradually decrease. Takayama and Ta.kezaki (1968) observed 

emission enhancement of several. He I and He II lines in 

a helium plasma ( p = 0. 4 - 4 torr ) in axial magnetic field 

(1{B ~ 6 k Oe). The enhancement factor observed was in

dependent of pressure. Ricketts (19?0) observed increase of 
- . 

intensities of argon spectral lines for an argon ring dis

charge in axial magnetic fields. 

Forrest and Franklin ( 1966) advanced a theory 

regarding beha"V.our of low pressure positive column arc 
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. ' 
discharges ·and calcul,ated the radial light emission profile in 

axial· magnetic field. The authors' theoretic!U model have been 

discuss~d ~n detail by Franklin (1976) and ·a contraction of 

radial column has been reported. ~ Recently Hegde and Ghosh 

( 1979) measured enhancements of He (I) and He (II) radiation 

from a helium glow discharge· ( p = 5 x 10-3 torr ) in axial. 
\ 

magnetic field ( B ~ 700 Oe ). The radiation was observed 

to increase and after passing through a maximum slightly to 

decrease with the increase of the field. Hegde ·and ~osh 

developed a collisional radiative model (CRM) for helium 

for a quantitative interpretation of the phenomena and for 

justif.ving_ the CRM alvanced by them. But in CRM generally 

.~ collisional radiative ionisation is balanced by collisional 

radiative recombination of charged particles. Whereas in 
I 

active discharges, collisional ionization is balanced by 
' 

ambipolar dif1\lsion to the tube waJ.l and recombination in 

the volume is negligi.be. Subsequently Hegde and ~osh (1979) 

found a very small c.olli'sional radiative recombination 

coe f:fi ci ent. 
. ' 

For ioni_c·lines, Allen (1966.) and Pinnington (1966) 

observed that the ionic lines are enhanced relatively by a 

forctor of 150 times than the atomic lines in the magnetic 

field. However, these investigators studied the radiation 

enhancement -phenomenon. from the interest of observing · 

Zeeman splitting. Allen (1966) recognised the problem that 

:=--....-(. the socalled magnetic. enhancement is not that the ionic 
' ' -. 
~ 
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spectra is enormously brightened but that the arc spectrum 

is diminished {particularly for optically thick resonance 

lines) • It should be noted here that the source used by 

these investigators are non-uniform ones, since radiation 

created at the central hot region is absorbed in the 

outer cooler region so that self reversal of the atomic 

{ resonanc·e) lines can occur. 

The effects of transverse magnetic field on the 
"'(\ 

radiation of 11. constricted discharge in helium, ij.eon, 

nitrogen, hydrogen and mercury were observed by Kulkarni 

(1944). Sen, Das and Gupta {1972) observed that spectral 

intensity in glow discharges increases·and after passing 

through a maximum decreases with·t~e increase of transverse 

magnetic field. The authors gave quantitative explanation 

of the phenomenon considering coupled change of plasma 

parameters utilizing Beckman's ( 1948) analysis. 

A group of investigators (Vukanovic' et al ( 1969), 

Pavlovic' et al (1979)) investigated the effedt of homoge

neous, inhomogeneous and ~otating magnetic fields on the 

spectral intensities of free burning d.c. arcs. Their 

interest lies in finding a way for increasing line 

strength for finer spectrochemical analysis and from that 

point of view the authors recommended the application of 

an i11homogeneous and .rotating magnetic field on the d. c. 

free burning arc because of large enhancement of spectral 

lines in those types of fields. 
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RECOMBINATION 

For partially ionised gases, a particulexly 

important reaction rate is that for electron ion recombina

tion. In general two processes dominate in the loss side of 

charged particles' continuity equations - one is the ambi

polar diffusion loss term and the other is a volume recom

bination loss term. By ambipolar diffusion, the charged 

particles created in the volume of the plasma by some mecha

nism diffuse away to the wall of the discharge vessel where 

they recombine and subsequently return to the plasma as 

neutral atoms in ground state. The charged particles may 

also recombine in the plasma volume through any of several 

possible mechanisms with oppositely charged particles and 

thereby create neutral' particles in excited or gTound states. 

In an afte~glow plasma, when the electron temperature relaxes 

to a value corresponding to the ion temperature, loss due to 

.ambipolar diffusion of charged particles, which is directly 

proportional to 1he ratio of electron temperature to ion 

~emperature, reduces and thus in suitable conditions like a 

high gas pressure or a large discharge vessel, recombination , .. 

reac·tion ma;v dominate over that of ambipola.r diffusion. 

The macroscopic recombination coefficient 0( is 

defined by the relation (in the absenc.e of ionization processes 
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as in an afterglow) 

( 1 .14) 

where ncz.. and n-u deno "00 the number density of elect

rons and ions with which the electrons are recombining res-

pectively. 

If an electron is to :recombine with an atomic or 

molecular ion, recombination energy which is the sum of 

internal energy of the ion and kinetic energy of electron 

is released. The abilit,y of the system to dispose of this 

excess energy determines the probability that recombination 

will occur. Considering the principles of conservation of 

linear and angular momenta, in the review articles, McDaniel 

(1964) and Massey and Gilbody (1974) have analysed electron-
tA 

ion recombination in terms of seperate reactions of the 

following types: radiative, dielectronic, three body colli-

sional and dissociative recombinations. 

If the energy released in recombination of an 

electron e. and an ion A+ is carried off by a photon 

~ , then it is a radiative recombination. This process 

may be represented by the reaction equation 

(1.15) 

Another way of handling the excess energy of recom

bination is to form a neutral atom in which two electrons are 
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simultaneously excited. The energy of the resulting doubly 
e 

excited atom lies above the series limit and is ener~ti-

cally uhstable, but can be stabilised by the emission of a 

photon in a transition to a lower bound level. This process 

of dielectronic recombination may be represented by the 

reaction 

( 1 • 16) 

A star (*) denotes an excited state. 

I:r the recombination energy is carried off as 
. . 

increased kinetic energy by a third body involved in the 

collisionK, then three body recombination occurs. Because 

electrons have such a small mass in comparison with 

other partiCles, the case in which the third body is an 

electron is distingUished, so that 

+ 
e-tA+e~A+e (1.17) 

and the case where the third body is some heavy particle X 

(1.18) 

The above process involving a neutral third bo~ becomes 

important at sufficiently high neutral gas pressure, even 

though the neutral particles are no more eYfective than a' 

positive ion in removing energy from an electron. At 

ordinary pressures this recombination reaction should be 

very slow. 
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In the event that the electron recombines with a 

molecular ion , a particularly effective process 

is to have the recombination energy go into dissociating 

the molecule and into increasing the kinetic energy of the 

resulting products. This process of dissociative recombina

tion is represented by reaction equation 

In the course of dissociative recombination, the 

electron colliding with the molecular ion is captured to 

the autoionization level. Since the interaction between 

the atoms in the autoionization state is repulsive, they 

move apart. If the autoionization state does· not have time 

to decay while_ the atoms move apart to certain distance, the 

result is a stable state of the dissociated particles. 

In a sy~tem if chiefly ionised species are the 

molecular ions, large effective recombination is observed, 

then ·-there seems to be little doubt that dissociative 

recombination, first suggested by Bates and Massey ( 1947), 

can occur rapidly enough to account for the observed decay 

rate. 

The first theoretical calculations for dissocia

tive recombination were made. by Bates (1950). He ,analysed 

the problem as a two state process. First the excited 

unstable molecule is formed, whose constituents then move 

I 
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apart under the influence of their mutual repulsion thereby 

preventing autoionization. The expression for dissociative 

recombination coefficient 0\ was derived from the Franck 

Condon principle~ in terms of the autoionization life time 

and the time for effective separation to occur. 

Thereafter, Warke (1966) derived the rate of disso

ciative electron capture by 0~ ion~ in a semiclassical 

_')-__ , farmalism in which heavy io·ns are treated classically and 

the electrons quantum mechanically. For H~ ions cross -

section of dissociative recombination was· calculated by 

Bauer and Wu ( 1956) and by Wilkins ( 1966) in a Born approxi

mation. A theoretical model for estimating the value of 

dissociative recombination coefficient has been described 

by Watson (1975). 

But accurate computation for any specific ion 

would be extremely difficult to perform, in as much as :k 

an ~binitio calculation requires detailed knowledge of the 

wave functions of all the molecular and atomic states of 

the reac-tion and their potential energy curves and auto

ionization probabilities as a function of inter-nuclear 

separation of atoms. Smirnov {1977) pointed out other 

difficulties of this complicated process. The number of 

autoionization states is large (sometimes infinite) and 

recombinating molecular ion can· be in excited vibrational 

states and this fact also influences the magnitude of ~ • 
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Actual values of o<. depend on the ionic species 

involved, but it is still possible to identitY the order of 

magnitude of o< for each of the recombina.ting processes 

described above. In Table (1.1) the characteristic values 
cv,n.cL 

are shown. Values correspond to room temperature~ .. Ahave been 

computed by Mitchner and Krugar (1973). 

TABLE 1.1 

Characteristic values of 0\ • 

----~--~---~-------,---3--r---$ 0( (em sec- ) 

Process 
I 
t 

--------- -------------------- -.-
1 • Radiative 

2. Three body (electron) 
"Y"'\ _ 1013 -3 . •e.- em 

3. Three body (heavy particle) 

helium ( 1 atoms: pressure) 

argon ( " " ) 

air ( " 
hydrogen( " 

4. Dielectronic 

5. Dissociative 

" 

" 

) 

) 

10-12 

. 9 X 10-7 

7 X 10-9 

7 X 10-11 

2 X 10-7 

2 X 10-7 

10-12 

10-7 

-------------------------------
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T~e description of recombination in terms of above 
' ' 

mentioned independent reaction processes is traditional. 

In general however, these processes may be coupled. Bates, 

Kingston and McWhirter (1962) have demonstrated a coupling. 

The authors argued that loss mechanism in very tenous 

plasma (astrophysical) is generally referred as radiative 

recombination and three body electron collisional recom

bination may be applied to the loss mechanism in very 

dense plasma. These two mechanisms are really the two 

limiting cases of a more general loss mechanism which was 

called collisional radiative recombination by Bates et al. 

This general loss mechanism is not simply the sum of the 

two limiting types for it results from the combination of 

interacting .collisional and radiative processes of ioni

sation, recombination excitation and de-excitation which 

can occur in a decaying plasma. Then.a statistical%~ 

treatment is applied and quantitative result for ~eR 

is obtained. Sometimes under suitable conditions the 

order of magnitude of ~eR becomes equal to 10-7cm3/sec. 

Thus when in a decaying plasma molecular ions can not be 

identified to be present, the recombination is of calli-
' 

sional radiative type. o( C.R. has been calculated for 

hydrogen, hydrogen ions, helium and for helium ions. For 
·' 

other elements, the computation becomes difficult to 

perform owing to large number of complicated excited 

states and for lack of knowledge for respective cross-

section datas. 
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1\'Iost measurements of the electron ion recombination 

coefficient. are made by measuring electron concentrations 

end other parameters in a plasma as a function of time 

after cutting off the exciting soUrce. Under many condi

tions in these experiments, the electron temperature is the. 

same as the gas temperature, but in some cases it is main

tained higher through application of auxiliary heating of 

electrons, as through microwave pulse. The microwave method, 

first utilised by Bi~ddi and Brown (1949) for measuring ~ 

in helium appears to be most reliable in current use. The 

experimental arrangements have been de~cribed by Biondi 

(1951). The general principle of microwave tec~ique is 

this: High purity gas is admitted at· a desired p:ressure in 

a cylindrical quartz bottle located inside a cylindrical 

microwave oavi ty. A pulse discharge of van able time dura

tion is then produced by microwave energy fed from a mag

netron. The chief effect of the electrons produced in the 

discharge is to change the resonant frequency of the 

cavity. If the spatial distribution of the electrons in 

the bottle is known, absolute values of average electron 

density can be obtained from measured frequency shift 

during an afterglow. 

For a recombining plasma if T\ e.. = n'i. and 

at t = 0; i) e.- = 71 e. (0) , the solution of eqn. { 1 .14) 

is 

( 1-.. 20) 
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so that the reciprocal of the number density is a linear 

function of time with slope 0( • Thus o( can be 

determined from the loss rate of charge particles. When 

ambipolar diffusion is ~he main loss ~echani~, decay rate 

of charged particles is an exponential one. Accurate 

values o~ ~ is difficult to determine.be~ause other 

loss processes like diffueimn (in some cases attachment) 

are present, because electrons may continue to be produced 

after primary di Eeharge is turned off. Gray and Kerr ( 1962) 

.have published a theoretical analysis of after glow decay 

in which they considered both diffusion and recombination 

loss processes. Considering these loss processes a non-
. 

linear differential equation is obtained, 

( 1. 21) 

here Da is the ambipolar diffusion coefficient. Gr~ and 

Kerr solv~d this equation numerically for widely different 

conditions, i.e. initial electron density distribution, 

·cavity filling factor and ratio of recombination loss rate 

to diffusive loss rate (2, and for both spherical and 

i~fini te cylindrical geometries. Equation ( 1.'~1) has 

also been solved numerically by Oskam (1958) for infinite 

plane parallel geometry and by Fram~old, Biondi and 

Mehr (1968) for geometries having cylindrical symmetries. 
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The results obtained experimentally are analysed 

ntunerically by the above mentioned method. In ~ew cases, the 

criteria for obtaining accurate values 0~ ex appeared to 
-· 

have been met. In many cases the criteria were definitely 

not fulfilled, wheaeas in others no decision could be made. 

',However, for a fair measurement of o< 
given for the following conditions: 

, importance is 

i) Measurements be made under condition in which (3 
is large, 

ii) attachment losses should be as small as possible,-

iii) in order to maintain as simple an analysis of 

afterglow as possible, it is necessary that electron 

energy distribution maintains a stationary value~ 

all_the loss processes in general depend on Te. In 

order to have simple conditions, it is necessary 
(hal: ' 

sometimes,/\ the electrons are in thermal equilibrium 

with gas molecules, 

v) for the· assumption 11-e... = 1\;_, to be made, it is 

necessary that ions present should be of a single 

type. 

Furthermore, measured values of 0( are not 

very meaningful (in the sense of type of recombination) 

unless the identity of the recombining ions is definitely 

known. Positive identifi cati.on is obtained oy mass IW 

spectrometric probing or by spectroscopic observation of 

the plasma while recombination is occuring. 
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As we are interested in afterglows in mercury vapour, 

we shall review the measureme~ts made in mercur,y afterglows. 

Mohler ( 1937) was first to determine 0{ for me.rcury vapour. 

He used a probe to measure electron density after cut-off of 

an intense direct current discharge in mercury at 0.27 torr 

pressureo T in the afterglow was of the order of 2000°K e 
and o< was found to be 2.3 x 10-10 cm3/sec. Mierdel (1943) 

\ however, has found that decay rate of electro~ densit.y under 
~--

very similar condition indicates an· ambipolar diffusion type 

electron loss rather than recombination. Thereafter, 

Dandurand and Holt (1951) studied the electron removal 

processes·in mercury afterglow by microwave technique and 

elso be observing the visible and near ultraviolet light 
I 

intensity and spect~um associated with the afterglo~ by a 

gated photomultiplier. They observed that the rate of 

electron density decay is determined at low pressure by 

ambipolar diffusion and at higher pressure by attachment. 

At the higher pressure region, some recombination.is present 

and probably accounts·for the line spectrum in afterglow 
0 0 

(especially th~ bands at 3448 A and 3480 A). Value of~ 

was found to be 5 x 10-9 cm3/sec (corresponding T is . e 
around 2000°K) and the authors remarked adt that result::: 

was made complex by the. presence of metastables in the 

plasma. Biondi (1953) investigated on the processes 
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involving ions and metastable/ atoms in mercury afterglows. 

He argmed that studies ~f electron production and removal 

in gases of large m~lecular weights were complicated by 

the fact that the electrons might not attain thermal equi

librium with the gas during-afterglow measurements. As a 

result only qualitative rem~ka could be made concerning 

the processes occuring in mercury. This dif-ficulty has been 

overcome by adding helium in mercury to reduce the electron 

energy decay time ru1d measurements could be made of the 

behaviour of thermal electrons in a mercury helium mixture. 

Helium acts as a recoil gas and keeps Da small but leads 

to only a very small rate of complex or negative ion (by 

attachment) formation. In an afterglow in such a mixture, 

the ion population consists almost exclusively of ions of 

mercury and not of.rare gas because its ionization poten-
' tial is higher than that of mercury. Biondi applied the 

microwave techniques to determ~ne the electron densit,y 

decay rates. It was observed that atomic mercury ions are 

converted to molecular mercury ions by the reaction 

( 1. 22) 

and the reaction occurs at a rate 140 ( ) 
"

sec-1 In comp~ratively high pressure region, these mole-
. . . 

cular ions recombine with electrons and the measured value 
+ 

of dissOciative recombination coefficient of \-\CO z. ions 
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with electrons is 5.5 x 10-7 cm3/sec. at 400°K. The author 

disagreed with Dandurand and Holt on the possibility of 

attachment. On the other hand he found that at the pressure 

over 1 torr, the electron density de~ay curve shows increasing 

evidence of recombination. 

Baibulatov (1966) while investigating on the de-

ionisation of a mercury plasma noted that when the ionising 

field is_switched off, the production of new ion pairs prac

tically ceases.and charged particle concentration then dec

reases, approaching a finite but small value. For· a mercury 

plasma of pressure 0.01 to 0.1 torr, deionisation takes place 

mainly through the diffusion o~ ion electron gas to the walls 

of the discharge vessel as well as through reduction of 

electron temperature as a result of inelastic electron 

scattering. 

Thereafter, Nishikawa, Fuji-e and Suita (1971) 

investigated on the atomic collisi.on processes occuring in 
I 

a flowing afterglow excited by D.C. discharge by triple 

probe and optical measurements. They found that the dec-

rease in intensity of mercury atomic lines is rapid near 

the discharge source followed by a slow rate some what 

distant :from the source.- The rapid decrease in line inten-

sities nea~ the source may be due to the electron attach

ment process thereby prodUcing temporary negative ions by 

· the reaction 

(1.23) 
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From decrease in density of metastable atoms some what 

distant from the source, the diffusion coefficient and 

the rate M at which metastable atoms are converted to 

metastable molecules are graphically obtained. Slow in

tensity decrease somewhat distant from the source is 

related to dissociative recombination. o< was measured 

to be 3.7 x 10-7 cm3 sec.-1 which is ·1.5 times smaller 

than that of M.A.Biondi. This discrepancy was attributed 

to relatively high electron temperature (0.12 eV) in 

comparison with the electron temperature in the afterglow 

reported by M.A.Biondi. The molecular ions are formed by 

the reaction 

b1: 
(1.24) 

The short duration aftenglow of an r.f. (28.5 MHz) 

discharge in mercury has been examined by Aubrecht et al 

(1960) at different temperatures.(60°C- 215°0). The 

authors concluded that enhancement of intensity of mercuxy 

atomic lines in the afterglow of r.f. discharge are pro

duced by ionizing collisions between metastable mercury 

atoms. The decay is produced predominantly by volume ion 

electron recombination. The decay of the atomic lines in 

the afterglow is not affected by r.f. power supplied to 

the discharge. At higher temperature ( )/ · 468°K), 

molecular bands appear and intensities of atomic lines 

decrease and decay more rapidly. 
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Another afterglow study in mercury vapour was done 

by McCoubrey (1954). This. was a spectroscopic observation 
0 0 

for persistence time of 4B50 A .3350 A 
\ 

bands during the 

afterglow. This experiment was not intended for a measure-

ment of electron density decay rate, rather it was observed 

that 63P 
0 

atoms are· converted to metastable diatomic H3-
2 

( ~ 0.~ ) ~ molecules by a three body collision invol-

ving two normal atoms and. a value for diffusion coefficient 

of metastable atoms was obtained. 

Generally dissociative recombination coefficient 

may depend on other parameters of a plasma afterglow. We 

shall discuss the interesting problem of temperature varia-

tion of CX • In the investigations made by Frarnmhold 

Biondi and Mehr (1968) in neon and by Ogram et al (1980) in 

krypton, the microwave techniques were utilised to determine 

Te dependance of o< • In those experiments electrons do not 

relax to gas temperature during the afterglows, on the other

hand the temperature is controlled by steady microwave 

heating. As T e is raised, ambipolar diffusion is also 

increased. However, it was observed that if every uhstable 

molecule (in excited state) formed, dissociates before ' 

autoioniZa.tion can take placelJ then the initial capture 
-O·S 

step is rate limiting and a dependance of as Te is 

observed. If however, stabilisation of reaction by 

t . t 1' 't' th . t' ..,.. - 3 /'2.. dissocia ion 1s ra. e ~Inl.. ~ng en a var~a ~on as , e. 

is predicted. 



In some experiments for determination of recombina

tion coefficient superimposed axial magnetic fields were 

used. But in all the analyses it is tacitly assumed that CX. 

does not depend on a magnetic field. Kuckes et al (1961) 

measured recombination in helium afterglow in a B-1 ste

llarator. In these experiments the degree of ionization was 

high from almost 100% to 2% as helium pressure was varied 

~-- from 0.25 to 100 microns. It was observed in the experiment 

that ( 1) the loss rate i's independent of the confining mag

netic. field ·between 2.9 to 3.5 kilogauss, (2) the intensity 

of light which is shown by spectral analysis to originate 

from the recombining helium atoms, is proportional to the 

electron loss rate, independent of pressure and magnetic 

field. The recombination was identified as three body one. 

Knechtli and Wada (1961) measured recombination 

coefficient of a highly ionised (90% degree of ionisation) 

quiescent Cs plasma in steady state, without any cu:r.Tent 

through . the discharge and in a superimposed magne·tic field 

of '500 gauss. The experiments were not intended for inves

tigating magnetic_field dependence of ex ' but for estab

lishing the suitability of this type of currentless quies

cent discharge in plasma behaviour study and. to identify 

the nature·of recombination of Cs plasma. However, CX 

measured in the experiments was substantially lower than 

the values reported in literature. The authors interpreted 

'this in terms of low probability' of' formation of molecular 

ions leading to dissociative recombination, so that radia

tive or three body electronic recombination which have a 

,, 
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slower rate than dissociative recombine.tion might be the 

possible loss mechanism. 

Thereafter, ·D'Angelo and Rynn (1961) investigated 

in the same type of Q-machine cold plasma device on Cs and K. 

In this machine which'is similar to that of Knechtli'and 

Wada, Cs and K Plasma is produced by surface ionisation on 

a hot tungsten plate of Cs and K atoms from an atomic· 

beam oven. No current was used and Lengmuir probes were 

used for-diagnostics. It was concluded by the authors that 

when no current is passed through the plasma, a 1/B2 depen

dence of particle diffusion perpendicular to imposed mag

netic field ( B = 9 kilo gauss) is observed. Although the 

experiment was not designed for an accurate determination 

of o<. , it was assumed that o< which was identified as 

. three body colli-sional radiative was constant with magnetic 

field. 

Recently Fowler (1978) in a paper entitled nA 

possible dependence of recombination on magnetic fieldn 

has suggested that beam maintenance experiments of D'Angelo 

and Rynn in Os and K and of Simon (1959) in molecular 
' ''' ' tw.,t 

nitrogen gas which were des~gned to d~ove Bohr.ndiffu-

sion may instead have revealed the existfnce of unsuspected 

magnetic £ effect upon recombination. 

Fowler argued that it is the low angular momentum 

overlap between plane waves and orbital wave functions 

which makes electronic recombination such an improbable 
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process, the rapid decrease that ele-ctron cyclotron radii 

undergo in a magnetic field might be expected to improve 
' this situation drastically, especially for recombination 

into Rydberg states. The'quantum number of the Bohr orbit 
I 

which has the same angular momentum as a cyclotron orbit 

in a field of B tesla :i:s 120 B-1/ 3• Therefore,~ the pheno-

menan is in fact unknown in ordin~y dischar;ge afterglow 

~- experiments, because they are conducted at moderate pressure 

( ~ 1 torr) ra~ely permit states to exist much above 

n = 20 (beilow which B must be greater than 200 tesla to 

observe an affect). But the be am experiments which were 

conducted between 10-6 and 10-3 torr would have permi-
--

tted states as high as n = 200, and could easily have been 

influenced-at 0.1 to 1o0 tesla fields employed. On the basis 

of D'Angelo and Rynn's data, Fowler Suggested that behaviour 

of o<. for Cs and K would be 

-1<6 -34 . -\7 
o( =SX\0_ -t(3X\C P-+ 4.9)<10 )B ( 1 • 25) 

with. p in m-3 and B in tesla. The three terms are radia

tive recombination, threebody magnetic induced recombination 

and radiative magnetic induced recombination. Fowler conclu-

ded that purpose of his paper is merely to point out the 

possibility of a new avenue of research, and to suggest 

·the desirability of some direct experiments of recombi

nation coefficient in a magnetic field. -
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1.3. SCOPE OF THE PRESENT WORK 

It is well known that properties of a plasma 

change in presence of magnetic field and the c.hange in the 

properties is reflected in the change of values of plasma 

parameter. Characteristics of magnetoplasma have been re

viewed by Francis (1956), von-Engel (1965), Chen (1974)' 

and by Franklin {1976). In a magnetic field constant in 

space and time a charged particle possessing a radial 

velocity component moves in a helical path. The. motion can 

be visualised as a combination of circular motion around a 

point, known as guiding centre and a linear motion of the 

guiding centre. A positive charge gyrates counter clock

wise when viewed in the direction of magnetic field while 

an electron gyrates clockwise. Franklin ( 1976) ·}las discu

ssed the criteria ·for effective magnetisation of electrons 

and ions. In comparatively low vaLues of magnetic field, 

the electrons are only effectively magnetised. 

A description of plasma properties would include 

a detailed knowledge of the populations of ~11 bound elect

ronic states, a knmvledge of the translational energies of 

electrons and various atomic species, and a determination 

of free electron densities. For understanding the behaviour 

of plasma in magnetic field, measurements of above parame

ters when a magnetic field is present is desirable. 
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For cylindrical plasmas in usual discharge tubes the 

positive column represents the true plasma region. In this 

region quasineutrality of charged particles is maintained. But 

in a magnetic field due to magnetisatio~ of charged,particles 

loss processes as well as the gain processes also change. 

These changes are manifest in corresponding changes in elect

ron temperature and axial electron densit,y. In the present 

investigation the following properties of a magnetoplasma 

have been investigated. 

A. Electron temperature and electron density in low 

density magnetised plasma by probe method. 

Following the quantitative· analysis of Beckman , 

analytical expressions for the variation of electron te~pe-, 

~j rature and electron density in a transverse magnetic field 
~1 

Ji._ 

have been obtained by Sen and Gupta (1971). \~en the field 

is axial a detailed experimental analysis of these parame

ters has been provided by Bickerton and von-Engel (1956) and 

Aikawa (1976) has also studied the anisotropy of the electron 

distribution function by measuring the electron temperature 

in the direction of the magnetic field as well as in the 

perpendicular direction. As most of the effects of the mag

netic field depend on the manner in which these parameters 

are affected by the field itself it is proposed to measure 

the electron temperature and electron density and their 

variation in both the transver·se and axial magnetic fields. 
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It will also be of interest to see how the electron energy 

distribution is affected by the magnetic. field. Further~ 

this study is expected to show how the orientation of the 

magnetic field with the discharge tube axis can influence 

the plasma properties. 

:a. Investigation of plasma parameters by 

spectroscopic method. 

Since by probe meas~ements we obtain the local 

properties of plasma, for average properties other types of 

diagnostics are desirable~ Investigations have therefore 

been· carried out on measurement of electron temperature 

variation d:f a~·gi-ow discharge in transverse magnetic field 

for hydrogen and helium gases by spectroscopic methods. As 

little W?rk has been reported to include the effect of 

magnetic field on spectroscopic diagnostic it self, we have 

discussed the feasibility of the technique in detail and 

have obtained the variation of electron temperature in a 

transverse magnetic field and compared the results with 

theoretical analysis. 

c. Mercury arc plasma in an axial magnetic field. 

Due to availability of mercury in pure form 

and for immense practical utility low pressure mercury 

discharges in different conditions have been exhaustively 
.. I 

'%~, studied. Actually certain types of mercury discharges 
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(e.g. Hg- -A discharges) are said to be best understood 

(Ingold, 1978). So a study of low pressure m~rcur,y arc dis

charge placed in an axial magnetic field has been undertaken 

to see the roamer in which electron temperature and electron 

density are .affected by the axial field. Properties of arc 

differr· in some ways from those of glow discharges. In this 

study it is proposed to investigate the physical processes 

rl actually occuring in an arc plasma. Hence in the present 

investi ga.tion air is the background gas which enables us to 

study how excitation ionization and deionization processes 

are influenced by the presence of air. For mercury arcs, 

associative ionization process is found to be a dominating 

ionization process. The effect of this process in positive 

column with and without magnetic field has been treated in 

detail and a relation ·'lrlx between axial electron density and 

electron temperature has been obtained and compared with 

experimental results~ 

D.. Influence of magnetic field on the enhancement 

of intensities of triplet s.eries of mercury .. 

The radiation enhallcement of intensities of sharp 

series triplet lines of mercury with longitudinal magnetic 

field has been studied with the object of understanding the 

processes of population and depopulation in different atomic 

states under the action of magnetic field. The theory of 
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positive column was reviewed in the light o~ enhancement mea

su:bements. The in~luence o~ the field on metastable popula

tions of mercury has been demonstrated. 

E. Persistence times in afterglows in mercury 

arc maintained by r.f. ~ield in presence 

and in absence of magnetic field. 

The effect of an axial magnetic field on decay 

processes of a special type of mercury afterglow has been 

studied in this section. Since in mercury arc discharge, 

large number o~ molecular ions are found to be present, 

dissociative recombination o~ charged particles becomes a 

dominating loss pro cess in the afterglows. So an investi

gation of particle loss processes in magnetic fie.ld me.y 

effectively determine the dependence of recombination on 

external magnetic fields. Apart from recombination other 

dominating loss mechanisms like di~fusion and drift dec-

rease in an axial magnetic field and recombination is 

considered to be independent of field. Recently Fowler 

(1978) has expressed his reservation on the constancy of 

recombination with magnetic field. So an investigation on 

loss processes in magnetic field is desirable for the 

proper knowledge o~ plasma loos mechanisms. 
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Under these headings it is proposed to study 

the interaction of the magnetic field ~dth the plasma 

by measuring some of the plasma parameters and their 

variation N in the magnetic field. It is expected 

that this study will throw light on the physical pro-

ceases K occuring in the a magnetoplasmao 
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CHAPTER II 

EXPERIMENTAL SET UP ===============c==:& I . 

2.1. Introduction 

In this work experimental :i.nvestigatio~ and 

theoretical int~rpretation on the properties of magnetoplasma 

4: have been carried out. We have measured, the parameters of 
i 

positive cpluinn of discharges in magnetic field by different 

methods. To study the effect of magnetic field, a low · -
. 

pressure plasma with a low input power is d_esirable. In a 

low pressure discharge, as the mean free times .of the 

plasma particles become larger, plasma transport proper

ties will be affected m9re by the magnetic field. In general 

the magnetic fields used in our experiments can effectively 

magnetise the _electrons and ions may be considered to be 

uninfluenced by the field. Before any set of observations 

a steady state of. the di echarge ~as obtained, thereafter, 
. 

magnetic field was introduced and the plasma properties 

were measured. Measurements were made on glow and arc ( 

discharges _when either a longitudinal (axial) or a 

transverse magnetic fitlld was present. 

\ 
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2~2~ 'Discharge tubes 

All the discha.,rge tubes in which measurements were 

carried out were constructed of pyrex glass~- For glow dis

charge measurements the tubes were :f'i tted with brass (a()% Cu, 

20% Zn) and aluminium electrodes and for low pressure 

me~c~ry- arcs,- the a~s wer~ struCk ~between mercury pools. 

Two types of arc tubes were constructed ~ vertical and 
. ' 

horizontal e.nd the· tubes were :fitted to simple traps through 

standard· joints as shown in Fig.2.1. In this way, the 

mercury vapour going ·out of the discharge t.ube could. condense 

smoothly and 90uid return _to. the t~be. Otherwise, it· \!as 

observed that mercury would condense in the joining.rubber 

tubes and a mercury plug would be formed in the passage and 

thereby would disturb the vacuum system. The dimensional 

·parameters of the discharge·tube~·and the electrodes used 

etc. for different. measurements have been shown ili Table 2.1_. 

The discharge tubes were thoroughly cleaned by 

chromi·c acid, pet-eth~r and distilled water' and dried on the 

pump. Then the tubes were heat baked in an eleotri c o van in 

the usual wa:y. Finally the .tubes were heated on the pump by 

passing currents for several days (and for-several hours 

before eaeh set -of observations) to degas· them. For remov.t-ng 

the occluded gase·a from the electrOd.es, 'bot~ the electrodes 

were used as cathodes alternately by reversing the currents 
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through the dis charge. The tubes were then flushed. with ll\e2.. 

desired gas for _two or three days and then the gas was 

introduced through a microleak of a needle valve to a 

desired pres mre. The experimental. set up_ of a typical. 

experiment has been shown in fig. 2.2. 

2.3. Preparation of gases 

For measurements in dry air, the air was p 

passed throug~ two U-tubes containing" phosphorus pentoxide 

powder and caustic potash pellets to remove traces of 

water vapour, then it was introduced to the discharge tube 

through a needle val.ve. Hydrogen and oxygen gases were 

prepared from electrolysis o.f a warm solution of pure 

barium hydroxide in between .. platinum electrodes in aU-tube. 

For hydrogen, the gas ·evolved from the ~thode was passed 

through a hard glass tube containing copper spiral heated 

electri.cally. ·The gas was next passed through series o~ 
I 

U:-tubes containing phosphorous pentoxide powaer and caustic 

potash pellets. The· oxygen gas, evolved in the anode of the 
. . 

electrolysis tube was passed through a n a:Jk containing 

concentrated sulphuric ·,acid. The nitrogen gas waa supplied 
• ll 

by Indian Oxygen Limited and was ?assed through concentra-

ted sul;phuric acid. After purifi,catiQn has been done in 

the" ste.ted;.JJ;lanners the gases were stored in a round 

bottomed glass f1 ask which is connected to· the discharge 

tube. For measurements in the. glow discharges in transverse 



D.T. 

TO PUl\W 

--------------·-----

N.V.- .NEEDLE VALVE. 

T - SIMPLE TRAP. 

P. G. - PIRANI GAUGE. 

0. T. - DISCHARGE TUBE. 

P. -POLE PIECES OF MAGNET. 

M.G. -MCLEOD GAUGE. 

G. S. - GAS STORAGE. 

0 - Sto·p COCK. 

FIG. 2.2. 

Fig. 2.2 .. An experimental set up in longitudinal magnetic field. 
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TABL:B 2,1 

Dimensional parameters and other characteristics of the discharge tubes. 
\ --------------'· 

-~-------- ---- -·------------ -----------
' 

ExPeriments with reference 

to ·chapter number~ 

Dimensions of discharge tubes ' Electrodes ' Remarks. 
t 

rnnfer 
, diameter 

(em) 

length 

(em) 

------- -- -·--
1. ~robe measurements in trans- 4 

.verse magnetic field (Chap.III) 

2~ ~robe measurements in.longi- 2.5 
tudinal magnetic field(Chap.III) 

3~ Measurement of electron tempe- 1 .5 
~ature of glow-discharge in 
transverse magnetic field(Chap.IV &V) 

4. Mee.suremen ts of plasma parameters 

·Ill: of low pressure mercury. arc in 1. 5 
longitudinal me.gneti c field 
(Chapter VI and VII) 

5. Investigati_ons on %low processes 
'of low pressure mercury after- 3e6 

glow in axial magnetic field 
(Chapter VIII) 

__ .... ________ _ 
----------

22 

8.5 

19.5 

8 

9• 

---·-

---------, 
' Thickness 
, of the 

tube wall 

used and 
electrode 

I 

separation. 

..... ___ ...,. _______ _ 
~ Oe 1 em. brass 16 .. 9 am. 

~ 0,1 em. brass 5. 5 em. · 

;::::: 0 • 1 em aluminium 17.5 em. at the central 
regioh, the "tube 
is constricted 

with d 'iameter 
appx~~ 0. 5 em. 

0. 14 em. mercury pools 

IZlltX .z 7 em. 

0,17 em. mercury pools 
~7cm. 

-------

vertical dis
charge tubes. 

horizontal tube 
fitted with two 
aluminium coup-

lers for ro f. 

voltage suppl.y. 

----- ------ ------



. .L_ 

76 

magnetic field by spectroscopic method, the discharge tubes 

filled with hydrogen end helium gas at a pressure of one 

torr was supplied by a supplier. For the usual discharge 

tubes, after several days of run for outgasing and observa

tion purposes, the glass wall would become coated by impurity 

materials due to sputtering of the cathode. In this way, 

these tubes could not be used for spectroscopic measurements, 

so built-in tubes with aluminium electrodes were preferable. 

The tubes were constricted in the central portion where 

magnetic fi-eld was applied. The constriction greatly enhanced 

the radiation output. In the spectrum, no lines of ronside

rable intensity (in the visible region)of any impurity mate

rial was observed • 

For mercury arcs, triple distilled mercury was used. 

In course of experiments, occajsionally the mercury in the 

~ tubes was replaced by fresh supply and the discharge tubes 

were cleaned and degassed. 

2.4. Measurements of pressure 

ib Pressure of the gas in the discharge tube 

was measured by a Mcleod gauge filled with triple distilled 

mercury. It has bean shown in fig. 2.2 that pressure in the 

discharge tube could not be measured directly because the 

tube was placed in between the pole pieces of electromagnet, 
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but a parallel line was used. At the junction between these 

two vacuum lines the. pressure is the same and if the conduc

tance of the two lines are identical·, the pressure in the . 

discharge tube would be e,~l to that at the Mcleod gauge. 

Dushman and Lafferty (1962) have discussed that effective 

pumping speed, Se:\s~ is given 

( 2.1) 

where S is the speed of the pump (50 litres/min) arid C is 

the total conductance of the line. For viscous flow, conduc

tance of a line is given by 

(2.2) 

,~· where ()._ and t are the radius and length of the tub.es 

and P2 the upstream pressure. So the parallel lines as 

shown in fig. 2.2 were identical as far as possible. The 

lines were made qf rubber and polythene pressure tubes. For 
I 

the same reason, the needle valve was placed in between the 

junction of identical lines and the pump. A pirani gauge 

was used in the discharge tube line and through it the 

pressure of air could be compared. For built-in glow dis

charge tubes, the pressure was stated to.be one torr. 
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The pressure· of mercur.v vapo.ur was determined from 

standard tables (Hodgman, 1956) after·noting the inside wall 
- . 

temperature ( Tw) . of the discharge tube which is equal. to . 

the.- outside ·wall temperature increased by the te!D.perature 
. . , 

drop over the tube wall resulting' from_ the .. energy whi~h is 

.dissipated in the tube and carried away Via the tube wall 
' - . ·.' . .' ' . 

(Verweij,. 1960)o .The outside wall temperature was measured 
- . . 

"\ ~-:5 by a mercury in glass thermom~ter when the arc was in a 

steady state. Generally the area were cooled by electric 

fane. So a steady state of an arc co :a:esponded to a steady 
\ . _, ' 

ou~er wall· temperature. The temperature drop· as cal. ~ated 
. . . . . / 

by Verweij can be estimated by assuming that the ·total energy 
. -

\ 

dj,ssipated W = E i per om. of tube length (E is the inten-

sity_ of electric field, ·measured by noting the voltage 
\ 

aero as the arc minus standard cathode fall of 10 vol te as 

dete~mined by Lamar a~d Crompton ( 1931)' then devi ded by e\Jh~ ,.._ov--~~ 
I '( +~ 

a:t:c length and 'L is the arc current}. this_ energy is t;. ~ 

carried away by thermal conduction through the surface 

area- of 1 em. of tube length; thus through · 2 '!T R., cm2 

(R =internal ·radius of the _discharge tube), since the 
.. . 

amount of energy whi.ch escapes as radiation through the 
. . . ' ' . (} 

tube wall is relatively small, the ultravi.olatf resonance 
'• ' . 

radiation being a~sorbed. Wi'thin_.a very small penetration 
. . ' . "(' 

depth in pyrex glass· w~l •. The temperature d+op 4Tw · 

is given by 

·. w · · ATw 
2nRI< :;c_ 
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where d is the thickness' of glass wa11 (0.14 em) and K is 

the therma1 conductivity of .the glass (K pyrex= 11 x 10-3 

joule/cm/sec/0 0). For a typical operation of arc at a current 

of 2. 5 amp., b. I w amounted to 7...,..soc. A plot of saturated 

vapour pressure of mercury ( 

bee~ shown in fig. 2.3. Since 

P ) with Tw 
1-13-

number density of 'ground 

mercury atoms n& 

the relation 

is directly related with 

has 

state 

by 

'" = 3·3 XIO 273 (2.4), 

in fig. 2.:;, n 3 a1so has been plotted against llw • 
In all of the arc measurements, dry air was admixed with 

mercury vapour. ~he pressure of dry air was measured by the 

Mcleod gauge. 

2.5. Magnets and power supplies 

In the experiments electromagnets were used. 

Depending upon the diameters and lengths of the discharge 

tubes, the ~diameter of the pole-pieces {10 em. x 8 em. 

square and 5 em diameter) and length between them were 

adjusted. For a specific e~eriment, the pole-pieces were 

so chosen that the magnetic field was uniform end without 

any radial component at the location of discharge tube. For 

measurements in axial magnetic field, the tota:J.. discharge 

tube was placed in between the pole-pieces as shown in 



0'01 I015L--......L.---~----&.-----;~--_.... __ Ii:l30 
70 90 110 

Tw IN °c 
FIG. 2.3. 

Fig. 2.3. Variation· o:f vapour pressure and number \ 

density.of mercury atoms with temperature 

of" outer wali (Tw) of the discharge tube. 
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fig. 2.4, when a transverse magnetic field was used only a 

portio.n of positive column of the discharge where measurements 

were car.ri~d out, was placed in between the pole-pieces 

(fig. 2.5 (b) ). 

The magnetic fields were measured by a cali~rated 

differential gauss meter. T~e electromagnets were powered· 

by a stabilised d.c. supply. 

The power supply for generating glow discharges, 
J 

was a stabilised electronic d.~·. su:pply ( 0 - 1 200 g volts 

in steps of 105 volts). The ,circuit for construction o:f 1he 
• ,• r 

. 1 
w~·. 

_power ·supply was taken from Radio Amateur's Handbook (1965). 
. . 

The supply was connected to discharge tubes via a high 
\ 

wattage ba.~ast resistor (fig. 2.4). For a. c. glow discharges, 

50 Hz comm.qn supply was used through a step up transformer 

whose input was connected to anauto-transformer. The mercury 
.. ~ 

arcs were struck by a d.c. _generator (200 - 240'1.) whose 

voltage output could be adjusted to ~ constant value by an 

variable external resistor. For glow discharges, the 

li:bl......, discharge current was varied betwe.en 8 to ;o mA. 

and arc current was varied be.tween 1.5 to 5 A. 

2.6-. Measurements of parameters of plasma with and. 

without magnetic fie~d by probe method 

The parameters that were measured are electron 

_temperature and axial electron density of the discharge. A 

cylindrical Langmuir probe of <;>.019 em. diameter was inserted 
! 

- \ 



POLE PIECE 

· Of ·ELECTRO -
.MAGNET. 

(~ 

D.C. m.AMETER 
.., 

t---1 / 1-----i 

D. C. VOLT 

PROBE 

~ 

,~,, ' . 
. ) 

POWER 
SUPPLY 

'------1 ;" 1-----' 

D. C. VOLT METER 

DISC 

ELECTRODE · 

~ 

D. c. m. AMET.EJ;t 

Fig~ 2•4• Probe circuit and discharge tube circuit. 

···~·----··'·"'"' 
·> . 

.FIG. 2.4. 
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Fig. 2.5. Experimental set up for spectroscmpic measurements. 
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in the discharge tube through .a glass jacket. The material 

of probe was tungsten. The center of the probe was placed 

at the axis of the discharge tube end the probe was per

pendicular to the axis and eJ.so to the magnetic fields when 

used. Generally the length of the probe ( ~ ) sho~d be 

much larger than radius (- "P10 ) o:f the probe. But an upper 

limit o:f the ratio t I "Pp may be determined :from the 

expression o:f electron saturation current to the probe 

1/'2 

lesat = -"Yiee A'p (2~~) (2.5) 

where 'Y) e.. ' ' and e are the number 

densit.y, tempe~ature, mass and charge of electrons and 

A 'p is the probe collection area, A'fl = 2 n "Pf" t · 
is desired gxnot too large so that probe 

would not become too hot (or incandescent) and damaged 

as a consequence of the energy delivered at the _probe by 

the electron current. We utilised a 4.1 mm. long probe 

placed at a distance 2.5 em~ away from-the anode :for mea

surements in transverse magnetic field. For a tube of dia

meter 4 em. L / "'f'p was nearly 43 and for measurements in 

longitudinal magnetic :field the probe was 2.2 mm. long end 

placed 1. 3 em. away from the discharge, so that t;~P ~ 23 
\ 

:for a tube of diameter 2.5,cm. ""'ffp was measured by a 

micrometer screw gauge and t by a travelling microscope. 

In this way the electron density that was determined ]I was 

not exactly the value at the axis b~t an average coxres-
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I>Onding to L • It will be shown in Chapter III that for · 

the probes of these cnaracteristic dimensions in practi~ally 

all of the investigated discharges, the electron attraction 

characteristics may be interpreted according to orbital 

motion theory. 

The probe measuring circuit has been shown in 

fig. 2.4. The probes were biased with a d.c. dry battery 

through a potentiometer. The most important probe current 

was recorded by a Philips PM 2403 electronic multimeter 

which has a minimum of full scale deflection for a current 

of 1 ~ A. Another advantage of' this particular meter is 

that an automatic polarity reversal technique is built-in. 

So external polarity reversal was not necessary for going 

from ion current to electron current and a polarity rever

sal indicator meter clearly indicates the exact point of 

reversal. The other' point of the probe circuit was connec

ted to anode and the probe vol tage:s: which is generally 

negative with respect to anode was varied in steps of 

0.5 - 2 volts. The probe current, which was measured, was 

the total current through the probe. Electron current Ie.. 
was determined by subtracting ion current Ii. from the 

total probe current 

(2.6) 

The details of probe data analysis have been 

given in chapter III. 
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Diagnostics by spectroscopic method 

Spectroscopic method was utilised to determtne 

electron temperature in both types of magnetic fields. In 

~he· inv~stigations, the experimental set up was the same. 

A schematic diagram of the experimental. s~t up has been 
-

ldm shown in fig. 2.5 (a). The radiatiom from the axial 

regions of vertic·e,l discharge tube placed in between the 

pole pieces of the magnet after passing through a vertical. 

slit was focussed-by a double convex lens on the vertical 

slit of the collimator of the spectrograph. In the spectro~ 

graph, there was a Pellin-Broca prism for 90 degree deflec-· 

tion of the spectrum. Such a mounting was appropriate as a 
. . 
monochromator with fixed slit. The exi* slit was in a . . 

direction 90 degree with the plasma source. The wavelength . ~~ - . 

is changed bY: rotating the prism with a mechanical arrange

ment fitted with an accurately calibrated drum. The wave

lengths of the radiations were further checked fro~ standard 
\ 

values given in International Critical Ta.~les ( 1926). Gene-

rally, this type of apparatus ,has a low resolving power 

wh~ch would be advantageous in our investigations and . this 
' / . 

will be discussed in Chapter IV. The slit width which could 

be varied with a micrometer arrangement, was varied from 
'•. 

0.25 mm. to 1 mm. depending on the .response of lines ·.chosen 

·to the· photomultiplier. Jror ·a set of observation however, . 
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the slit width was fixed. For measuring T e. , two criteria. 

for suitable line choice may be mentioned: 

(i) The energy of separation of the upper states of 

the two transitions chosen should be comparable to the value 
Fc"P 

of Te.. • But this was not possible aJ.ways. :F.rem two lines 

in the visible region which had sufficient response to the 

detector the energy of separation of upper states some times 
I .e,~ 

became smaller than the value of Te. • One of the remedy/ 
/ 

that is suggested is to use one of the ionic lines and one 
t~\:e:nsLT\eJ'.) of 

atomic line. But in magnetic field·the"atomic and ionic lines 

vary differently.- The reason behind is that atomic lines are 

determined by T e. and 'Y'\e.. which is affected by magne~ic 

field, whereas for ionic lines, the radiation would be affec

ted by magnetic field through Te.. , l'le.. and 1\{. • More

over no sufficiently strong ionic line was observable in the 

di a charges investigated. 

(ii) the lines should be such that in the near vicinity 
oc.. 

there muld be no other line, so that j Iv d "1.) is 
0 

the measure of total intensity of a radiation with frequency 

-c> and in our investigation sli*-widths were comparatively 

wide enough X« as to detect the total intensity of radiation. 

The collimator was focussed by rack and pinion 

arrangements, the selected line was focussed on the cathode 

of the photomultiplier M10FS29V 1\. operated at 1425 v. The 

head-on type photomultiplier which has low mean radiation 

equivalence of dark current was placed in a darkened 

chamber behind the exit slit. The power source of photo 
/ 
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mul t_iplier was made . in two se ctione: the first was 1200 V. 

stabilised pack to supply the dynode voltage while the 

second was used to furnish some 225 v. between the final 

dynode and the anode (fig. 2.6). The last voltage source 

was also used to operat~ the vacuum tube voltmeter, which 

consisted of two 6J7 tubes operating with about 32V. on 

the plates and about 1.3 V negative grid bias. The grids 

were connected to the two ends o __ f _the resistor ~: (600 KJl.), 

which was in series with the plate of the photomultiplier 

tube. When current· nowed through this resistor, a voltage 

drop occured and one of the 6J7 tubes drew lese current 

producing an imbalance in the plate circuit. A 0-200 ~A 

meter between the plates mea.Sured this imbalance. 

When the signal approximated 3V, the· 6J7 reached 

cut-off, and beyond thi. s point there was no increase in 

the meter deflection. With no light on photomultiplier 

tube and a rough balance obtai~ed with R4, _the meter was 

set to_ zer~ with R2• In this way the effect of photomul

tiplie·r dark current was elimin_ated completely. Then, with 

3V or more applied to resistor R1, the meter,was .set to 

fUll scale deflection by_ means ?f control ~· The micro

meter at the out put record~d the _intensity of-the _spect

ral line. The eli~ was adjusted so that meter deflection 

coxresponding to the line with strongest response to the 

photomultiplier was well within ~he range of full scale 

deflection. I ·J 

I 
I 
I . 
I 
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The sensitivity of a photomultiplier depends on 

wavelength of incident radiation and on quantum efficiency 

of the cathode material (including the effect of photomul

tiplier's window material). Percentage Quantum efficiency 

of M10FS29V f... , taken from Carl Zeiss brochure No.40-637-2, 

has been xeproduced in fig. 2.7. From this plot the cathode 

radiant sensitivity S in amperes per watt corresponding 
0 

to a radiation of wavelength A.. (A) is calculated as 

(2.7) 

here Q is the percentage quantum efficiency. From S, 

the relative spectral sensitivity for two lines was 

calculated and the microa.mmeter reading for total inten

sities of lines was corrected for relative spectral 

response of the photomultiplier. More:over emission coe

fficient corresponding to a radiation with frequency ~ 
I 

which is directly proportional to observed total inten

sity ,can_ be sep~rated into a continuous and discrete 

part 

(2.8) 

E:~ L , contains the desired spontaneously emitted 
) 

energy within the line, E ~ , c.... was eliminated by bala-

ncing the VwT.V.M. to the null of meter reading with 

resistors in the circuit when the oontinuum radiations 
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at the near vicini.ty of the line was focussed on the photo-
/ 

multiplier tube cathode and the contr:tbution for ~ v_,c 

was found to be negligible. 
I 

2.8. Measurements of variations of discharge 

current and voltage acroSs a low pressure 

mercury arc in longitudinal magnetic field -

The currents were recorded with 0-5A meter, 

connected in series with the discharge tube. A V.T.V.M. 

of internal· resistance 35 M .J1.. was utilised to me·asure 

the volt age aero sa the arc. 

It was observed during the experiments that with 

time the arc voltage slowly and gradually increased. 

Cobine (1958) explained the phenomenon as due,to conti

nuous evaporation of x cathode surface by heating. ~ 

For evaporation of cathode, the positive column_increases. 

As electric field in the positive column tries to remain 

constant, the voltage drop aero sa the arc increases con-
. . . ' ·.' 

.. . 
tinuously. A measurement of thi e continuous increase of 

voltage wl, 1;h time showed that, fortunately.:. in the range 

· of discharge currents in our experiments, this was a slow 

process. The arcs were vertical and the cathode was the 

lower mercury pool. Our intention was th~t the evaporated 

cathode material may be co~pensated by the condensed 
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mercury· that was returning to the lower pool by gax gravity. 

However, the measurements of variation of voltage and, 

current with magnetic .field were ~ade rapidly enough so 

that the slower process as mentioned above may be n~glected. 

2.9. Measurements of persistence times of 
'· a mercury -afterglow. 

Measurements of persistence times of a mercurY 
' 

· af~erglow (admixed . with dry a.ir) were carried out in a 

cylindrical discharge ·tube (details in :r.tg. 21: 2.1 ,table 2.1). 
' 

As we are interested to study the b~haviour of a recombining 
' . 

plasma with and without a magnetic field, the effect due to 
_ .. 

diffUsion transport was lesaen~d by taking a discharge 

.. vesse~ with comparatively large diameter_and dry air was 

admixed to increase t~e -pressure. 

Two aluminium couplers clamped in the middle of the · 

discharge tube from outside were cpnnected to a Hartley· 

pscillator to supply the radio frequency voltage. The coup

lers were were seperated ~y 2.35 em. The level of r.f. 

power supplied by the ·oscillator was low enough so as tmx 

not to cause a breakdown of the gas. A 6V6 em vacuum 

tube was utiiised as the oscillator. The r.m.s. voltage 

of the oscillator 011;tput was measured by a half wave 

rectifier made of 6H6 tube. The :frequency_was calibrated 
' 

by a digital frequency meter. The measured r.m.s. voltages 

and frequencies corresponding to the dial readings of the 

condenser in the oscillator has been given in Table 2.2. 
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TABLE 2.2 

r.-m.s. voltage and :frequency corresponding to condenser 

dial reading o:f the oscillator. 

------..------------ ----------------
Dial reading ' r .m. s • voltage :frequency · 

, of r.f. oscilla- ~ (MHz) 
tor (volts) 

t 

------~--------~----~--------
1. 

5 

10 

15 

20 

25 

30 

35 

' . ' 
' . ' 

91.0 

96.0 0'.594 

100.0 '1.068 

100.5 '1.338 
.. ~ ........ 

105.0 1.364 

120-.5 1.464 

120.0 1.583 

122.5 1.623 

---- ----------~-------~-------

During the experiments, the· arc discharge was run 

for a few minutes, so that a steady condition was reached 

was noted. Then the primary_ arc discharge was 

switched 0 tr. Generally an afterglow persists :for a DB 

fraction of second. But due to the supply of r~f~ power 

to the couplers, the glow persisted for longer time and 

then disappeared. When no r.f. power was supplied to the 

couplers, the afterglow did not persist and Qisappeared in 
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·a fraction of second#usual.ly. The persistence times of 

the glow with rf · Jl<lldU ·power supplied were re·c.orded by 

two stopwatches. The details of the measurement procedures 

have been discussed in chapter VIII. It will ·be discussed 
' . 

there that the decay processes (directly related. to the 

persistence times) generally depend~;. upon the temperature 

of the surrQunding envifromnent. So the p_ersistence times 

were recorded in th~ s~e envi~onment for a set and· no 

forced cooling of the primary arc was made. 

~ossible sources of errors 

It was observ.ed ~hat for a. discharge system to 

be leakproof, degassed and stable, several days of continu

our running was needed. Our desire was that the plasma 

wauld exhibit the same physical behaviour day after day 

dependent only upon some externallY controlled dial sett

ing. Unfortunately, the very nature of the pl:a.sma. is a 

non-linear one - not restricted to a single unique o~era-
.., 

·ting mode. From this point of view, a stabilised discharge 

free from stria?tio~s and any other terbulence was desi

rable. Moreover, some~mes oscillations were visible in 

the plasma. when a -~gneti c field was present. The oscilla-
, 

tiona were reflected in external measuring meters. These 

oscillations determined the upper limits of the magnetic 

fields used-and below this limit the readings were accep

table. In probe method, the magnetic fields used were of 
r 
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comparatively low values. In spectroscopic method, the 

readings of the output pA. meter which measured the 

total intensities of a lines were observed to be stable 

after six to eight hours of warming up of the V.T.V.M. 

circuit. Nevertheless some sources of errors may be 
\ 

identified. There are: pressures were not measured at 
, I 

the discharge tube, but a parallel vacuum line was used. 

For built-in discharge tubes, the pressures were stated 

to be one torr which could not be verified. Pressure of 

mercury vapour was determined by noting Tw at a 

point of the discharge tube. Moreover, in calculation 

T w was assumed equal to gas temperature Ia and 

T ~ was considered to be uniform across the tube 

cross section. As it was not possible for us to determine 

T d- at the axis, the above assumption was made. 

The purity of the gases was not checked. But it 

was assumed that the gases utilised were free from impu

rities. Spectroscopic investigation however, did not 

reveal the presence of any other gas as impurity. 

No correction was made either for possible 

contaminations of Langmuir probes or for changes of 

work function of comparatively hot probes. Moreover, 

the results obtained by a method could not be verified 

by another diagnostic method in the same condition of 

discharge. 

Several other assumptions were also made in course 

of calculations and these will be discussed, subse~ently. 
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CHAPTER III 

MEASUREMENT OF EL IDTRON TEMPERATURE AND ELECTRON DENSITY 

IN EOW DENSITY MAGNETISED PLASMA BY PROBE METHOD. 

3.1. · Introduction 

The measurement o£ electron temperature and 

radial electron density in low density plasma in molecular 

gases magnetised by either·a transverse or a longitudinal 

magnetic field'have been carried out by Langmuir probe 

method. The probe method is one of the standard methods 

of measuring plasma parameters. The theory of Langmuir 

probe in zero magnetic field rests on two assumptions: 

(a) the dimension of probe and (b) the thickness of space

charge sheath surrounding the probe is small compared to 

the mean free path of the electrons and ions. The limi ta

tions as well as the validity of these assumptions have 

been discussed by a large~ number of workers. Neverthe

less, the values of the parameters obtained by this method 

compare very :favourably with the values obtained by 9ther 

standard me~hods. 

As most of the effects of magnetic field on a 

plasma depend on the manner in which these parameters 

are affected by the field itself, an experimental study 

of the natUre of variation of these parameters by probe 

method has been reported •. This will enable us to put to a 
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direct experimental test the theoretical deductions regar~ 

ding electron temperature and electron density variation 

in both longi tuQ.inal and transverse magnetic :fields. 

A magnetic field B applied_· to the plasma 

effectively reduces the ~ree paths of the c~arged par

ticles perpendicular to B to less than the radius of 

· curvatUre · f . = m \.9- /e ~' \9- , -m and e. being 

the velocity, mass'and charge of the partic1e and hence 

for a probe collecting ~cross magnetic field assumption 

(a) becomes invalid in moderate magnetic field. For this 

purpose the magnetic fie1d used in the pre·sent experiment 

has been kept be1ow 100 G. The validity of assumption 

(b) depends upon the sheath thickness end thus on plasma 

density, type of gas and on B. In our experiment the 

plasma density ha-s been kept relatively high ( > 109/cm3) 

·and the magnetic :fiel'd below 100. G~ Moreover in the expe-. '- -

riment, molecular gases have been utilised and the elect-
'· 

ronic en~rgy in the molecular gases is suppoe!3d to be . · 

much lower than in ato~c gases_ because o:t:_ the ability 

of the molecules to absorb energy from the e.lectrons by 

vibrational and· rotational excitation· in collisions at 

low energies. Such excitation is not possib1e in mona

tomic gases. In this way the sheath thickness which is 
. I 

assumed to be of equal value to .De bye length given by the 

··expression (Krall and Trivelpiece, 1973), 

. . . \ j'l. 

'An- 4 ·9 (Te. (n~) em. (3.1) 
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where "'n e- and T e- are the. number density ( cm-3_) and 

temperature (°K) of electrons, will be much less so that 

assumption (b) holds even when a magnetic field is present. 

Under these condi tiona, the electron temperature and 

electron density can be obtained· as has been shown by 

Bohm et al (194~) and by-Kagan and Perel (1969) as in 

the case without the field. 

3.2; Experimental arrangement 

The experiment in which electron temperatuxe 

and electron density have been measured has been performed 

in two parte:(a)· when the. magnetic field i~ transv~rse, & 

(b) when the magnetic field is longitudinal, both with 

respect to the direction of the discharge current which 

is along tl~ axis of discharge tube. Measurements have 

been made in d~c. glow discharges in air, hydrogen, nitrogen 

and oxygen •. For molecular gases the excitation levels are 

widely spread o~t upto ionization potential and inelastic 

losses set up at low energies and these are so distributed 

· so as to produce. an approximate Maxwellian distribution. 

For transverse field, the lines of force were· . 
exactly perpendicular to the. axis of the discharge tube 

and the ·fiel.d was introduced in the positive column of' 

plasma.. For longi. tudinal magnetic :field~ the d:i. scha.rge 

tube was placed i~ between the pole pieces of electro

magnet, producing an uniform field without any. radial 
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component at the location of discharge tube. T.h~ probes were 

of o,ylindrical tungsten wire of 0.019 em. diameter. In case 

of transverse magnetic field it was 4.1 mm. long, hence the 

ratio { / ---rl= ~ 4 3 ( L is the length and "P~ is 

the radius of the probe) and.was placed at.a distance 2.5 em. 

away from the anode. In case of longitudinal magnetic field 

·the probe was 2.2 mm. long, L J ~~ · ~ · 2 3 and was 

placed 1.3 em. from the anode. The pressure of the gases in 

the experiment have been measured as described. in chapter II 

and entered in Table 3.1. 

Probe 'voltages were supplied by a dry battery and 

voltages were measured with respect to anode. Keeping the 

pressure constant, the magnetic field was introduced and the 

probe potential::.·· was changed from negative values with res

pect to plasma po.tential to positive values far into . electron 
I 

attraction region. O~her details of the experimental arran-

. gement have be en given in chapter II. 

TABLE 3.1 

Pressure of discharge in different gases. 

-- - -,-- - - - - - - --. -,- - -- - - -- - ~ - --
Gas , Pressure in torr in ' 

' Transverse magnetic 
' field. 

Pressure in torr in 
Longitudinal magnetic 

field. ----------- -------------------
Air 0.4. 0,6 

Hydrogen 0,7 1o0 

Oxygen 0.5 0,4 

Nitrogen. 0.5 0.6 

-----------------------~---------
The dis charge currents were varied between 9 and 12 mA. 
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~.~. ResUlts and Discussions 

3.~. t. Probe data anaJ.ysis ·and methodS of 

measurements :tcx_ of Te and 'lle. 

!~_figs. 3.1 through~.5 probe currents and 

probe voltages with respe~t to anode have been plotted 

for different gases wh~n either transvers-e- or longi tu~ 

dinal magnetiq field was present. Then the logarithM of 

probe current and probe.voltage was plotted. The charac-

te~istics have three di~inct part: the region of-positive 
' . . ( . 

ion saturation curren~, the region of partial electron 

"current known as the electron temperature regime and the 

electron saturation current regime. It is observed that 
/ 

etectran current ~e~ is never saturated. Increase in 

electron current with increasing positive potentials is 
I 

expected due to growth of effective collecting area as 

the sheath expands. I~ priJilciple the space pote~tial {or 

the Pl.asm potential) may be determined from the cha.rac

teri stic. When the· two distinct parts in the electron 

attraction region of the characteristic have a sharp 

crce sing known as lmee of the characteristic, the voltage 

corresponding to knee or break off point is the space Jllll 

· potential. In our· experi~ent a sharp knee was no_t obtained, 
' 

instea~ a round knee was ob_served. The IX)ssible reason 

may be either a deviation from 1\tiaxwell.ian di. stri bution or 

drain- dif.fusi on. ~o, two tangents hav.e been drawn to the 



'. \ Cit.., 

.----.----,-~----.,--_;;_....,.---7-----,"'1150 . 

NITROGEN TRANSVERSE MAG.· FIELD. 
I •. B = C G. 
Z. B =27G. 
3. B =40G. 

p = o·s Torr. 

<t 
100' 

1-
2 

"' "" "" :::1 
u 

"' !II 
0 

50 :t 

~~~~~~~~----~~~0 
-50 -25 0 

PROSE VOLTAGE IN VOLTS, W. R. T. ANODE -10 

FIG.3.1&. 

..... -,, 
<_:·} ~~~ 

HYDROGEN TRANSVERSE MAG. FIELD. 
I. B = 0 G. 
2.1!1 = 13G. 
3.8 =27G: 
4.8 =40G. 

P = 0"7 Torr. 

2 

ISO . .. 

"" 100 .... 

... 
;z 

"' a: 
a: 
:::1 
u 

Ill 
.:1 
0 

50 g: 

~~oo~;:~~~=t~_~,~sfco~~----------~0 

-cv PROSE vqL TAG E IN VOLTS -10 

FIG.l./b 

Fig. 3.1. Current~voltage .characteristic of probe with and_without_ 

transverse magnetic field for (a) nitrogen, (b) hydrogen. 

\ 

1._2 ' ·r-



~
T· 

'·, 

--~ 
~ 

200 

OXYGEN TIIAIII!>Y[IISE 1'4AI> FIELO 

75 

Fig. 3.2. 

I fJ::: 0 G 

2.9ciJG 
J e • z7 c 
4 e. 40G 

p = 0 !I Torr 

100 

!50 

25 0 

-10 
-ve PROBE VOLTAGE IN VOLTS 

fiG.3.2. 

Current-voltage characteristic of 
probe in oxygen in transverse 
magnetic field. 

<( 

"-
3 
,_ 
;;: ... 
IX 
a: 
;:) 

u 

... 
«) 

0 
a: 
a. 



r-----------------------------~50 

Currnt Vtltatc Cll&racterhtiu. ~ 

Hr4reseo Ia Lensitldio&l MU. Field. 
P I T~rr. 

0 B c: 0 G. 
1J. B = 13 G. 
A B = 40G. 

• B = ~4G. 

25 

~ 

Ill.. 

~ 

.... 
:z 
UJ 
a: 
a: 
:l 
u 

UJ 
m 
0 
a: 
0.. 

Cmrrnt VtlliH 
Chruttrlatlu. 

Air In LnSit .. lnal 
Mas. Fi~l ~. 

P • 0'6 Terr .. 

0 B • 0 G. 
• e .. 27G. 
A B = 54G. 
A 8 = 92G. 

75 

~ 

50 

25 

-40 -2"5 -5 
VOLTS 

PROBE VOLTAGE IN VOLTS 

FIG.3.3&. 

PROBE VOLT AGE·· IN 

Fig. 3.3. 

FIG. 3.3b. 

Current-voltage ·characteristic of 
probe in longitudinal magnetic field 
in (a) hydrogen, (b) air. 

""' Ill.. 

:!: 

... 
z 
UJ 
a: 
a: 
:l 
u 

.., 
m 
0 
a: 
0.. 



y 

r-----------·------------------------------~--~~75 

Fig. 3.4. 

CURRENT VOLTAGE CHARACTERISTICS . 
. NITROGEN (LONGITUDINAL MAG. FIELD.). 

-50 

0 B = 0 G. 
0 B = 13 G. 
'f B = 27G. 
'Q B = 54G. 

P = 0"6 Torr. 

-

-25 

PROBE VOLTA'£ IN VOLTS 

50 

25 

FIG.3.4. 

Current-voltage characteristic of probe 
\ 

in nitrogen in longitudinal magnetic 

field. 

< 

' 
z 

1-
z 
LLI 
0::: 
0:: 
;::) 
u 

w 
m 
0 
a:: 
~ 



~----~------------------~------------------~100 

CURRENT VOLTAGE C~IARACTERISTICS. 75 
OXYGf..i\l IN LONGITUDINAL MAG. FIELD. 

P = 0'4 Torr. 

0 a= o G. 
A· B = 2.7G. 
!. B = 40G. 

• B= 54 G. < 
~ 

2 

50 ...... 
2 
w 
a: 
0::: 
,:) 
(.) 

LLI 
al 
0 
0::: 
0. 

I 

25 

1-. 
~J::==:ai.~-=~-_._---~=----......._ ___ .. Jo 
- -12'5 v 

PROSE VOLTAGE IN VOLTS 

Big. 3.5. 
FIG .,1. !l 

Current-voltage characteristic of probe 
in oxygen in ~ongitudinal ~agnetic field. 



98 

electron temperature regime and electron saturation current 

regime on the semilogarithm plot of the characteri~tic and 

the· m.-ossing point of the two tangents represented the 

space potentia+. When space potentia~hage been dete~ned, 

the saturated ion current at the space potential is deter

mined by extrapolating the ion cur~ents graphically from 
; 

high Begative probe potentials, linearly to the space poten-

tial. Such extrapolations have been shov~n in fig. ;.6 for 

.,.-- air and oxygen in transverse magnetic field. The electron 

cu.'rrent ] e 

probe current 

against probe 

is determined by subtracting I· from the 
1., 

( eqn. 2.6). Log le,. has been finally plotted 

potential {Vp) and. the characteristics have 

been obtained. The characteristics of gases with and without 

magnetic fields have been shown in .flgs. 3.7 to 3.14. In 

figs. 3.7 to 3.10, the gases were subjected to transverse 

magnetic field· end for figs. 3.11 through 3. t4, longi tudi

nal. magnetic fields were used. 

For the analysis of the probe characteri sties, the 

domain of the probe operation is to be determined. The four 

paramete~s, probe radius ( , ~F ) , Debye length ( A--n ) , 

mean free path of electrons and ions ( 1\..e and 'A._-L ) 

effectively determines the domain. In our experiment, 

~10 = 9.5 x 10-3 em. ~.D is determined from equation 

{3.1). For typical. glow dischar'ges, Te. varies from 

1-5 eV and·· l'le.. from 108-1o10cm-3~ In determining ~ , 

we considered Te = 5 eV and Gl~ = 1010 cm-3 as i.t 

will be seen later that experimental values obtained 

from probe eha.racteri stic in general .are of these orders. 



v t...:.L._ -~ 

CIJRRENT VOLTAGE CHARACTERISTIC. 
AIR IN iRANSVE'.RSE MAG. FIELD. 

P = 0'4 Torr. 

-80 -60 

PI\OSE VOLTAGE IN VOLTS. 'II. R. T. ANODE. 

-45 -35 

---
- -·------- ------------ -·--

-----

-ZO 

-25 

CURRENT VOL, TAGE CHAR.4CTERIST IC. 
OXYGEN IN TRANSVERSE MAG. FIELD. 

r = o·5 T~rr. 

10 

B 

6 

4 

IN VOLTS. ~ 

·o 

-~ 

-4 

-6 

-e 

2. 

0 

-I 

-2. 

-3 

-4 

-s 

FIG.3.6. 

Current-voltage characteristic of probe in air and oxygen and 
determination of saturation ion current at space potential by 

method of linear extrapolation. 

<t 
'<.. 

~ 

1-
;z 

"' c:; 
a:· 
:::l 
u 

r.rJ 
dl 
0 
a: 
Q. 

<t 
'<.. 

~ 

1-
z 
1.<.1 
a: 
c:: 
::> 
u 

ILl 
d) 
0 

"' 0.. 

~{ 
\ :\) 
;Y.,-



r---------------------------------------~300 

200 

50 

20 

10 

B 

6 

5 

4 

I - 8 = 0 G. J 
2 - 8 = 20G. 
3 - 8 = 40 G. 
4 - 8 = 60 G. 2 

AIR IN TRANSVE~.E MAG. FIELD. 
P = 0'4' i'or.r. 

60 

- v• PROSE VOLTAGE IN VOLTS 
FJG.J.7. 

Fig. 3.7. LogIe - Vp curves for 

air in transverse mag

netic field. 

<( 

" 
~ 

.:: 



"-
.·Y 

~--------------~--------------------~300 

• • 
• • 

40 

I - e : 13 G, 
2 - a = OG • 
3 - e = 27G . 
4 - G = 40G. 

HYOOOGE.N ,,_ TAANSVERS£ Fl£1.0. 
P =··7 ftrr. 

30 20 10 

- ve PAOU VOLT AG!t IH VOLTS 

f'IG.3.8 .. 

FigQ 3.8~ Log Ie - VP curves for 

hydrogen in transverse 

magnetic field. 

100 

80 

50 

30 

20 c 

"' 
• 

10 ... 

II 

4 



~-~----------:--~~---:GL_"T~.'J"i·.;._. --~~--~-----~---.z-~ 
/~' 

Fig.· 3 .• 9. 

0£ 

• 0 

0 

•-•=oG. 
2-1 :: ll G. 
l-ft :27G. 
4-8 :40G .. 

·. 

OXYGEN m TRANSVERSE MAG. fiElD .. 
P::::. o·s r-r. 

·so 20 

- we P~IS£ VOL TAG£ (ti VOL. TS 

Log I -V curves for oxygen in transverse magnetic field. 
e p 

I 5 

f!G.5.9. 



~--------~------~--------~r~:,b'~~------~~;~·----------~--~~~--------------1 z·s 
~· 

• 
• • 

I - B = 0 G. 
2 - 8 = 27 G. 
3 - 8 = 40 G. 

NITROGEN IN TRANSVERSE MAG. FIEU). 
P = o·s TorT. 

- vt PRCSE VOLTAGE IN VOLTS 

FIG.3.10. 

2"0 

rs 

ro • .... 

o·s 

• . 
...1 

Fig. 3.10. Log Ie-VP curves for nitrogen in transverse magnetic field. 



·'4.. ' 

rs 

ro 

AIR IN LONGITUDINAL MAG. FIE:LD. 
P = 0"6 Torr. 

o·s 

L ______ jLLl~----------~~~------~~----------~--------~00 
20 IS 10 25 

- vo PROBE VOLT AGE IN VOLTS ill.::..L!!. 

Fig. 3.11. Log Ie~Vp curves for air in longitudinal magnetic 
field (a) B :OG, (b) B = 27G, (c) B = 54G, (d) B = 82G. 



Fig. 3.12. 

·----------------, 2'0 

• 
• 

HYDROGEN IN LONGITUDINAL· MAG. FIELD. 
p = 1"0 r orr. 

I" 5 

I 0 .., 
~ 

o·s 

2 ~0~~~~~-~~-----~,0------~------~0° 
- ve PROio}E VOLTAGE IN VOLTS 

~-

Log Ie-VP curves for hydrogen in longitudinal magnetic field 
(a) B = OG, (b) B = 13G, (c) B = 40G, (d) B = 54G. 



~
-- ·, 

' 
< 

.---~~-__:_-.,..--..:..:....------------"--------~d 2'0 

• 1'0 

OXYGEN IN LONGITUDINAL MAG. FIELO. 0'5 
P = 0'4 Tar r. 

'{ 

Lzs----~~--~--z~o~------------~,75--------------~,o~------------~5;---~3° 

- H PROBE VOLTAGE IN VOLTS. 
FfG- :S. 13. 

Fig. 3~13. Log Ie-VP curves for oxygen in l.ongitudinal magnetic field (a) B = OG, 
(b) B = 13G, (c) B = 27G, (d) B = 54G. 



30 2.5 

• 
0 

• 
0 

A 
A 

··~· 

NITROGEN IN LONGITUDINAL MAG. FIELD. 
P : o·6 Torr. 

2.0 15 

- V< PROBE VOLT AGE IN VOLTS 

FIG-3.14. 

Fig. 3.14. Log Ie-Vpcurves for nitrogen in longitudinal magnetic field 

(a) B = OG, (b) B = 13G, (c) B = 27G, (d) B = 54G. 

.. ·-
r:o 

<:; 

0 
..J 



99 

/\_
0 

, thus calculated was 1.1 x 10-2 em. The mean free 

path of electrons A_~ may be estimated from values of 

collisions cross section ( g_"Y''"". ) • But collision cross 

section is a funct~on of electron energy. Huxley & Crompton 

( 1974) have shown that <::1""' l\.9-) may be replaced by an , 

effective mean value corresponding to a. ~alue of 

E/N. When the electron energy is greatly in excess of the 

~ mean energy of the gas molecules, and when inelastic colli-

sions {like vibrational and rotational excitation) are 

important 9._,; becomes a function of E/N where E 

is the electric field intensity and N is the number 

density of molecules. For a Maxwellian distribution of 

electron energy, 

* -10 . E IN 
:i"rn -:: 2 · 2 3 X I 0 ------;-~ 

W ( D/ J.J-) \}'2 

c.m.'l. (3. 2) 

where E/N is expressed in townsend, W, the drift velo

city at corresponding E/N is expressed in em/sec. and 

(D/ jV- ) , the energy corresponding to E/N is in volts. 

For the values of E/N in our experiments. for different 

gases, the values of W and (D/ _.,u.. ) e.re not available in 

literature for air, oxygen and nitrogen, so a model cal

culation for hydrogen gas for which datas are available 

(Huxley and Crompton, 1974) have been made. The cathode 

fall and anode fa.l~ for brass electrodes in hydrogen gas 
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(Francis, 1960) have been subtracted from total voltage drop 

across the disc~arge tube (1000 V). The potential thus 

obtained when ~vided by the length between the electrodes, 

gives E. E when devided by pressure of the hydrogen gas 

reduced to 20°0 (temperature of gas in the discharge tube 

was nearly 50°0), gives E/N corresponding to T = 293°K 

and taking values of W and D/ JV.- corresponding to 293°K, 

a_: ( ) a* J .. , is determined from equation 3.2 • J~· N which 

is the inverse of Ae is determined by finding N from 

pressure of the discharge reduced to ooc, and ~~ thus 
f'O"Y' 

calculated ~m hydrogen at 0.7 torr pressure was 6.3 x . 
10-2 em. 'At. has been· determined from data given by 

-+.. von-Engel (1965), corrected by Sutherland constant. Actually 

the datap given by von-Engel determines classical mean free 

path A. of hydrogen molecule in its own gas. But A ~ . 
.-j I\ l. ~ J2 A. • The factor ~ applied only when 15 ion.)) 

\9-molecule. Considering A_ = A,:_ , for hydrogen A-1.. 

has been calculated to be 2.1 X 10-2 om. for pressure O.y torr. 

So it is found for hydrogen gas that A._-m >> ~P :J . 

and ~~=> ~ ~~ /1\._"D) ( 5 • 

the smallest free path for collision between the charged and 

other particles of which plasma is composed. It is evident 

from Table 3.1 that for hydrogen, the pressures were compa

ratively larger than for other gases. So it is expected 

that for. other gases Am would be greater so that above 

condition is fulfilled. In this condition the orbital motion 
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theory of Langmuir is valid. 

The probe theory as developed by Langmuir gives 

electron cur-rent as 

(;.;) 

where 1""'("e- is the random electron current, and k is 

the Boltzmann constant 

- 8 k Te..)\1'2-
I--re -= * As lie. e ( -mTt (3.4) 

As is the effective electron collection area of the probe 

and I"\ e. is the unperturbed number density of electrons. 

From equation(;.;), electron temperature 110 correspon

ding to the assumed Maxwellian distribution is calculated 

by measuring the slope of the line in partial electron att

raction region in a semilogari thmic plot of 1~ verses 

Vp• I.,..e... corresponds to the electron current to the 

probe at space potentiaJ. which is determined from crossing 

point of the two tangents in the characteristics. The tan

gents were drawn in the following manner: 

1. The tangent in the partial electron attraction 

region was drawn through more points of highly 

negative probe potential as it is in this region' 

that the distribution is expected to be Maxwellian 

and equation (;.;) is valid for electron currents 

which are small compared to I-re (Schott, 1968). 



102 

2. The line in electron saturation current regim.tr

waa drawn in such a manner that it passes through 

maximum number of points. The electron saturation 

current regime may be divided into two parts: 

one corresponding to a linear increase of Ie 
with due to the growth of effective 

collecting area, as the sheath expands. When Vp 

is made more positive, a breakawS3f from this 

linear incr-ease is observed. In this region the 

probe becomes ver.y hot and the sheath expands so 

much that for a large potential drop across the 

sheath, the electrons can fUrther ionise in their 

way to probe and a luminous region is created 

surrounding the probe. While drawing the tangent 

the poi'nts just below the breakaway point were 

utilised so that 811 points after breakaway limit 

are above the tangent. 

Since the ratio t / ~P was very much greater 

than unity, the effective electron collection area As 

was considered to be equal to 2 n ~P l · . Thus from 

equation (3.4) number density of electrons was determined. 

The probes being always placed at right angles 

to the magnetic field, the same procedure for the measu

rement of electron temperature and electron density has 

12 en adopted in both the transverse and longitudinal 

magnetic field. In case of magnetic field following 

Uehara et al ( 1975), the effective probe area has been 

taken to be 4 "f">p E • 
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Results 

With the method of analysis of the prob_e data 

as r_eported in section ;.;.1, semilog plot of current 

voltage characteristics has be en obtained :for air, hydrogen, 

oxygen and nitrogen in transverse and longitudinal magnetic 

fields. It has been observed that the plots~~straight lines 

with two different slopes for both with and without magnetic 

field. 

From the slope of the straight lines electron 

temperature has been determined for-all the· gases and from 

the point of intersec-tion ·o:r two_ tangents I "<'e has be.en 

determined from which electron density bas be.en obtained. 
. . 

Table ;.2 shows the values of electron temperature and 

el_ectron densities thus ~btained, for- transverse magnetic 

fields. fhe values of these parameters when a longi tudinaJ. 
' 
magnetic field is present have been ent_ered i~to Table ;.;. 

/ 
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TABLE 3.2 .. 

Values of Te and I) e-. with and wi. thout 

transverse magnetic field, 

- - - ,- - - - - - - -
Mag
ne
tic 

t 
Air 

P= 0,4 torr 

Hydrogen Oxygen t Nitrogen 

p = 0,7 torr ' p = 0,5 torr ' lo=0.5 torr 

--------~-------~---T---,-------' ' . ' field' · Te2. 
(G) ' 

.ne.-xloq' Te... ne.x1o 9 , Te... ,'he.XIo'l, Te., n~xto~ 

' 
ev 

' . ' 
-3 em -3 t 

DIY\ ev eV 

--------------~---------~~---------

0 

13 

20 

·27 

40. 

60 

7.95 

8.23 

8,89 

4.87 

.2.78 

1.59 / 

0,91 

7.83 2.53 

8,16 1 .92 

9.12 0.78 

9.53 0,39 

7.90 4.52 8,03 4.19 

8,17 3.50 

8.74 2~17 8.64 2.57 

9.34 1.52 9.34 1.35 

-- -- - ------------ ------- --------

\ 
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TABLE 3.3 

Values of Te and Yl e.. w1 th and 'Without 

longitudinal magnetic field. 

---,- -- ·- - - - - - - - -- - - - -
' Mag- Air Hydrogen $ Oxygen Nitrogen 

ne- f 

p = 1.0 torr 
f 

r. p = 0.6 torr ' p = 0•4 torr p = 0.6 torr 
tic ' ----- ~--~------~--~----~--------' field, ' "ne.Xt6"

9 Te.. 1 
'ne.'X\09 Te. 

t 

7112.:X 10, Te... 
., 

Te.- n e2.X r6 9 
(G) 

t 

e\J . ' c-M3 e.\J -3 .e.V c:m-3 eV c.m3 ' c::.m 

- ~-- ~ c:;;;;a - ..,_ .... ------ -a---------- ~--------...._ 
0 5.26 4.7·4 6.03 2.05 4.13 4.85 6.79 2.13 

'\ 

13 5.94 2.09 6.70 2.18 

~~ 
. I 27 5.15 4.82 3.86 4.91 6.59 2.25 
-:.. 

" 
40 5.68 2.16 3.65 5e02 

54 5.14 4.97 5.50 2.25 3.42 5.14 6.28 

82 4.92 5.20 

------------- ....,.,... ~- .... _..--..,----- ... -- ..:I;IQ ..-::1--- ---
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It is evident from Table 3.2 and 3.3 that plasma 

parameters change with magnetic field. In case of trans

verse ma,gnetic field the electron temperature increases 

where as radial electron densit,y .at some region near the 

axis decreases and in case of longitudinal magnetic field, 

the electron temperature decreases .and the axial electron 

density increases. 

Discussion of the results 

rr~ 
In ~ase of longitudinal magnetic field, for 

cylindrical probe perpendicular to magnetic field, the 

electron temperature and electron density can be deter

mined from the characteristic as in the case of zero field. 

Not much distortion in the probe characteristics was obser

ved in the range of magnetic fields used. But distortion 

was present in the case of transverse magnetic field. In 

transverse field the k:newli;-: becomes more and more round 

and the space potential undefined. In case of longitudi

nal magnetic field, from experimentally measured values 

of rf conductivity, Sen and Gupta (1969) have shown ~n 

decreases with the increase of field. This is also in 
' 

accordance with equation (3·.1) as in the axial region TQ... 

decreases and lle. increases. From the stand-point of 
I 

probe measurements~ a decrease in A._t) is welcome. For 

transverse·field equation (3.1) predicts an increase of 

?\.t> in the axia.:L region. If 1\..'D increases, the 
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sheath and hence the effective probe collection area increaseso 

When 7\.T> is comparable to At. , an increase of 'A.n means 

collisions in the sheath. So when A:t> will be high, diffu

sion of particles have to be considered and the probe current 

would fall. So a rounded knee is expected in magnetic field 

.for a probe perpendicular to the magnetic field and to discharge 

current mutually as the diffusion becomes anisotropic. Never-

' theless- we have utilise<J, standard probe theory in this case 

in the anticipation that . 1\ ... :J:) ~ '"'Xe.. and we are. utilising 

the electron attraction region of the probe characteristic. 

While investigating the effect of transverse 

magnetic field on glow discharges, Beckman (1948) observed 
I 

that the longitudinal electric field increases with the 

increase of magnetic field and the radial. electron distri

bution becomes asymetric. From Beckman's ana1ysis Sen, Das 

and Gupta ( 1972) obtained that 1t electron temperature when 

a magnetic field B is present is related to the zero 

field value by the relation 

where , p is the pressure of the discharge and c1 is a 

constant for a particular gas given by-

(~ . ?:e.t )2. ' 
' - 'Yn... \.9 "(' 

<:~.6) 
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and ~~ are the charge, mass, mean free path 

at a pressure of 1 torr in 0°0 and random velocity of the 

electrons respectively. Equation (3.5) is valid for condi

tions (i) in the domain where Schottky's ambipolar diffUsion 

is valid (ii) the iontsation is II!B-inly by electron impact 

ionisation collisions of. the ground state molecules (iii) when 

'B/ p i.e. the value of reduced magnetic field is compara-

tively small. The experimental values of L (Te.~ / Te)'L- \] 
'T.2 2.. I h 'l. have been'plotted against o ~ for all the 

gas studied in fig. (3~ 15). It is observed that the curves 

are straight lines for the gases studied at low values of 'B/'p 

~ in conformity with equation (3.5). The slopes of' the curves 

are the value of c1 for the gases. Slopes are of' diff'erent 

values, so that c1 is dependent on nature of' the gas. From 

~, the slopes, the calculated values of -c1 for different 

gases have been entered in second column of Table {3.4). 

Sen and Gupta {1971) have shown that the ratio of 

the electron density at a distance ~ from the ax:i. s when 

·the transverse magnetic field is present, to the va1ue in 

the absence of the magnetic field is given by 

e.:;x P (-a "B) 

where e E ct'/'l.~ /2 kTe r 
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Fig. 3.15. Variation of ((Te:a/Te)2 _ 1 ) against B2/p2 in transverse 

magnetic field. 
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From equation { 3. 7) it is evident that there will be a 

reduction of electron density and log ( 'Y'Ie.. /'Y1ee:, ) 

will be proportional to 13/ P • From the experimen-

tally obtained electron density, log ( '11 e. / 'Y) es ) 

has been plotted with B/p for different gases in 

fig. (3.16) and straight lines have been obtained. The 

experimental results after analysis ~hus indicate that 

Beckman's theoretical expressions as further modified by 

Sen et al (1971, 1972) with regard to electron temperature 

and radial distribution of electron density are valid.for 

low values of B/p. 

For longitudinal magnetic field Sen and Gupta 

( 1969) obtained 

Te..+2e.\/L/k (3.8) 

Vt, is the ionisation potential of the molecule. Equa

tion (3.8) is also valid when Schottky's ambipolar diffu

sion theory is valid and ion pairs are created by electron 

collisions with the ground state molecules. From equation 

(3.8), it may be shown 
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where 

(3.10) 

From equation (3.10) 0( for different gases may be caJ.

culated if ionisation potentials are known. Ionisation 

potentials for hydrogen, o~gen and nitrogen molecules are 

~- 15.4, 12.5 and 15.8 eV respectively. Ionisation potential 

-~
·'-:7 '-

for air has been calculated from values of coefficients 

A and B defined by von-Engel (1965). These coefficients 

are defined as 

\ A=-
7\.e:l ' 

13 -

where is the value of A .e, 

1 tor.r. From equation (3.11), 

V· = "l... 
·'B -A 

at a pressure of 

values of B and A for air have been given by von-Engel 

(1965) and from these value V;_ is calculated to be 

24.33 v. For longitudinal magnetic :field,from the expe

rimentally obtained electron temperatures, ~xp.2(Te-TeB)~ 

has been plotted against ·B2/p2 in fig. (3~17). The plots 

are straight lines w:i th an intercept of unity as predicted 

by equation (3.9). From the slope of the lines c1 have been 
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calculated for all the gases and results 'thus obtained have 

·been ent~~ed in the. third column of Table 3.4. 

·TABLE 3.4 

Values.of 01 calculated for differe~t 

ionised gases for transverse and lo~~ 

tudinal magnetic fields. 
( ' 

---- ·- ... -- ..... - ... ----- -·----!---a.----=----' ' " .. ;' 

Gas 

' . 
01 from ~ransvers.e 01 fro~ l~ngi tudinal. 
magnetic field mea- '. magnetic .field mea- · 
surement ' ' ' ' surement 

t ( torr2/ gauss2) · , ,(torr2/gauss2) ' 

- -~ - - - - - -- - ·-- ~ ~ ~ ~ - - - -.- - -.·.-a -:J- -.- ~ - - ~ - -

Air 3;4 x 1o-5· .4.3 X 10~5 

Hydro:gen 2.31 X 10-4 2.48 X 10-4 
} 

17 ~ 10-5 . c: 
Oxygen 12.5 X 10-"' 

Nit~ogen 5 x 1o-5 5.6 X 10-5 

I ' - - ..... --- ~ - - -- - --- - --c..~--._. ________ ._._ 
I~ i's evident 1hat the .val.u~s o{ c1 obtained, quite indepen

dently from two sets of measurements agree very well in case 

o·f hydrogen and nitrogen. In case of air and specially. in 

c;:ase of oxygen the agreement is not ·very, close and this is 

'definitely due to the faet. that' ~alculation' of . 01 in case 

' of longitudinal magnetic field involves the knowledge of an 
: ·~ 
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accurate value o:f ' Vi, ' the ionisation potential. In 

the case o:f air·, there is uncertainty in the accepted 

value o:f Vi where:=, as in case o:f oxygen, as has been 

shown by Thomson (1961) in their mass spectrographic 

measurements, there are present in an oxygen p~asma 

0-; o;, o+ and o; ions. o- and 0~ concentration 

are about equal :k in magnitude and :formed over 9o% o:r 

the ions present. So the value of V 1.- taken equal to 

that of oxygen molecular ions: introduces an element of 

uncertainty in the value of c1 • 

Sen and Jana ( 1977) have discussed that in case 

o:f molecular gases the radial distribution of electrons 

in a cylindrical discharge tube Where ~chottky's ambi

po1ar diffUsion theory is .valid, is gove~1ed by the nor

mal Bessel function. The authors have·shown that the 

radial electron density increases when the plasma is 

confined by a uniform longitudinal magnetic field and 

deduc'e d that 

Jo l; ~ 'l''2] 
Te.sJ 

(3.13) 

where ,ne. is the electron density at a dist'ance 'Yl • 

Vt, and 1\ are the ionisation frequency and diffusion 

length. The subscript B signifies a quantity when a 

magnetic field is present. The diffUsion length 1\ is 
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given by 

-!\?.. 

L and R being the distance between electrodes and radius 

of the discharge and 1 /1\ '2- = 4.067 cm-2 • Further, 
/ 

Qx p (-eVi../ kTesJ [\ -t eV1. I k TeB] 

Q.xp (-f2.V-i-/k'Te) [l + e-\J-t..f kle] 

Considering a va]Ue o:f 'f-1 , from equation ( 3 .13) the values 

may be calculated. Taking ~ = 0.2 em., 

the length of the probe, the calculated values of 'ne.s /'Y'I~ 

from eqn. (3.13) and the experimentally obtained values from 

probe data have been entered in Table 3.5. 

TABLE 3.5. 

Values of ~~~'B /-ne. in longi tudinaJ. magnetic field. 

---~-~--------~---~---------------
Mag- ' Air Hydrogen Oxygen , Nitrogen 
ne- - - - - - - - - - - - - -r - - - - - - - - - - - - - - - -- - - -
tic ' ' _, • 
field, Theo. 'Expt. Theo. , Expt. Theo. Ex.pt. Theo. Expt •. 
(G) 

13 

27 

40 

54 

82 

1.001 

1,003 

1,007 

' 
. ' 

---~----..:;;a--- ---.1--------

1,016 

1,0002 1,025 

1.004 1.047 1.0006 1.058 

1,002 1,054 1.005 1,1 

1,047 1.0034 1.097 1,011' 1,16 

1.097 

1,002 1,109 

----------.:;!-- -----~---------~------



114 

\ . 

The agreement between the theoretical and experi

mental results fs not very satisfactory, but nevertheless 

the results do indicate that the ~ial electron density 

increases ·with· a lo~ tudinal. magnetic fieldo One of the 

reasons for quantitative disagreem$rit b~tween theoretical 

~d experimental valu~s·is the fact that whereas the_ theo-

·retical expression expresses the electron ~e:nsity at a 

point distant 'Y' from the aXis, in actual calculation 

we have taken an average m:tlue of ~ for the finite 
·, 

length of the probe because the whole are~ of probe is 

effective in collecting the electrons. 

From experimentally obtained values of _plasma 
·I 

·parameter by probe method, it is thus evident that magnetic 

field-influences a discharge col~ in~onformity with obser-
' . 

vationa of Beckman and Sen et al. In the analysis, the 

authors ~onsidered the plasma balance e~ation of the 

positive column. The magnetic field modifies the loss 

processes like ambipolar diffUsion and mobility of 

charged particles and the ~lasma·parameters chan@S in 
. ' . 

magnetic field as the ~lasma adjusts to this new situa

tion. The theoretical interpretations are in agreement 

wi tb. other models of positive colurim. used. As :fa for 

example we mention the ion fluid model discussed by , 

Franklin {1976) when a longitudinal magnetic field is 

present. In this mo.del a quantity 8 ·., which measures 



y· 

particle collision frequency of momentum transfer relative 

to ionisation frequency, is of importance. F~anklin discu-

ssed that when ionisation frequency· ( ( elastic collision 

frequency, the quantity 8;__ / 8 e.. in a longitudinal 

magnetic field is changed by the relation 

( ~~)~ 
bi_ ( 3.16) 

be.-
. 'b2. 

I --t c., 'p 'l... 

the subscripts '2.. and e. indicates ion and electron. 01 

has been already defined and it/is the square of mobility 

at a pressure of 1 torr at ooc. When 'T e- is not large 

8~ I Be.. (3.17) 

;U- is the mobility of a particle. In the range B/p ( 0.5 
-1 Tesla torr , only ~ is affected in a magnetic field 

so that, 

Equation (3.18) virtually speaks for an effective increase 

of pressure 

Equation (3.19) was utilised by Sen and Gupta (1969) in the 
. ' 

plasma balance equation of positive column to £educe equa-

tion (3.8). 
I 
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Conclusions 

The electron temperature and electron density in 

low temperature pl~s in air, hydrogen, oxygen and nitrogen 

magnetised by either a transverse or a longitudinal magnetic 

field have been measUred by probe method. Experiments have 

been performed under the condition in which assumptions of 

?-·- probe theory are valid. The alignment of magnetic field with 

respect to the direction of the discharge current has a deci

sive effect on the values of the plasma parameters and thereby, 
. . 

we can bring out the difference in behaviour of a swarm of 

electrons and their associated properties in transverse and 

longitudinal magnetic fields. In case of transverse magnetic 

field, the electron temperature increases whereas radial 

electron density decreases upto a certain distance from 

the·axis. Quantitative agreements for the variation of 

plasma parameters in transverse magnetic fi~ld have been 

obtained with existing theories for small values of k B/p. 

For longitudinal magnetic field, the electron temperature 
' . 

decreases whereas the radial electron density increases. 

This may be explained from an equivalent increase of pre

ssure in' longitudinal magnetic field as predicted by the 

theory. 
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For molecular gases, the excitation levels are widely 

spread out upto ionization potential and inelastic losses 

set up at low energies and these are so distributed so as 

to produce an approximate Maxwellin distribution for electron 

energy. The present investigation clearly indicates that 

thxa though the nature of electron energy distribution (in 

case of longitudinal magnetic :field) remains Ivia.xwellian in 

~ character in presence of or in absence of magnetic field, 

also it becomes a function of the magnetic field. For 

transverse magnetic field nothing specific about the 

electron energy distribution can be predicted owing to 

the distortion of the characteristics due to anisotropic 

diffusion. ~at has been measured in the present inves

tigation is the average electron temperature and its 

variation with alignment of magnetic field. 
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MEASUREMENT OF ELECTRON TEMPERATURE AND ELECTRON 
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The measurement of electron temperature and electron density·in low temperature 
plasmas in air, hydrogen, oxygen and nitr<:>gen magnetised. by either a transverse 
or al'ongitudinal magnetic field have been carried out by the probe inethod. The 
limitations of the probe theory and the precise method in measuring electron 
temperature and electron density both in the. absence and in presence of the 
magnetic field have been discussed and the experiments have been performed 
under the conditions in which the assumptions of the probe theory ~re strictly 
valid. The genera] conclusion arrived at is that in case of transverse field, 
the eiectron temperature increases whereas th!) radial electron density decreases 
and in case of longitudinal field, the electron temperature decreases and the 
radial electron density increases. The results are also quantitative in agree
ment with the theoretical deductions of Beckman (1948) and Sen and Gupta 
(I971) in case of transverse magnetic field and that of Sen and Gupta (1969) 
and Sen and Jana (1977) in case of longitudinal magnetic field. Further, it is 
noteu that in case of molecular gases the electron energy distribution is Max
wellian in presence of or in the absence of magnetic field but in the former 
case it i;ccomes a function of (H/P) where .lJ is the magnetic field and P is the 
pressure. 

I INTRODUCTION 

·[HE Langmuir probe method is one of the standard methods of measuring the.plasma 
parameters such as electron density and electron temperature in a gaseous discharge. 
The theory of the probe in zero magnetic field rests on two assumptions : (a) The 
dimensions of the probe; and (b) the thickness of the space-charge sheath surround
ing the probe is small compared with the mean free path of the electrons and ions. 
In coimection with the probe theory, a paramete'r ~,= r,/>-a has been introduced 
by Chen, Etievant and Mosher (1968) where r:p is the radius of the probe and Aa the 
De bye Shielding length for. the repelled species. For cylindrical probe, the· compu
tations of Laframboise (1966) show that the orbital motion theory of Langmuir is 
accurate for ~" > 5. In our experimental set up, this condition is satisfied. 

The limitations as well as the validity of. these assumptions have been discussed 
by a large number of workers. Nevertheless, the values of the parameters obtained 
by this method compare very favourably with the values obtained by other standard 
methods. In our present programme of work in determining the momentum transfer 
cross 'section in a transverse magnetic field and the ,voltage current relation in a 
longitudinal magnetic field (Sen & Jana, 1977) or in studying the diffusion of 
electrons in a magnetic field, it lias been assumed in explaining the observed experi
mental results that both the electron temperature and electron density distribution 
are affected by the magnetic field and the nature of the variation is different according 

Vol. 45, A, No. 4 
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to the alignment of magnetic field with respect to the direction of the discharge 
current. 
, It~has been deduced by Sen and Gupta (1971) that the ~lectron temperature 
in presence of the magnetic field is given by 

T.n=T. [ 1 + C1. ~: J'2

, (I) 

when (H/P) is small and C1 = (_!_ . .!:_ ) 2, where L is the mean free path of the 
· m Vr 

electron in the gas at a pressure of 1 torr and v,, the random velocity of the elec
tron. The validity and limitation of the deduction has been discussed in a number 
of papers (Sen & Gupta, 1971; Sen et a/., 1972; Sen & Das, 1973). Further, it 
has been shown by Beckman (1948) and Sen and Gupta (1971) that in a transverse 
magnetic field the radial electron density at a distance r from the axis is given by 

nn = n exp [ 4 ~ ~=~ "" #, J , (2) 

where R is the fraction of energy lost by an electron due to either elastic or inelastic 
collision: No direct experimental evidence of the validity of these deductions has 
been provided so far. 

The situation is completely different when the direction of the magnetic field is 
along the direction of the discharge c~rrent. This problem has not been quantita
tively studied so far but a detailed experimental analysis of the positive column in 
a longitudinal magnetic field has been provided by Bickerton and Von Engel (1956). 
Regarding the variation of radial electron density, Bickerton and Von Engel (1956) 
have obtained conqlusive evidence that the radial electron density increases in a longi
tudinal magnetic field. Sen and Jana (1977) have shown that in case of molecular 
gases as well, the radial electron density increases when the plasma is _confined by a 
longitudinal magnetic field, and deduced that 

· nH · Jo [T {~f!- f;;f'2

] 

-----n;; = J0 (r/ A), 
(3) 

where ~· is the ionization frequency and 4 is the diffusion length. It is thus evident 
, ·that the alignment of the magnetic field with respect to the direction of discharge 

current has a distinct effect on the plasma parameters specially the elec_tron tempera~ 
ture and electron density distribution. 

Aikawa (1976) has studied the anisotropy of the electron. distribution function 
pf a magnetised plasma by measuring the electron temperature. (Te7C) in the 
direction of the magnetic field as welL as in the perpendicular direction (T.1). H~ 
has. observed that in strong magnetic field (H = 350 G), electron temperature 
.increases linearly with the magnetic field but for low values of the magnetic field the 
experimental results deviate from the linear curve. Kaneda (1977) has .measured 
the electron temp·erature of a positive column with a transverse magnetic field and 
observed an increase of electron temperature with the increase of the magnetic field 
and the_ effect is more pronounced at lower gas pressure. - . 
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MEASUREMENT OF ELECTRON'TEMPERATURE. AND ELECTRON DENSITY ~l ~ 

·.· As most of the effects of magnetic field on a pla~ma depend. on. the · ma:":mer in 
which these pa_rameters are affected by the field itself,.it is proposed in the presen! 
investigation to make an experimental study of the nature of the variation of these 
parameters by the probe method: . This will.enable us to put to a direct experimental 
test the theoretical deductions regar.ding electron temperature and electron den.sity 
variation in both the longitudinal and'transverse magnetic fields. 

A magnetic field H applied to the plasma effectively reduces the free paths of 

the charged p~rticles perpendicular to H to less than the radius of curvature p ;; , v 

being the velocity and m, the mass of the particle and hence for a probe collecting 
across the magnetic field as.sumption (a) becomes invalid in moderate-magnetic field. 
For this purpose the magnetic field. used in the present experiment has been. kept below 
100 gauss. The validity of assumption (b) depends upon the sheath thickness and 
thus on the plasma density, the type of the gas and oii the magnetic field. · In our 

··experiment the plasma density has been kept relatively 10\v (t'08/c.c.) and the mag
netic field is below 100 gauss. Under the~e conditions, the electron temperature and 
.electron density can be obtained as has been shown by Bohm eta!. (1949) as in the 
case without the field. 

MEASUREMENT OF T. AND n IN ABSENCE OF MAGNETIC FIELD 

The probe theory as developed by Langmuir gives the electron curre~t as 

I.= I •• exp (-eV,/KT,), (4) 

where I •• the random electron current and in the range ~" > 1 the sheath js thin and 
Lan?muir obt~ined for positive potential the saturation ele~tron current 

( 
8 KT. )112 

Iro = ! A, ne mrc . , (5) 

where ·A. is the effective electron collection area of the probe, n is the unperturbed 
electron density. By eqn. (4) the electron temperature T. corresponding to the assu~ 
med Maxwellian distribution is calcula~ed by measuring the slope of the Boltzmann 
line in a semilogarithmic plot of I. versus V,. It is observed that I. is never saturated; 
Increase in current with increasing positive potentials·is expected due to growth of 
effective collecting area as the sheath expands. 

A plot of log I. against V, (shown in the figs.) indicates that instead of a 
sharp knee a round knee is obtained. As such the true space potential is not well 
defined. This is due to the disturbance oftl;te plasma when the probe is drawing large 
electron current near the space potential. The convention of the linear- extrapolation · 
of the curves at space potential was adopted to determine the space potential. The 
linear extrapolation was made in such ·a way that the "Boltzmann line" was drawn 

. through more pofnts of highly negative probe potential as ~tis in this region that the 
··distribution is expected to be mo!-"e Maxwellian (Schott, 1968). The other lirie is 
.drawn in such a manner that it passes through the maximum number of points and 
lies below the points for which there is a departure from the semi log plot point~. 

-At first the tota,l probe current was plotted against the probe voltage and an appro
ximate value of space potential was obtained by the above ·procedure. Then I,· was 
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determined by substracting I, from the probe current. To ·get the value of I, a 
linear extrapolation of I from highly negative probe potential to V, = 0 has been 
adopted as suggested by Schott (1968); log Ie was finally plotted against V, and 
electron temperature is obtained from the slope of the curve. The current corres
ponding to the space potential has been taken to be the electron saturation current 
from which the electron density can be obtained from eqn.(5). 

MEASUREMENT IN MAGNETIC FIELD 

The same procedure for the measurement of electron temperature and electron density 
has been adopted in both the transverse and longitudinal magnetic ·fields the probe 
being always placed at right angles to the magnetic field. · In case of magnetic field 
following Uehara et al. (1975) the effective probe area A. has been taken to be 4 a/, 
where a is the radius and 1 the length of the probe. 

It is worthwhile to mention that almost all" previous determination of electron 
density has been made from ion saturation current but recently it has been mentioned 
by Chang and Chen (1977) that measurements made from ion saturation current 
are liable to be in error due to secondary emission from the probe surface and are not 
consistent with the values obtained by microwave method. They have shown that 
calculation of electron density from electron saturation current are in agreement with 
microwave measurements within 50 per cent. Hence in ·the present investigation 
electron density calculations have· been made from electron saturation current. · 

EXPERIMENTAL ARRANGEMENT 

The experiment in which electron temperature and electron density have been meas
ured has been performed in two parts : (a) when the magnetic field is transverse; and 
(b) when the magnetic field is longitudinal~ both with respect to the direction of the 
discharge current. Measurements have been made in ci.c. ·glow discharges in air, 
hydrogen, nitrogen and oxygen on the assumption that electron energy distribution 
functions in these gases are expected to follow a Maxwellian distribution. 

Pure and dry air was passed through phosphorus pentoxide and calcium hydro
xide to remove traces of water vapour. Hydrogen and oxygen were prepared by the 
·electrolysis of a strong solution of barium hydroxide. Hydrogen was passed through 
heated copper turnings, phosphorus pentoxide and calcium hydroxide and oxygen 
through concentrated sulphuric acid before being· introduced into the discharge 
tube. Nitrogen gas was supplied by Indian Oxygen Company and the gas was passed 
through heated copper turnings and concentrated sulphuric acid. 

Magnetic field was generated by an electromagnet energised by a· stabilised power 
·supply and the field was uniform between the pole pieces. For transverse field, the lines 
of force were exactly perpendicular to the axis of the discharge tube made of a·-pyrex 
glass tube 22 em long and 4 em in diameter. The field was introduced in: the posi
tive column of the plasma. For longitudinal measurements the discharge tube of 
length 8. 5 em. and 2. 5 em in diameter ~as placed between the pole piec·e·s of the' elec
tromagnet which have the diameter of 3. 5 em which ensures that the magnetic field 
·is uniform throughout the length of the tube because it is essential that the magnetic 
field should be free from radial-components.· The probes were of cylindrical 
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tungsten wire of 0. 5 mm diameter. In case of transverse field, it was 4 mm long and 
placed at a distance of 2. 5 em from the anode where the magnetic field was applied. 
In case of longitudinal field it was 2 mm long and was placed 1 . 3 em from the anode. 
Both the probes were inserted into the discharge tube by a glass jacket. . The pressure 
was varied between 0. 4 to 1 torr for different gases and was kept constant for a parti
cular set of experiments by a needle valve ~nd was measured by a Mcleoci gauge. 
The stationary discharge was inade by a stabilized d.c. power supply and the 
discharge current was between 9 to 12 rnA. 

Probe voltages were supplied by a continuously varying dry battery ·and vol
tages were measured with respect to anode. The magnetic field was measured by a 
calibrated fluxmeter. Keeping the pressure constant for fixed discharge current the 
probe potential was varied from a high negative value to positive values .and the 
corresponding probe current was noted in the microammeter. The procedure is 
repeated for different values of the transverse and longitudinal magnetic fields whose 
value has been allowed not to exceed 100 gauss in conformity with the limitations 
that should be observed for the validity of the probe theory in magnetic field. 

REsULTS AND DISCUSSION 

In conformity with the method of analysis of the probe data as reported earlier in the 
paper, semilog plot of current voltage char~cteristics has been obtained for air, 
hydrogen, oxygen and nitrogen in case. of transverse field and the representative 
curve for hydrogen is shown in Fig. 1. tt is observed that the plot is a straight line 
with two different slopes for both with and without magnetic field which shows that 
probe theory .can be applied to find the electron density and electron temperature in 
presence of magnetic field as well, provided the magnetic field and the main 
discharge current are kept at a low value. From the slope of the straight lide drawn 
through the highly negative probe voltages the electron temperature has been deter
mined for all the four gases, with and without magnetic field, and the results are 
entered in Table I. 

To vertify whether the theoretical expression previously deduced by 'Sen. and 

Gupta (1971) that TeH = Te [ 1 + c1 :: J12 

is valid the values. ~r[ T_;~
2 

- 1 J . 
TABLE I 

Values of electron temperature in electron volt with and without magnetic field 

Magnetic field in gauss Air Hydrogen Oxygen Nitrogen 
' P = 0.4torr P = 0.7torr P = .5 torr P= 0.5 torr 

0 7.63 7.829 7.898 8.Q25 
13 8.163 8.165 
20 7.95 
27 9.116 8 .. 737' 8.643 
40 8.228 . 9.527 9.34 9.34 
60 8.886 
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have been plotted against H 2/P 2 for all the gases studied and are represented in Fig. 2. 
It is observed that curves are all straight lines for the gases studied in conformity 

. . ( e L )
2 

with eq~. (1) but with different slopes from whrch the values of cl = m . ~ ' 
have been calculated and entered for different gases in the second column of Table II. 

TABLE II 

Values of C1 as calculated for different ionised gases for transverse and /ongitu4inal magnetic fields 

Gas 

Air 
Hydrogen 
Oxygen 
Nitrogen 

cl from transverse magnetic 
field measurement 

3.4 X to-• 
2.31 X lQ-4 

7 X to-s 
5x lQ-& 

cl from longitudinal field 
measurement. 

4.3 X 1Q-i 

2.48 X 10-' 
12.5 X lQ-i 

5.6 X lQ-i 

The value of C1 as obtained here for different gases are of the same order as 
obtained previously by microwave and diffusion methods. 

Besides electron temperature, the electron density with and without magnetic 
field has been determined experimentally. From the theoretical deduction (eqn. 2) 

it is evide~t that if log ..!!_is plotted against H the curve should be a straight line as is 
nn · 

actually observed from the curve (Fig. 3) for different gases. The experimental results 
after analysis thus indicate that Beckman's theoretical expressions as further modi
fied by._Sen and Gupta with regard to electron temperature and radial distribution 

·of electron density are valid specially for low values of (H/P). 

LONGITUDINAL MAGNETIC FIELD 

The variation of the semi log plot of electron current and probe voltage in case of 
all the four gases has been obtained and a representative curve has been shown in 
Fig. 4. As in the case of transverse magnetic field the curves are straight lines with 
two different slopes and the electron temperature and electron density have been 
determined as before for all the gases. The values of electron temperature have 
been entered in Table III. It was previously deduced by Sen and Gupta (1969) in 
case of longitudinal magnetic field that 

2Te2log [ [1 + c1~2fP2Jlf~J 
[ Te + 2e:• J Ten= Te + (6) 

(T~-TeH)a: 
and from these results the values of C1 have been calculated by plotting e 

. against H 2/ P 2 (Fig. 5) 

T.+~ 
K where IX = ----,2"'T""~"· e--
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' FIG. 3. -Variation of log (n/nH) against H for (a) Air (b) Hydrogen (c) Oxygen (d) Nitrogenin 
Tran~;verse Magnetic field. 

,From the slope of the curves, the values of C1 have been calculated for all the gases 
and results thus obtained have been entered in the last column of Table II, for compa
rison. It is thus evident that the values of C1 obtained quite independently from the 
two sets of measurements agree very well in case of hydrogen and nitrogen. In ·case of 
air and specially in case of oxygen the agreement is not very close and this is defini
tely due to the fact that calculation for C1 in case of longitudinal magnetic field in
volves the knowledge of an accurate value of V, the ionization potential. In the 
case of air, there is uncertainty in the accepted value of V; whereas in case of 
oxygen as has been shown by Thomson (1961) in their mass- spectrographic measure
ments there are present in an oxygen discharge not only Ot but also _ o- whic.Q. 

. form 90 per cent of the ions and are present in equal amount and the value 
of V1 taken equal to that of oxygen introduces an element of uncertainty in the 
value of C1. 

To calculate theoretically the variation ofiz4 ~ith the magnetic field and compare. 
it with the experimental results, we have utilized the theoretical expression for nn 
eqn. (3) as deduc~d by Sen and Jana (1977). The theoretical and experimental 
results are shown in Table IV. A the diffusion length is given by 

1 
az ( ~ r + ( 2"~05 r ' h is the distance between the electrodes and 
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TABLE III 

. Vi:llues of electron temperature in electron l'Olt in longitudiual magnetic field 

0 

Air Hydrogen Oxygen Nitrogen 
p = 0.6 torr P = 1 torr P = 0.4 torr P = 0.6 torr 

5.263 6.026 4.126 6.787 
5.937 6.696 

5.)65 3._863 6.589 
5.684 3.652 

5.141 5.501 3.423 6.277 
4.917 

u 

"' 0 _, 



)t 

'"' 
::t: .. 
1-

I .. 
1-
..... 
N .. 

·6~--------------~------------------------------------------------~~ 

·s 

4 

3 

2 

I 
I 

--------~-~-------------~------J 

[" 

I (d) 

'( &') 'I 

.I 

OL-_.._ ______ ___;~---------:,L-;-:---------"""--:::::------_;_.._ __ .... 
o .5xJo3 10~103 J5xt63 ;2ox1o·3 

, H2 rP 2 in gauu2 I torr2 

FIG. 5. Variation of e2 (Ee - TeH) ex against H 2/P 2 for 
(a) 'Air (b) :Hydrogen (c) Oxygen (d) Nitrogen in Longitudinal Magnetic Fields. 

I 
~ 

~ 
~ 
l" 
0 
"Z ..., 
'ttl 
.·~ 
:ttl 
'~ 
~;I> . ..., 

·'~ 
•'ttl 

~ 

i .z 

I 
><: 

'i...> ...... 
\0 



320 S. K. SADHY A et a/. 

TABLE IV 

Value of nnfn in longitudinal magnetic field. 

Magnetic Air Hydrogen Oxygen 
field in 

Theor. Ex peri- Theor. Experi-gauss , Theor. Experi-
ment. ment. ment. 

13 1.0005 1.017 
27 1.001 1.016 1.004 1.047 
40 1.002 1.054 1.005 1.1 
54 1.003 1.047 1.0034 1.097 1.011 1.16 
82 1.007 1.097 

R is the radius of the discharge tube and 
1 

f1.2 = 4.0671 cm-2 and 

tp be 0. 2 em. the average distance of the probe from the axis. 

Further 

v;.n = exp ·- KT~n KT~a . 

[ 

( ev t ) ] [ 1 + evi ] 

v• exp ( - ;:~. ) 1 + ~~. 

Nitrogen 

Theor. Experi· 
ment. 

1.0002 1.025 
1.0006 1.058 

1.002 1.'109 

r bas been taken 

Thus all the terms in the right band side of eqn. (3) can be evaluated and values of 
11H/ll .can be calculated. 

The agreement between the theoretical and experimental results is not: very 
satisfactory but nevertheless the results do indicate that the axial electron density in
creases with the magnetic field. The quantitative disagreement arises due to th~ fact 
that whereas the theoretical expression expresses the electron density at a point dis
tant rfrom the axis, in actual calculation we have taken an average value of r for the 
finite length of the probe because the whole area of the probe is effective in collec
ting the electrons. We can thus conclude that the alignment of the magnetic field with 
respect to the direction of the. discharge current has a decisive effect on the valrtes of 
the plasma parameters, and thereby we can bring out the difference in the behaviour 
of a swarm of electrons and their associated properties in transverse and lo.qgitu
dinal magnetic fields. In case of a transverse magnetic field as postulated by Beckman 
(1948) and further deduced by Sen and Gupta (1971) the electron temperature 
increases whereas radial electron density decreases up to a certain distance jfrom 
the axis and our direct measurements of these two parameters by the probe mfithod 
show not only qualitative but also quantitative agreement for small values of (HIP). 
In case of longitudinal magnetic field the electron temperature decreases whereas 
the radial electron density increases and the direct measurements of these two para
meters in longitudinal magnetic field indicates quantitative agreement with theor~tical 
predictions. 

The problem investigated here is to be clearly distinguished from some experi
mental studies performed recently (Aikawa, 1976) in which anisotropy of electron 
temperature and electron distribution function in a magnetised plasma bas been 

I 

' 
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studied, What has been measured in the present investigation is the average electrofr 
temperature and its variation with the alignment of the magnetic field with respect 
to the direction of the discharge current. Throughout our investigation, it has been 
assumed that the electron energy distribution is Maxwellian in character and is hence 
tempeature-dependent though in general the distribution is non Maxwellian. How
ever, in case of molecular gases the excitation levels are widely spread out up to ioni
zation potential and inelastic losses set up at low energies and these are so distributed 
so as to produce an approximately Maxwellian distribution. The present investigation. 
thus clearly indicates that though the nature of electron energy distribution remains 
Maxwellian in character in presence of magnetic field also it becomes a function of 
the magnetic field and is dependent upon the alignment of the magnetic field with 
respect to the discharge current. 
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CHAPTER IV 

MEASUREMENT OF ELIDTRON TEMPERATURE IN GLOW DISCHARGE 

IN TRANSVERSE MAGNETIC FIELD BY SPECTROSCOPIC METHOD. 

4.1. Introduction 

It is now well established that _plasma parameters 

undergo a significant change when the plasma column is acted 

~pon by a magnetic field. Whereas in an axial field at low 

gas pressure the electron temperature is reduced and the 

axial electron density increased, in a transverse field the 

electron temperature is raised and the electron density 
- ' 

lowered When the positive column is pressed against the wall 

of the vessel (Beckman, 1948, Sen et al 1971, 1972, Kaneda, 

1979). The nature of change is dependent upon the alignment 

of magnetic field with respect to the discharge current. In 

chapter III, we have measured parameters of magnetopl asma by 

Langmuir probe method in air, hydrogen, oxygen and nitrogen 

in both transverse and longi. tudinal magnetic fields. In a 

transverse magnetic field the radial electron density dec-

-· reases and electron temperature increases in accordance with f\ 
f theory of Beckman (1948) and Sen et al (1972) specially for 

smaJ.l values. of B/p ( 'B = magnetic field, 'p = gas pre

ssure). Kaneda (1979) has reported that in a plasma a trans

verse magneti~ field causes the wall losses and electron 

temperature to increase. Sen et al ( 1972) observed that the 
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intensity of spectral lines increases with transverse magnetic 

field and after attaining a maximum value gradually decreases 

_with the field. The field for maximum intensity depends upon , 

the nature of the gas and wavelength of radiation. Assuming 

that the radial electron density decreases and electron tempe

rature increases in a transverse magnetic field, the results 

have· been quantitatively 'explained. To verif.y whether the 

,~ assumption that TC2..B rises with B is valid, Te.B==:f'C'B) 
is measured by spectroscopic method. 

In chapter III, it has been observed that in t~ansverse 

magnetic field, the -P~obe characteristics became distorted 

owing to collision in the sheath. In this chapter measurement 

of electron temperature in.glow discharge in hydrogen and 

helium> plasma in transverse.magnetic field by spectroscopic 

method ·has been described. Spectroscopic method has one advan

tage over the probe method that it does not disturb the plasma 

unduly. Electron temperature can be' deduced from relative 

intensities of spectral lines. Electron temperature enters 

into the emission line intensities through excitation rate 

coefficients which are also n. dependent on electron number 

t density. Both Te and 11~ are affected by a transverse 

magnetic field. When ratio of spectral intensities of mvo lines 

of some element is considered, dependence on ~~ cancels out 

and the ratio depends explicitly On T
8

• So dependence of Te 

on transverse magnetic field could be determined by this method. 
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4.2. Method of measurement 

It is well lrnown that T cannot be determined e 
from measured spectral intensities without some assumptions 

regarding the type of equilibrium that prevails inside the 

discharge tube. At the very beginDing the question arises 

whether the LTE or SO (semi-corona) model is appropriate. To 

obtain LTE, the ~~ reverse of all fast processes must be 

mai!ltained a:nd exact bal ancing of total rates for complimen

t.ary processes must be allowed to take place. Since the di a

charge tube plasma considered here is optically thin to in

ternal radi~tion (except perhaps for the resonance lines) 
- ' 

collisional processes are usually_more important in estab-

lishing LTE than radiative processes. Consequently colli

sional decay rates must exceed radiative decay rates. Thus, 

at a sufficiently high electron density, collisional LTE can 

be achieved. When electron densiti~s are too low for the 
- . \ 

establishment of LTE it is still possible to obtain equili-

brium whereby.collisional eoccitation and ~onisation is bala

nced by radiative decay and recombination respectively for 

all levels except the high lying ones. This model is know.n 

as semi-corona.model. Some necessary, but not sufficient 

creteria for the establishment of LTE or SO inside a discharge 

tube have been discussed in chapter I. Utilising the criteria 

of Griem (1964), Hey (1978) and Wilson (1962) the value of 

electron number density 'I\ e.. has been calculated and entered 

in Table 4.1 for hydrogen and helium gas. 
\ 
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' 
TABLE 4.1 

Limiting values of 1\e., for different types of equilibria. 
______________ ..... __ _ _____ .,... ------------------

' ' 
Criteria . For LTE , For par- , For so , Esti-

tial LTE mated 
' ' ' --------------------~- ... -----

Glow ' Griem ' Hey ' Wilson Griem 
I 

Wilson ' 

discharge • (1964) •( 1976) '( 1962) • ( 1964) '(1962)' 

' ------------~-----~---~~~-----~-~~ 

Hydrogen 

p = 1 

torr 

Te. = 1 eV. 
______ CD _________ _.. ___ 

Helium "()e~ 'T1e~ 'Y'l(2,.)'/ 

p = 1 
2x10 18 1019 2x10 1S. 

torr 

T = 5 e eV, 

--------------

"1'\e.~ 

3x10 14 1010 

to 

1011 

---~--~-~----~---------~-~--------

It is evident from the table that the estimated 

electron density of glow discharge is well wi~hin the range 

of applicability of SC model, 'Yle.. has been estimated a bit 

higher than typical val.ue in glow discharge for the constric

tion o:f the discharge tube in the central region from where 

the radiations are escaping. 
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In SO model, for a weakly ionised plasma, 

(4.1) 

X=u ( Te) is the collisional excitation rate coefficient 

from ground state (designated by subscript 1) to j l1i 

state. ~* is number density of excited neutral.· 

a toms in the j 111 1 evel and 1'11 is the number 

density of ground state atoms. 

Considering the plasma to be steady, homogeneous 

and optically thin the intensity of a transition j ~ i 

I - h t vJ ~ 1\ " X . 
" -. l e. lJ 

J'- 4 "IT 

~~ 
l_Ajm 

m<J 

h. is the Planck's constant, t is the length of the 

emitting plasma column along the line o:f sight. VjL. 

and A j-L are the frequency and_ transition propabili ty 

o:f the transition. respectively. L Ajm is the reci-

procal of life time '"t · . :..J o:f the 

Consi dering two transitions ( 

state. 
' ' 

J--71... ) and 

) and taking the ratio of the spectral in-

tensi ties, 

IJi A1i.- )\ :rj Aj~ L At'"' 
- - /_Ajm (4.3) - XlL At;, lu. /ljt 
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since 

oC 

j QH c~) L9fC15r)dt9-
'\.90 

(4.4) 

where Q.:lj (19-) is the collisional excitation cross 

section of electrons from the ground level and L9a is the 

threshold value for the transition. Estimation for Xy 
.;*- can be made if we have the knowledge of Q.. j:) · and :f (t9) 

which is the electronic velocity distribution function. 

After integration in (4.4) X~ becomes a function of 

electron temperature and T e . may be determined from e qua

tion (4.3). 

4.2.1e Excitation rate coefficient for hydrogen 

For hydrogen we have considered M.J~Seaton's· cross 

section for collisional excitation by electron. For a Maxwe

llian electron energy di atribution, Allen ( 1963) has calcu

lated 

-4 
X~ = \7·0 X lO (4.5) 

where. EJ· is the excitation energy in eV of the j )"Fi level 

and f ~ is the absorption oscillator strength which is 

characteristic to an optically allowed · transition ( :1 ~ j , 

1 is the ground state). P (E/K Te) is g Gaunt factor· which is 
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slowly varying fUnction of frequency and T- ·• Allen has cale . 

cul ated that when 

(4.6) 

and (4.6) in (4.3) 

or, 

Te. (4.8) 

4.2.2 •. Excitation rate coefficient for helium 

0 

The transitions chosen for the helium are 4471.5 A 

and 5876 A with upper levels, Is4d3D and Is3d3D. Both 

the radiations are triplet lines. The excitation to these 

xei»s levels by electron impacts of the ground state heli~ 

atoms are kno\~ as optically forbidden transitions since the 

upper levels have no ~ optically allowed spontaneous emission 

to the ground level. Values of the cross section of the for

bidden transitions are vir~lly unknown. Green (1966) has 
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suggested one semi-empirical formul.a for cross section of 

helium. 

(4.9) 

where E and E
0 

are the energy of electrons and threshold 

~ energy of the tra~i ti on ( 1 ---=-> j ) . R = 1 3. 6 e V is the 

Rydberg energy and Clo is the Bohr radius. For :f~ · Green 

suggests using the oscillator strength of a • companion' 

allowed transition. Benson and Kulander ( 1972) have shom 

that equation (4.9) when averaged over a Maxwellian velocity 

distribution for electrons, can be represented as 

X~ 
(4.10) 

where (b , 1 and 0( are constants. Cho.os:ing :f1 ~ 4~D 
= 0.01 and 1 1~ 33~ = 0.1, Benson and Kulander cal-

o . 
culated values for the constant, for 5875.6 A line (1 -?j ) : 

(3~ = 1.17 x 10-7 , 1 ~ =-0.368 and 

a(~ = 1.01 

· for 4471.6 A line ( 1 ~ t ) : f3 1 e. = 1.06 x 10-8 , 

'21l = -0.362 and ex 1 t. = 1 .o1 

A calculation for excitation rate coefficients considering 

T = 25 ,000°K shows · 
8· 

X~ = 5.6765 x 10-14 and Xu_ = 4.0065 x 1o-15 



--L 

~: 

127 

bxh& 

in C.G.s. unit, so that 14. 

the constri buti ons from exp. ( - CX tj E iJ / k I e.. 

Subtracting 

) the 

ratio X lj I X lt 10.5. Since after substract~ng 
I 

contribution from exp. (- o<ij ~ ,:J· I k I e.., 

ing contribution comes mainly from the (3-fj 

we can write 

) , the remain-

in e qua ti on ( 4. 1 0) ·, 

- 10.5 

where:).s the calculated values are (3~ / (3 j.f.. =. \ \· 7 /1 · o 6 = 11, 

so that the X lj in equation (4.10) is sensitive to (?> =!j 

But the factor j -:y enters into (3 :lj and an arbitrary 

choice for a 'companion' allowed transition for :f ~ ' 
influences 1 (3 :1J and hence X :Jj • The. experimentally 

measured values by St.John, Miller and Lin (1964) are 

X~ = 1.13 x 10-15 and X -16 
1{.. = .4. 4 X 10 

so that X ti j X Je. = 2 .. 95, which differs from calculated 

values of Benson and Kulander with arbitrary choice of f 1 . lt 
!:J .) . 

From experimentally obtained values, the ratio r:, ~ I (3 1 t 

is obtained as 

0v /P->1t~ xv1x1t- = 2.95 

The difference in experimental and calculated values may be 

traced back to the arbitrary choice in f values. 

For two lines j ~ i. and {.. --? _ L-
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-~ = 'fl.t;: ~ . ~ L At-rn e_xp l~T.,.CF t _:_ EJ8 
lt.l _. 'Xjt. (31~ ALi 2 Ajm: 

I 

·and 

·(4.11) 

since o('lj = 0( it.. =. D(, and '. -y·~ = · y1t •' For 

(3'-y /.(3
1

t. in equation.(4.12) we· have utilised the 
1 , I ~ • 

--L... value 2.95 obtained experimentally by St.John et a1 ( 1964). 

4.2.;. Measurements in magnetic field 
. -

. ~ When the magnetic field B is applied 

He.nce 

(Ij,)e, Tl:~.s 'nee. X~ (Tes) 

lj"L. . T\1. ne X :y (i"e.) 

,.··.-
.__,_.W 

_,;' 
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A. Hydrogen. 

Putting values Qf X 1j from eqn. (4.5) and 

. 1)'2.. 

P (F / \<:.Tes) /P (E-/ kle)= (Tes/Te) (4.14) 

in eqn. (4.14) we get 

Now 

~j 

(~j)g { 4.17) 

~ where g is the statistical weight of the level. Considering 
----

two lines 

As the degeneracy is with respect to magnetic quantum number, 

in a magnetic field there will be splitting of the levels 

(Zeeman effect). As such, in a magnetic field.· they must be 

· regarded as actually simpl,e that is no longer degenerate. 

These different states are ascribed the same a ~: "priori. 

probability" or the same statistical· weight. That is, it is 
I 
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assumed that they will appear equally often under the same 
' 

condi tiona. Hence if the lines belong to one and the same 

series and if our spectroscope is unable to resolve the 

Zeeman splitting we can asswne, 

~t CJjB. - 1 } ~{_~ ~h' (4.19) 

Lt.= rre..B a..nd- '"tj =. ~jB 

Then from eqns • ( 4. 1 8) and (4.19} 

(4.20) 

B. Helium " 

Proceeding in the same manner and considering 

equation (4.12) it can be shown that 

L, \(I.tJE>j(IjtJ sJ 
L I ~-L 1J 1..- ( 4.21) --

So from ,equations ( 4~8), ( 4.12), (4.20) and (4.21) electron 

temperatures with and without magnetic field may be determined 

for hydrogen and helium plasma in SC model. In the above 

calculations it has been assumed that plasma be optically 
' 

thin, homogeneous and. has a Maxwellian distribution for ele

ctronic energy. The validit,y for optical thinness and 
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Maxwellian distribution has been already discussed in Chapter I. 

For homogeniety o~ plasma column along the line o~ sight, equa

tion (4.3) suggests that plasma need not be homogeneous along 

the diameter of discharge column which is also the line of 
R... 

sight, for j1""P o\~ will be equal for the two transi
-R-

tiona. Moreover, when a transverse magnet~c field is present, 

·electronsand ions are deflected towards the wall of the dis

charge tube in the direction of Lorentzian force. Thus the 

cylindrical symmetry of the plasma column is destroyed. But 

the column will be deflected in the direction of line of sight 

due to Lorentz force either towards the -collimator or away 

~rom the collimator depending upon the direction of di'scharge 
( 

current. In our experiment the deflection was towards the 

collimator. The inhomogeneity developed in the plasma column 

along L . the-line of sight by a transverse magnetic field 

would be equal for both the lines, so that measurements are 

not affected by the inhomogeniety developed. While determi

ning Te either from eqn. (4.8} or (4.12) the relative 

spectral response of the photomu.l tiplier is to be considered. 

But to determine Tee. from eqns. (4.19) and (4.2t), the 

relative spectral response does not affect the measurements 

since it is in no way a function o~ a _distant magnetic field 

and the ~tio of the line intensities has been considered. 
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Experimental arrangement 

The discharge tubes which acted as the source of 

radiation were fitted with aJ.uminium electrodes. Pure hydrogen 

and helium gases under a pressure of 1 torr have been intro-

duced into the discharge tube and the discharge was excited 

by a stabilised d.c. power supply (1000 volts, 20 mA). An 

~ accurately calibrated constant deviation spectrograph was used 

to measure the wave length of the incident radiation. The slit 

of the spectrometer was illuminated by condensing the light 

from the source on to the slit. The spectral line to be studied 
' 

was focussed on the cathode of the photomultiplier tube 

(M 10FS 29V')._ ,) • The sensitivity of a photomultiplier tube 

is not the same for all wavelengths as sensitivity depends on 

the wavelength of the incident radiation and on the quantum 

~ efficiency of the cathode material. 

So the radiation intensity which is determined expe

rimentally was corrected for relative spectral response o~ the 

photomultiplier. Details of the method have been gi~en in 

Chapter II. The intensity was measured by a microammeter in 

the detector circuit and this intensity was the total inten-
0(, 

si ty j Iv o\-v • The transverse magnett:c field was 
0 

varied between zero to 1000 G and the experimental set up 

has been shown in fig. 2.5. For hydrogen, the spectral lines 
0 0 

chosen are 4861.33 A ( Y\ = 4---? 1'"'\.. = 2) and 6562.73 A 

--~ ( n = 3 to n = 2) •. For helium, the 4471.5 A (43D -7 23P1) 
; 
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and 5875.6 A (33D123~_ 23P1 ) emission lines were chosen. 

The spectral lines chosen have been Shown in fig. 4.1. For 

two emission lines I /\:1. and 1 A.2. with wavelengths 

A.
1 

and A..2 and energies of the upper levels of the 

transisions E1 and E2 , 

cL( I A.1 /1A.,.) 

I A:l I I ")\.2 

o\_ (. kTe) 

kTe 

where \<-r~ is the electron temperature in eV. If 

(E2 - E 1. ) / I<Te ~ 1 , then an X %. change in Te 

results in ~ 'XJ % change in · I ?\.:1 / I '/\.2. • But if (E2-E1) / 

k. T e. ( 1 , then an X-% change in Te gives less 

than X% change in 1A. 1 / I?\..'2- • So it is desirable 

to have (E2 - E1) / k T e. >,.. 1 in a measuremento ·But 
' 

in our experiment, for visible atomic transitions with 

suff1cien~ response to the photomultiplier, the above cri

terion is not fulfillecl. In that case it is preferable to 

use one ionic lines. But :i.n a magnetic field the way an 

ionic line is a:ffected is different to that of an atomic 

line. Generally the ionic lines are enhanced more in a 

magnetic field. ' For this reason and as no strong ionic 

line was observable in the experiment, we have chosen the 

transisions that have been mentioned. 

Other details of the experimental set up have 

been described in Chapter II. 
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4.4. Results and Calculations 

A. Hydrogen 

For hydrogen the values of the parameters appea

ring in eqn. (4.8) has been given in Table 4.2. 

TABLE 4.2 

Values of parameters for hydrogen. 

A::c (A) Transition 

4861.3 ~ = 4 to 

n. = 2 

6562.7 n= 3 to 

n=2 

' 

, Ax.t X 106
, 1/ 't'X.. E":le... 

5 s -1 s -1 v 1":lt.... ec ec _ 
6 X 10 _.. _ _... ____________ ·....:~_.; __ _ 

32.866 127.12 12.75 

93.413 260.61 12.00 

values have been taken from Griem ( 1964) 

and Corney (1977). f values have been calculating using 

formula of Bethe and Salpeter ( 1957), for 'h ---7 'TI'l. tran-

si tion, 

(4.23) 

Since our spectrograph cannot resolve the fine structure of 

the levels, equa~ion.(4.23) was used to determine f values. 
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= 1.2 and Te was calculated 

Calculated values of electron temperature with 

and without a magnetic field have been entered in Table 4.3. 

_TABLE 4;.3. 

' 
(Electron temperature calculated for hydrogen in SC model) 

-~~---------------- ---- --------
Magnetic 

field 
(G) 

. , B2 /p2x1 o-4 

,( G2 /torr2) 

-------------- -------------·------
0 

250 

360 

440 

475 

525 

600 

700 

840 

950 

0 

6.25. 

13 

19.4 

22.6 

27.6 

36 

49 

70.6 

90.3 

0 

0.005 

0.00847 

0.01424 

0.01623 

0.01933 

0.026195 

0.03261 

0.0361 

0.03735 

1.017 

1.034 

1.046 

1.06 

1 .067 

1.076 

1.098 

1.118 

1.130 

1.134 

0 

0.0276 

0.05 

o.os 

0.094 

0.113 

0.158 

0.202 

0.228 

0.238 

I . 

-~._. ___ _. ______________________ _. __ ____ 
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Though for plasma, we are considering, LTE cannot 

hold, we have nevertheless calculated the electron tempera

ture and its variation in the magnetic field when the 

plasma is in LTE for comparison purpose. In LTE 

~ i '"\_ ti. - = --
I~i '\)t 

~ Further 

-1 ~ ~ f 1-j 
- 6· G7 >< \0 -

Zl-j "-.ji fl. ( 4.25) 

and 

At.._ -

Hence 

t:t. - Ej (4.26) 

and 

--- (4.27) 

Calculated Values of electron temperature with and without 

magnetic field has been entered in Table 4.4. 



-~ 
' 

'137 

TABLE 4,4 

T of hydrogen with and without magnetic field in LTE, 
e 

-~---------~--~------~---------
Magnetic field B 

(Gauss) 
-~--------- --------------------
0 1.4614 0 

250 1.4945 0.0458 

360 1. 5181 0.079 

440 1. 5569 0.1351 

475 1.5743 0.1606 

525 1.5977 0.1953 

600 1.6562 0.2789 

700 1.7065 0.3637 

840 1. 7292 0.4000 

950 1. 7504 0.4341 

I - --- - - - - - - -- - - - _. - - -- - - - _.- - - - -- - -

Be Helium. 

For helium the values of parameters determing 

Te have been given in Table 4.5. 

TABLE '4,5 

·---------- ------------------------. ' 
A_~ (A) ' O(l:V t 

Ex. 
(_ \J) 

------------------------~-------
4471.5 

5875.6 

1 

1 
2.95-

0.12 23.7355 

0,62 

-----------------~~~------------
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For the levels considered = 1 because 

there is no other optically allowed transition which is suffi

ciently strong, from the levels. The choice for (?; ~ / (3 1t.. 

has been already discussed in section 4.2.2$ 0( l.':le... values 

have been taken from Benson and Kulander {1972), those of .:ft-;,c... 

for ·the transitions from Griem (1964). Energy values of levels 

·have been taken from Moore (1971). Calculated values of elect

ron temperature and its variation with transverse magnetic 

_., field have been shown i.n Table 4.6., 

TABLE 4.6, 

Electron temperatUre calculation for helium. 

---------- -=--= -,--- - - ---- - -- - -- ------Magnetic field {G) 
' 0 290 430 ' 580. 

' 
/ ......... -- ~- --- -- -------- --- -L..--- _,_- ---

!5876 ( 
. 

J ---7i ) 

(arbitrary unit) 160.0 162.0 163.5 166e0 
-~ pA read:lng. 

• • • • • • • • • • • • • • • • 0 • • • • • e • • • • • • • • • • 

!4471 ( t-4i } 

(arbitrary unit) 16.0 16.5 17.0 17.5 
}A-A reading • 

• • . • • • • • • . • • • • • • • . ' . • • • ~ 0 • • • • • • • • . 
{% [Ciu)s j(Ij,)~ 0.0184 0.039.3 

I e.- I·· 0.0528 0.069 
. 1.. J \, 

• • • • • • • • • • .. • • • • • • • • • • • 
k.Te (eV) 

• • • • • • • • e • • 

(SC model) 5.69 6.74 8.54 9.67 

• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 
kTe.. (12V) 

(LTE model) 5.1 5.95 7.32 8.61 ... 
• • .. • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 

1-" 
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For calculating Te without ma~netic field the ratio 

= 10 as evident from Table 4.6 was corrected 

for photomultiplier response factor (Fig. 2.7) and after correc-

tion was found to be 2. 

4.5. Discussions and Conclusions 

To verify whether equati-on 

(4.28) 

as deduced by Sen et al (1922) is valid for the plasma we 

are considering, we have plotted [Q' e..s / T e.)~ - 1 J with 

"B 2 
/ P_'l.. in Figs. ( 4. 2) and ( 4. 3) for hydrogen and 

helium. For hydrogen, c1 was calculated as 

01 (Sc model) = 0.426 X 10-6 

01 · (LTE model) = 0.74 X 10-6 

6 -6 For helium, c1 value is .25 x 10 and more or less same 

for both the models. c1 is actually the square of the 

mobility of electrons in a gas of pressure one torr at 0°0 

and ex:plici tely depends on A e 1 , the mean free path 

of electrons in a gas of one torr pressure~ Ae1 is a 
d..epe."''"ld.S 

fUnction of electron energy, thus~on E/N. The experimen-

tally obtained rati~ of c1 for helium and hydrogen corre

sponding to E/N va1ues of the discharges is 14.7. A compa-
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·rison of this ratio with values obtained by other method is 

.of interest. von-Engel (1965) has given the collision cross 

section bt.e., ( cm-1) of electrons at a pressure o:f 1 torr 
2 at 0°0 for electron energies 3 x 10- eV. (molecular energies). 

·Different values ( 5 and 23) for bLe, in helium have been 

given. The ratio bie. (heliumY ~e (hydrogen) calcu-

lated from A~H.von-Engel's table corresponding to 3 x 10-2 eV. 

eriergy, lies between·1.25 to 5.75 and the square of 

6te... (helium) . is between 1.56 end 33. But for a true 
b2-e.. (hydrogen) 

comparison, E/N values of discharges should be ~~~ 

For hydrogen, c1 values found by probe method in 

chapter III and by spectroscopic method differ. The reason 

is the different values of E/N for the discharges. If we 

consider that the temperatures determined by different 

methods for different discharges (with E(N differing) are 

correct th~ the temperatures would represent 1D/fL where 

D and jJ- are the coefficient of diffusion and mobility 

of electrons. Corresponding to these values of D/ ;U-
' 

if we find out the coiresponding E/N for hydrogen, from 

the graph given by Huxley and Crompton (1974)_, the ratio of 

E/N for probe experiment to E/N for spe.ctroscopic experi

ment become 15 - 20 and the ratio of c1 value found by 

probe method and by spectroscopic method (sa model) is 

625 whose square root is 25. 
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For hydrogen o1 va.lues obtained by SO and LTE 

models differ much but corresponding values for helium agrees 

very well. ActuaJ.ly LTE model is not a valid assumption 

under the conditions of discharges in our experiment, but 

we have calculated o1 values by LTE method for comparison. 

Actually Te · . values may differ depending upon the models 

chosen, but in.det~rmining c1, the ratio of electron tem

peratures e·.g. (Te:sfTe) 2 - 1 is calculated which should not 

vary from model to model. So a comparison of o1 value for 
I 

hydrogen and helium in different models have been made. From· 

the comparison it is evident that calculation in SO model 

for helium is more certain tha&· that of hydrogen. For helium, 

we have used experimentally obtained cross section values by 
' 

St.John et al (1964) for determining excitation rate co

efficients. The measurements of St.John et al was carried 

out in a low pressure chamber so that effects of imprison

ment radiation and collisional excitation transfer can be 

neglected and· this type of experimental values is needed 

for a true So model. In the actual. plasma in our e:xperi-, 

ment, SO equilibrium assumption was justified. The influ

ence. of triplet metastable state 23s, on the population of 

higher triplet states have been neglected as no excitation 

from these metastable levels to the levels concerned has 

been taken into account. Phelp (1955) has shown that for 

helium below 10 torr pressure, 23s1 level is quenched by 
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diffusion to the walls. A constriction in the central region 

of the discharge tube where experiment was ~arried out enhan

ces the diffusion loss. Moreover, for helium, since the radia

tion ; 3n123 -7 23P2 : is very weak, ·~:e consider,, ~t:lj= Af.:i.Lt 
= 1 i.e. the lines conside~ed are the only transitions from 

the respective levels. Whereas for hydrogen values o£ 
' 

have been taken from Corney (1977) and the,values 

were calculated theoretiCally from quantum mechanical basis 

which may h~ve limited certainty. 

It is thus evident that spectroscopic method can 

be adopted for measuring the electron temperature of a 

plasma in magnetic field as well. But a sui tabl'e choice of 
cross section data corresponding to the true model is to 

be found out. 

The experimental result presented here show that 

equation ( 4.27) is valid for B/p as low as ~ 700 G. torr-1• 

The problem investigated here should be clearly distingui

shed from experimental studies by Aikawa (1976) in which ani

sotropy of the electron temperature and ele'ctron energy dist

ribut~on function in a magnetised plasma has been studied. 

Here the average electron temperature and its variat~on in 

a magnetic field transverse to the di~ection of discharge 

cur.rent was measured assuming that the electron energy 
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distribution is Maxwellian and~ hence temperature depen

dent. It is evident that the majority of the electrons 

involved in the excitation and ionisation processes ~e 

those few with sufficiently high energy which occ~y 
I 

the tail of the distribution curve. Though the applied 

magnetic field will modify the energy distribution of 

these electrons only the distribution function of the 

majority of electrons remains unaltered and hence nearly 

Maxwellian and ca:n be chaxacteris~d by an electron 

temperature. The above measurement supports the theo

retical deduction of Beckman ( 1948) and m: Sen et al ( 1972) . , 



144 

References: 

1. Aikawa, H. ( 1976) ,. J. Phys.Soc. J·apan .4Q 17 41. 

2. Allen, c.w. (1963), Astrophysical Quantities, 2nd. 

Edn. p. 42 (Athlone Press, London). 

3. Beckman, L. (1948) Proc. Phys. Soc. ~ 515. 

4. Benson, R.s. and Kulander, J.L. (1972) Solar Phys. 

2.1 305. 

5. Bethe, H.A. and Salpeter, E.E. (1957) in Hand-b. Phys. 

22 ~8 (Ed. S.Flugge,Springer-Verlag, Berlin). 

6. Corney, A. (1977) Atomic and Laser Spectroscopy p.113 

(Ox~ord University Press). 

1. Green, A.E.s. (1966) AIA~'J! 769@ 

8. Griem, H.R. (1964) Plasma Spectroscopy (li'IcGrawHill,NY). 

9. Hey, J.D. (1976), J.Q.S.R.T. 12, 69. 

10. Huxley, L.G.H. and Crompton, R.w. (1974). 

The diffusion and drift of electrons in gases, 

p. 621 (John Wiley, New York). 

11. Kaneda, T. (1979) J.Phys. D.jg, 61. 

12. Moore, c.E. (1971) Atomic energy levels Vo1.1, 

(N.B.S.Circular 467, Washington). 

13. Phelps, A.v. (1955) Phys. Rev.~ 1307~ 

14. Sen, S.N., Das, R.P. and Gupta, R.N. (1972) 

J. Phys. D. 2 1260. 

15~ Sen, S.N. & Gupta, R.N. (1971) J.Phys.D.~ 110. 

16. St.John, R.M. Miller, F.L. and Lin, 0.0.(1964) 

Phys. Rev. 12!! 888. 

17. von-Engel, A. (1965) Ionised gases, 2nd.Edn., p. 34 

(Oxford Universi~ Press). 
18. Wilson, R.w. '2)', J .Q.s.R.T. ,g,, 477. 



., .. t~ 
'I 

"'~-~ 

J. Phys. D: Appl. Phys., 13 (1980) 1275-81. Printed in Great Britain 

Measurement of electron temperature in glow discharge in 
transverse magnetic field by spectroscopic method 

S K Sadhya and S N Sen 
Department of Physics, North Bengal University, Darjeeling, India 

Received 23 May 1979, in final form 19 November 1979 

Abstract. The electron temperature in the positive column of a glow discharge in 
hydrogen and helium as a function of the transverse magnetic field in the range of 0 
to 1000 G has been obtained by measuring the intensities of two spectral lines· having 
the same lower level. Since the electron number density in the column is of the order 
of 1010 cm-3 the semicorona model suitably modified has been used to calculate the 
plasma electron temperature in a magnetic field. For lower values of the field the 
variation of the electron temperature with the field can be represented by an expression 
deduced by Sen and Gupta following Beckman's theory. The electron energy dis
tribution in a transverse field can thus be assumed to be nearly Maxwellian. 

1. Introduction 

It is now well established that plasma parameters undergo a significant change wheti 
the plasma column is acted upon by a magnetic field. Whereas in an axial field at low 
gas pressure the electron temperature is reduced ·and the electron density increased, 
in a. transverse field the electron temperature is raised ·and the electron density lowered 
when the positive column is pressed against the wall of the vessel. (Beckman 1948, 
Sadhya et al 1979, Kaneda 1978.) The nature of the change is dependent upon the 
alignment of the magnetic field with respect to the direction of the discharge current. 
Sadhya et al (1979) have measured the axial electron density and electron temperature 
with Langmuir probes in air, hydrogen, oxygen and nitrogen in both the transverse 
and longitudinal magnetic fields. In a transverse magnetic field the radial electron 
density decreases and electron temperature increases in accordance with the theory 
of Beckman (1948) specially for small values of B/P; (B=magnetic field, P=gas 
pressure). To verify experimentally whether the nature of variation is the same when a 
glow discharge column is in a transverse magnetic field the electron temperature and 
its variation has been measured in this paper using a spectroscopic method as reported 
by Davies (1953). He observed that in a longitudinal magnetic field the electron tem
perature in a radio frequency discharge is raised. Ricketts (1970) has measured the 
electron temperature and density of argon ring discharge at 2 to 50 Torr in a longitudinal 

· magnetic field. The temperature distribution showed a large decrease at the centre 
indi~ating a rapid cooling of the electrons which' diffuse across the magnetic field. 
Kaneda (1978) has reported that in a plasma a transverse magnetic field causes the wall 
losses and electron temperature to increase. 

0022-3727/80/071275+07 $01.50 © 1980 The Institute of Physics 1275 
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No spectroscopic measurement of the electron temperature of a plasma in' a trans
verse magnetic field has been reported. Yet Sen and Gupta (1971) from the theoretical 
analysis of Beckman (1948) showed that in a transverse magnetic field B, the electron 
temperature TeB should increase; for small B/P 

TeB = Te[l + C1(B 2fP 2)]1/2 (1) 

where Cl=(eLfmvr)2, L is the mean free path of the electrons in the gas at 1 Torr 
and vr is their random velocity. C1 is the square of the electron mobility at 1 Torr. 
Sen eta/ (1972) observed that the intensity of the spectral lines increases with transverse 
magnetic field and after attaining a maximum value gradually decreases with the field. 
The field for maximum intensity depends upon the nature of the gas and the wave
length of radiation. Assuming that the radial electron density decreases and the electron 
temperature increases in a transverse magnetic field the results have been quantitatively 
explained. To verify whether the assumption that TeB rises with B is valid, TeB = f(B) 
is measured by a spectroscopic method. 

2. Method of measurement 

The standard method of spectroscopically measuring Te in a plasma is to measure the 
half-width of a spectral line. To study the effect of magnetic field Bon Te, a low pressure 
plasma with a low input power is necessary in order to make Doppler broadening 
negligible. Hence the method of calculating Te by measuring the relative intensity of 
spectral lines has been adopted here. 

It is well known that Te cannot be determined from measured spectral line intensities 
without assuming the type of equilibrium in the discharge plasma. The question arises 
whether LTE or sc (semicorona) model is appropriate. When electron densities are 
too low for the establishment of LTE it is still possible to obtain equilibrium whereby 
collisional excitation and ionisation is balanced by radiative decay and recombination 
respectively which is known as the semicorona model. For a weakly ionised plasma, 

1l111eXlj(Te)=nJ* ~ Aim· 
m<j 

(2) 

XIJ(Te) is the collisional excitation rate coefficient from the ground state to jth 
state, and n1* is the number density of excited neutral atoms in the jth level. Considering 
the plasma ~o be steady, homogeneous and optically thin 

(3) 

Assuming the electron energy distribution function to be Maxwellian, Allen (1963) has 
calculated that 

(4) 

E1 is the excitation energy in electron volts and P(EfkTe) is the average gaunt factor 
which is a slowly varying function of frequency and Te; when EfkTe> 10 

P(EfkTe) =0 ·066f(EfkTe)112, (5) 

f 
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Considering another transition z~ i and taking the ratio of the spectral intensities we 
obtain from (3), (4) and (5) 

lJt = Ali/li (Ez) 312 Aft ~~ Azm 105040 (Ez-Ej)/Te 

Ili AJt/1l E1 Au ~ Atm 
(6) 

m<j 

or 

(7) 

This expression can be used for the measurement of electron temperature if the plasma 
is optically thin and excitations are by electron impact from the ground state and Wilson 
(1962) and de Vries and Mewe (1966) have shown that the approximate condition that 
has to be satisfied is 

ne ~ 1011Et312(kTe) 2 cm-3 

where Et and Te are both in electron volts. 
The electron density necessary for the semicorona model to hold is calculated from 

the above equation. For our present experiment the semicorona model is applicable. 

2.1. Measurements in magnetic field 

No measurement of electron temperature by the spectroscopic method in the transverse 
magnetic field has been reported so far. Sen et al (1972) observed that the intensity 
of a spectral line increases with the application of a transverse magnetic field. This 
effect has been utilised here to determine Te by measuring the intensity of a line in the 
absence and in the presence of the field. 

In the semicorona model we have shown that equation (3) holds. When the magnetic 
field is applied, from equations (3), (4) and (5) we obtain for the ratio of line intensities 
at Band at B=O. 

Now 

(/jt)B = neBnlB (AJtf"E.AJm)B 1Q-5040I(l/Ten)-(l/Te)]. 

ljt nenl (AJtf"E.AJm) 

[ 
Ajt J I Ajt = (gt)B 'TjB 

"E.Ajm B "E.A1m gi 'TJ 

(8) 

(9) 

where TJ is the mean life in the jth level. Considering another line having the intensity Iu 
(transition 1-+i) and from equations (8) and (9) 

(IJt)B Iu = (gz)B _R_ ~ 71B 105040[ (l/T0 )-(1/Ten)] (Ez-Es). 

(Jli)B /jt (gz) (gJ)B 'TZB 'Tj 
(10) 

As the degeneracy is with respect to magnetic quantum number in a magnetic field 
there will be splitting of the levels and these states are ascribed the same a priori 'proba
bility' or the same statistical weight. Hence if the lines belong to one and the same -
series and if our spectrograph does not resolve the Zeeman splitting, we can assume 
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and also by the same assumption Tz=TzB and TJ=TJB then 

(ljt)B ~ = l05040(Er-EtH(l/Te)-(l/TeB)] 
lit (lu)B 

or 

_!_ --1-=lg ((IJt)B ~)j5o40(Ez-E1). 
Te TeB Iii (Iu)B 

3. Experimental arrangement 

(11) 

The discharge tubes of2·5 em inner diameter and 15 em length were fitted with aluminium 
electrodes and filled with pure hydrogen and helium at a pressure of 1 Torr. The dis
charge was excited by a stabilised oc power supply (1000 V, 10 rnA). A constant devia-

. tion spectrograph was used. The slit was illuminated by condensing the light from the 
tubes on to the slit. The spectral line to be studied was focused on the cathode of the 
photomultiplier tube (M lOPS 29V "). Since the sensitivity of a photomultiplier tube 
depends on the wavelength and on the quantum efficiency of the cathode material, 
proper correction has been made to standardise the intensity ratios of the spectral 
lines after Griem (1964). The detector circuit of Sen et a! (1972) has been used here. 
The transverse magnetic field is provided by an electromagnet. It is varied from 0 to 
1000 G and calibrated by a flux meter. 

4. Results and discussion 

The electron temperature of both a hydrogen and a helium plasma have been measured 
in the absence and in the presence of a magnetic field. For hydrogen the spectral lines 
chosen were 

.:\u=4861·33 A 

AJt=6562·13 A 

11i=l·25. 
lu 

Ez= 12·75 V 

f values are tabled in Griem (1964). Since our spectrograph cannot resolve the 
fine structure of the levels, the value of oscillator strength was found using the formula 
of Bethe and Salpeter (1957) 

for n-+m transition. The values of A1t and A1m have been tabulated by Corney (1977) 
and Griem (1964). From equation (7) Te in hydrogen was calculated Te= 10 200 K. 

For helium the spectral lines chosen were 

Au=4471·5 A 

Ez=23·7355 V 

A1t=5875·6A 

E1=23 ·0731 V 

For helium, excitations via metastable atoms have been neglected because the electron 
density is so low that the metastable levels are primarily quenched by diffusion to the 
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walls and by two- and three-body collisions. Phelps (1955) has shown that helium 
2as1 level is quenched in this way. Since the transition 33D12a-+23P2 is very weak 
A1m/TtAzm may be taken to be unity. The electron temperature for B =0 in He is 
Te=26730K. 

Te for H2 and He in the presence of a magnetic field has been obtained from equation 
(11). 

Sen et al (1972) showed that assuming equation (1) the increase in intensity and the 
occurrence of a maximum in the intensity curve for a particular value of the magnetic 
field can be explained. The experimental verification of the theoretical deduction can 
be made from the experimental results obtained here. 

Figures 1 and 2 show the variation of (TeB2/Te2)-1 with B2fP2. The curves for 
H2 and He and low B/P are found to be straight lines but rise less steeply for higher 

0·5r---------------, 

0 

.... 0·3 
B 

I 

"' iJ. 
• CQ 

!::.Gio•2 
• 

0·1 

0 25 50 75 x104 

B2Jp2 (G2 Torr-2) 

Figure 1. Variation of (TeB/Te)2-l with B 2/P 2 for hydrogen. A, from:LTE model; 
B, from sc model. 

0·75 

I 
~0·50 

CQ 

'-"' 

0·25 

25 
8 21?2 ( G2 Torr-2) 

.~ 

B 
A 

Figure 2. Variation of (TeB/Te)2-1 with B 2/P 2 for helium. A, from -LTE model; 
B, from sc model. 
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values of (B/P). From the slope of the curve the value of C1=0·426 x I0-6 for H2 
and C1 = 1 · 68 x I0-6 for He. These values agree quite well with the results obtained 
from radio frequency conductivity and microwave methods (Sen and Gupta 1970). 
By measuring the electron temperature by the probe method in a plasma in a transverse 
magnetic field it has been noted (Sadhya et a/ 1979) that Te increases with B as given 
by expression (1). 

The problem investigated here should be clearly distinguished from experimental 
studies by Aikawa (1976) in which the anisotropy of the electron temperature and 
electron distribution function in a transversely magnetised plasma has been studied. 
Here the average electron temperature and its variation in a magnetic field transverse 
to the direction of discharge current was measured assuming that the electron energy 
distribution is Maxwellian and hence temperature dependent. It is evident that the 
majority of the electrons involved in the excitation and ionisation processes are those 
few with sufficiently high energy which occupy the tail of the distribution curve. Though 
the applied magnetic field will modify the energy distribution of these electrons only, 
the distribution function of the majority of electrons remains unaltered and hence nearly 
Maxwellian and can be characterised by an electron temperature. The above measure
ments support the theoretical deductions of Beckman (1948). 

It is thus evident that the spectroscopic method can be adopted for measuring the 
electron temperature of a plasma in magnetic field as well. The semicorona model is 
only valid for the determination of electron temperature in the positive column of a 
glow discharge if the electron density does not exceed 1010 cm-3. It is also valid when 
the plasma is in a transverse magnetic field. Though in this case local thermodynamic 
equilibrium cannot hold we have nevertheless calculated the electron temperature and 
its variation in the magnetic field from 

and 

kTe=(Ez-EJ)jln (11t AJt
3 fa) 

lli .\u 3 fi1 

__!_ __ 1_ k In ((Iu)B lit ) 
Te TeB (Ez- E1) lu (ljt)B . 

(12) 

The results have been plotted in figures 1 and 2 for comparison. It is seen that in a 
hydrogen plasma there is considerable difference between the results obtained from 
the two models, whereas in helium the results are almost identical. This is due to the 

' fact that in helium the term Au'J:,AJm!AJt":E,Azm in equation (7) becomes unity and equation 
(7) becomes nearly identical with equation (12) whereas in hydrogen this ratio differs 
considerably from unity. 

Sen et a/ (1972) assumed that equation (1) is valid over a wide range of B/P values 
and that the value of the magnetic field for which the intensity becqmes a· maximum 
can be obtained. However this proved to be· not practicable because of numerous 
uncertain factors in the expression for Bmax· The experimental results _presented here 
show that equation (1) is valid forB/Pas low as ~ 700Q Torr-1. Although the abscissae 
in figures 1 and 2 are in similar units of variable B/P the experimental variable for H2 
and He was B since P and the tube diameter were kept constant(! Torr, 2 · 5 em). 
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CHAPTER V 

ELECTRON TEMPERATURE DEPENDENCE ON THE TRANSVERSE 

MAGNETIC FIELD IN A GLOW DISCHARGE IN HELIUM AS 

. OBTAINED FROM SPECTROSCOPIC MEASUnEMENTS. 

Introduction 

In the previous chapter we have reported measure

ments of .variation of electron temperature with transverse 

·~. magnetic field of d. c.. glow discharges in hydrogen and 

helium. It was observed there that for relatively small 

r 

~ 
I , ~ 

-~ '. \L - .. ---' 

values of reduced magnetic field B/p, electron tempe-

rature in e. magnetic field B is given by 

( 5.1) 

In this chapter E we haye reported measurement 

of variation of electron temperature with transverse 

magnetic field of a.c. (50 Hz) glow discharge in helium 

gas. In principle, a 50 Hz a.c. dischage is treated in 

the same manner as that of a d.c. glow discharge, but 

from the point of diagnostic, an a.c. glow discharge has 

the advantage th~t the radial symmetry of this type of 

discharge will be less affected in a transverse magnetic 
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field so that two cases e.g. the c~lumn deflected towards 

the collimator or away from the collimator do not arise. 

The lines selected for determining electron temperature with 

and without magnetic field by spectral intensity ratio method 

are the triplet line 4471.5 A ( 1s 4£D--? 1 s 2 p~P0 
) and 

• the singlet line 6678 A ( 1 s 3d! b --7 J s 2 p'l P 0 
) • The selec-

.t ted lines have been shown in energy level diag-ram fig. 4.1. 

·-+ 

-.., 
··~ ' 

~ 
\ 

5.2e Method of measurement 

It has been observed that the dependence of 

electron energy on.the cross section for excitation by 

electron impact differs for the singlet and triplet lines 

of neutral helium, so the singlet/triplet intensity ratio 

is a fUnction of electron temperature in a teneous helium 

ple.sma. It was first proposed by Cunningham ( 1955, USAEC 

Report Wam1 289) to use this ratio to determine electron 

temperature of helium plasma. Since then, the method 

has been utilised in a large number of works. For two 

metastable levels 233 and 21s of helium, generally 

the population density of 21s level is less than that 

of 238 level as 218 levels are ~ckly converted 

to levels by three body collisions. So it is 

stated that populations of triplet levels of helium in a 

well contained plasma are influenced by electron impact 



147 

excitation of the metastable 23s level to other triplet 
\ 

levels. Mewe (1966) has deduced a crtterion 

\'2. 1.3) -1 
'T\(2. << (\0 ----\0 cl 

-3 
c:m. ( 5.2) 

which is to be satisfied for well contained helium plasma 

of dimension d em., so that the population of triplet 

levels are not influenced by 238 metastable level popu

lation. For a constricted discharge d (=radius of the 

tube = 0.25 em.) is small and hence R. Mewe's criterion 

is well satisfied along with the other criteria as in . . 

Table 4.1. When equation (5.2) is satisfied, the metas-

table atoms diffUse out to the wall of the discharge tube . 
and the triplet level populations are determined from 

balance between excitation by electron impact of the 

groun~ state atoms and spontaneous radiative decay as in 

SO equilibrium condition. 

One of the difficulty that is encountered while 

determining electron impact excitation rate coefficient 

X~ , appropriate for as SC model, is that for low 

energy electrons, the theoretical treatment of electron 

impact excitation cross sections becomes questionable. In 

this low energy region, the Born approximation and the 

convenient sum rules associated with it break dovr.n and 

these have been the primary basis for most theuretical 
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calculations involving impact cross sections. So, what is 

needed is a systematic method that is capable of represen

ting experimentally known cross sections, or which might 

permit us to use optical data or other information to 

in~er unmeasured cross sections. The various systematic 

approaches from a classical or a quantum mechanical basis 

use rather varied mathematical formalisms. Nevertheless, 

each approach has been subjected to some phenomenological 

adjustment, and hence all of them embody eiperimental 

information to varying degrees. The approaches have.been 

compared in several reviews (~.g. Green (1966)). 

Since the radiationschosen for our experiment 

have no allowed transition toward the ground level (1S 21S) 

the transitions (18218 -? 184d3D) and (1S21S ---7 1S3d1D), 

which enter into the particle balance equation in SC 

model, are known as optically forbidden transitions. 

Variens (1969) has discussed the limitations of binary 

or classical impact theories for optically forbidden 

transitions. One of the methods, as suggested by A.E.s. 
Green, is to select the absorption oscillator strengtll 

of a companion allowed transition and then treat the 

transition as an optically allowed transition, may lead 

to erroneous result for an arbitrary choice of oscillator 

strength. Such methods needed comparison with experimental 



~ 
\ 

J 

data and the necessary correction. Allen (1963) has described 

a semiempirical cross section for optically forbidden tran

sition ( 1 --7> j ) 

as 

(5.3) 

where Clo is the Bohr radius, C2) 1 is the statistical 

weight of ground level and _()_ (E) is the dimensionless 

collision strength which varies from zero at the threshold 

to a constant value of order unity at one Rydberg for atoms 

and remaining consta11t above this energy. For a Maxwellian 

electron energy distribution the excitation rate coeffi

cient is given by 

( 5.4) 

where fh , k.. Te.. are the mass and energy in eV of elect

rons and ~· is the threshold energy for the transition 

( 1 ---7 j ) . For low energy electron collision, Benson and: 

Kulander (1972) suggested that Jl (E) may be considered 

constant with electron energies (within a Maxwellian dist

ributi.on) if the electron energy exceeds one Rydberg and 

the constant value is equal to EafE
0

, where Ea = 13.6 eV 

and E0 = fj is the transition energy of the level in eV • .Se 
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So from ~quation·(5.3) and (5.4~ 

xlj =-
'2. ' ,, 

4 E~ rr ~ [ kTe.J 2 

a E· · 2nm 
C1j J ' 

[ exf(- kE{)][ 1- exp(-'~='AJJ ( 5.5) 

Excitation rate coefficient calculated from equation 
' 

(5.5) compares well with experimental.results. From the 

calculations of Benson and Kulander it appears that for 

Te = 25,000°K the ratio · X=!.] j X :1 t. for the 
. 0 ' 0 

two lines 6678 A and 4471.5 A, calculated from equation 

(5.5) is 1 .31 whereas the experimentally determined 

value for is 2.73 (St.John et al, 

1964). But M.ll'.Seatons' cross-section with arbitrarily 

chosen absorption oscillator strengths gives 

· X 1j / X 1 e. as 1 3 • 5. So . X y / X 1 e_ . 

calculated frc;>m equation (5.5) agrees well with experi-

mental. data and it is the ratio 

which enters into relative line i.ntensi ty ratio. 

For optically ~hin plasma, for two radiations 

is 

J .. 
L 
I{k_ 

, the ratio of the intensities 

For equat~on (5.6) and (5.5) we get 

( 5.6) 
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For radiations chosen 

( 5.8) 

When a magnetic field is present 

( 5.9) 

So from equation (5.?) and (5.9) electron temperatures 

without and with transverse magnetic field may be deter

mined. The intensi ~ies of line needr·, correction for lit± 

differential response of the photomultiplier in deter

mining temperature from equation ( 5. ?) , but when equa-

tion ( 5 .9) is used. to determine , the 

correction is not needed. 

5o3o ExperimentaJ. arrangement 

Experiments were performed on a helium glow dis

charge at a pressure of one torr. The discharge tube was 

connected to 50 HE mains supply through the secondary of 

a step up transformer. Power to the step up transformer 

was f~d to its primary ooil through an auto-transformer.· 

The discharge tube was held vertically and parallel to 

the collimator slit and was placed in between the pole

pieces of the electromagnet. The magnetic field was 
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varied between 0 - 1200 G. Te and TeB were ~termined 

from the ratio of the intensities of spectral lines 
0 0 

4471.5 A and 6678 A. An accurately calibrated spectro-

graph was used to measure the wavelength of the spectral 

lines. Each line was focussed on the cathode of the pho

tomultiplier tube M10FS29V"- and the intensities were 

obtained by measuring the output of photomultiplier tube 

(details in chapter II). The intensities were corrected 

for the spectral response of the photomultiplier tube 

(5% and 8% respectively). The recorded output of the 

difference amplifier was found to be linearly propor

tional to known spectral intensities (Internatial cri

tical Table, 1929, Vol. 5;, McGraw Hill Book Co.). It is 

to be noted that Te and TeB depend upon spectral 

intensities. To :reduce possible error in the recording 

system, the width of the entrance slit was so adjusted 

to obtain a large deflection in the output microammeter 

of the difference amplifier, thereby increasing the sen

sitivity in the measurement of line intensity ratio. 

5.4. Results and discussions 

The energy of the upper levels of the radia

tions chose are after Moore ( 1971) • 

4471.5 A ( {_~ k. ) , El = 23.736 eV. 
0 

6678.2 A ( j ~ 'L ) , ~ = 23.073 eV. 
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value of kTe. obtained is 1.78 eV. Variation of elect-

ron temperature with transverse magnetic field has been 

shown in Table 5.1. 

TABLE 5.1. 

(Variation of electron temperature of a.c. helium 

glow discharge with transverse magnetic field). 

_______________ ... ______________ _ 

0 

240 

390 

550 

650 

750 

1000 

1 

1.06383 

1.12765 

1.18085 

1.21702 

- 1.2468 

1.38297 

1 

1.05532 

1.10212 

1.12765 

1.14893 

1.17021 

1. 27659 

0 

1.2113 X 

10-2 

8.6835 X 

10-2 

k.T.e. 
(e-V) 

1.78' 

1.82 

2.03 

2.11 

2.15 

1.2072 X !:6l: 2.27 

10-1 

-------------------------~-~--
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Values of [(Tea /Te.s-...:...j] versas B2/p2 have 

been entered into Table 5.2. 

TABLE 5 • ...2. 

Values of [(lee./Te)'l..-1] Vs B2/p2
• 

--~.._ _______ _. ____________ .,... _____ ..,... __ 
' 

B2./ p'l. o 
XIO-S' ' 

0.576 1. 521 . 3.025 4.,225 5.625 
t 

10 
' 

~ '2/ to'Y'Y' 2 ' 
t 

t ' ' ----...1--·--- ------~-------~-------
- '2. . 

( 
le_~;) I 0 - -1 
Te. ' 

' 0.0454 0.1394' 0.3006 Oe4052 0.4589 0.6263 
I t 

In fig. (5.1), [(le..B/ Te)2
·-. 1] has been 

. 2 2 
plotted against B /p and from the fig. it is observed 

that equation (5.1) as deduced by Sen et al (1972) is 

valid for electror1 temperatures for values of reduced 

magnetic field B/p .:S 670 G/torr. For B/p > 670 G/torr 

the deduction is not valid which is due to the fact that in 

deducing equation (5.1) from L. ~Beckman's equation XR it 

was assumed that.the reduced magnetic field B/p~ is small 
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Fig, 5.1. Variation of (Ten/Te)2 _ 1 with B2/~2 for helium 

in transverse magnetic field ( SC model). 
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Value of c1 calculated from the slope is 

0.99 x 10-6• c1 i~-- the value of square of the elect-

,, ron mobility at a pressure of , 1. torr at ooc. So 

electron mobility at 1 torr pressure may be calcu

lated as 1o-3 ~orr/G or 10 torr/k~(amp. sec. 2)-1 • 

( 4 ' ~'/ 2) The conversion is 10 gauss = 1 kg¥ ampe sec. • For 

a comparison of this value of mobility with other 

literature values, the value of E/N or E/p is 

needed. Value of E/N could not be b(letermined expe

rimentally. But from the value of electron tempera

ture i.e. D/ )J.. , value of E/N is found from 

the table of~ Huxley and Crompton (1974) as E/N 

> 3Td... • (E/N 

E/p 10 V cm-1 torr-1 

(TD) = ;.03 E/p). Considering 

or E/p = 103 V m-1 torr-1, , 

value of drift velocity of electrons in helium at a 

pressure of 1 torr is calculated from the value of 

mobility from c1, as 

compares well with ~ value given by Franklin (1976) 
' 4 -1 6 x 10 m. sec. • 
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The.electron·te'rnperature·of a heliuin plasma has been measured spectroscopically as a function of the magnetic field. 
For lower values of the magnetic field, the variation of Te with the field can be represented by an expression deduced by 
Sen and Gupta. 

I( has been shown by several authors [1-4] that the 
electron temperature· Te ~nd the axial electric field of 
a steady uniform-positive column in a low pressure d. c. 
discharge change in the presence of a transverse mag
netic field. When such a magnetic field is present, the 
electrons and ions drift across the magnetic lines of 

· force in cyeloidal motion between collisions. The 
flow of ions and electrons in the direction of the 
lorentzian force causes a deflection of the current and 
cylindrical sym~etry of the discharge towards the wall, 

.causing a corresponding increase in the axial electric 
field and electron temperature. For relatively small 
values of the reduced field B/P, where B is the trans
verse magnetic field in Gauss and P the pr~ssure in Torr, 
Sen et al: [2] have shown. 

TeB = Te[l + C1B2jp2] 1/2, (1) 

where C1 = ((efm)L!vr) 2, L being the mean 'free path of 
the electron at a pressure of 1 Torr and ur the random 
velocity of the electron and e and m are the charge and 
mass of the electron, respectively. 

We have investigated the variation of Te with the 
applied transverse magnetic field for an a.c. (50 Hz) low 
pressure helium discharge and have checked the validity 
of eq. (1 )_for such plasmas. T e was determined spec
troscopically bl measuring the intensity of th~ A 
== 4471.5 A (2 P -7 43D) and A= 6678 A (21 P -7 31 D) 
lines. Since the electron density ne for such low pres
s~ue, low power glow discharges is much less than the 
value of ne required for the establishment of LTE or 
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partial LTE [5] we have assumed a semicoronal 
equilibrium to prevail inside the discharge tube [ 6] . In 
this model the atoms are excited by electron impact to 
the states concerned directly from the ground state,. 
Since the levels chosen have no optically allowed transi
tion to the ground level of He, the cross section of ex
citation by electron impact for optically forbidden 
transitions is to be considered. Limit;,ttions of binary 
or classical encounter theories for such cross sections 
have been discussed by Viens [7] . Allen [8] has de
scribed a semiempirical cross section for such transi
tions as 

(2) 

where Q(E) is the qimensionless collision strength 
which varies from 0 at threshold to a constant valueR 
of the order of unity at 1 Ry remaining constant 
above this energy. E is the electron energy in Ry, g 1 
is the statistical weight of the ground level and a0 the 
Bohr radius. Since for He glow discharges the electron 
energy distribution function may be approximated 
to be maxwellian [9] takingR = EH/Eo [10], where 
EH = 13.6 eV and £ 0 the transition energy of the level 
in eV, the rate of excitation from the ground level to 
a level (k) is 
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Considering the plasma to be optically thin and uni
form, the intensity of a line k ~ i is giv.en as 

(4) 

Taking the intensity ratio of two lines l ~ j and k ~ i 
we get 

(5) 

where theE's and i\'s are the energy of the levels and 
the .wavelength of the radiations. For the radiations 
chosen 

When a magnetic field is present 

(6) 

Details of the experimyntal arrangement are given in a 
previous paper [3]'. Experiments wereperformed on an 
a.c. glow discharge or"helium.at a pressure of 1 Torr. 
The discharge tube of radius· 1 em; and 15 em in 
1ength, was placed vertically betwe:en the poles of an 
electromagnet and. the magnetic field (0-1200 G) was 
uniform inside the poles. The electron temperature Te 
and TeB without and with the transverse magnetic 
field, respectively, were determined by taking the inten
sity ~atios of the spectral lines 4;471.5 A and 6678 A, 
see eqs. ( 5) and ( 6). An accurately calibrated constant· 
deviation spectrograph was used to measure the wave
length of the spectral lines. Each line was focussed on 
the cathode ofthephotomultiplier tube M10FS29, VA. 
and the intensities~ were obtained by ineas~ring the out
put of the photomultiplier which was recorded by a · 
difference amplifier: It is to be noted from eq. (5) that 
an error in the value of Te can arise c:mly in the mea
surement of the observed line intensity ratio [Iki/Itil 
as all other quantities have standard values. To reduce 
the possible errors the recording system was calibrated 
[3]. The intensities of the lines were corrected for the 
spectral response of the photomultiplier tube. The 
recorded 01.1tput of the difference amplifier was found 

Table 1 

Magnetic 
field (G) 

0 
24;0 
390 
550 
650 
750 

1000 

(/4471.s)B /6678 

/4471 . (/667S)B 

1 
1.0081 
1.0232 
1.0472 
1.0593 
1.0654 
1.0833 

kTe 
(eV) 

1. 78 
1.82 
1.90 
2.03 
2.11 
2.15 
2.27 

to be linearly proport~onal to the known spectral in
tensities (International Critical Table, Vol. 4). and the 
width of the entrance slit was adjusted to obtain a 
large deflection in the output microammeter of the 
difference amplifier, thereby increasing the sensitivity 
in the measurement of the line intensity ratio. The value 
of Te obtained here is.in close agreement with .the ex-· 
perimentally determined value of Te for helium · · .: 
(Franklin [11) ). The accuracy in the measurement of . 
TeB depends upon the experimentally observed ratio· 
of both line intensities when a magnetic field is present. 
The transverse magnetic field produces some asymme
try ana, inhomogeneity in the spectral column but since 
the inhomogeneity will be along the line of sight both 
lines will be affected. by almost the same degree due to 
this inhomogeneity. The energy values of the levels are 
tabulat~d in ref .. [12). Axial spectral intensities were 

' 
·~ 
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• 
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found to increase with magnetic field. Table 1 shows 
Te values obtained spectroscopically up to 1000 G of 
magnetic field strength. Fig. 1 is a plot of [r;B;r; 
·- 1] against B2 /P2 and shows the validity of eq. (1) 
up to a magnetic field strength of 650 G. The slope of 
the curve gives a value of C1 = 0.99 X 10-6. 

It is observed that for B/P > 650 G/Torr, the deduc-· 
tion is not valid which is due to the fact that in deduc
ing eq. (1) from Beckman's equation it was assumed 
that B/Pis small. The constant C1 = ((e/m)/L!vr)2 is · 
the square of the mobility of the electrons in the gas 
at a pressure of 1 Torr and its numerical'value as ob_
tained here is consistent with the data found in the 
literature [ 11] . 
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Mercury arc plasma in an axial magnetic field 

s: K. SA,DHYAt and S. N. SENt 

The electron temperature of a mercury arc plasma (arc current 2·25 A and 2·5 A) 
has been measured spectroscopically in ·an axial magnetic field varying from zero to 
1050 gauss. It has been noted that the electron temperature decreases with the 

.increase of the magnetic field. _ Considering the physical processes involved in a 
mercury arc discharge where the buffer gas is air and the pressure low, 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 discharge both atomic and molecular ions of mercury are present. 
Assuming the presence of both types of ions a radial distribution function for the elec
tron density has been deduced and an expression for Te/TeB has been obtained. 
It has been found that within the range of (BfP) values used here the experimental 
results are in quantitative agreement with the theoretical deduction. The increase of 
radial electron density in an a:Xial magnetic field as obtained ·by the probe method can 
also be explained by the theory developed. 

1. Introduction 
It .is well known that plasma parameters such as electron density and 

electron temperatur~ undergo a change when the plasma is subjected to a 
magnetic field, and in a detailed investigation (Sadhya et al. 1979) it has been 
shown that when- the magnetic field is transverse to the direction of flow of the 
discharge current,- the electron temperature increases and the azimuthal 
electron density decreases, whereas if the magnetic field is longitudinal the 
reverse_ effect takes. place. · 

· It is worthwhile investigating whether the physical processes undergo any 
significant change when we pass from the glow to the arc _region, and .in a 
previous investigation (Sen and Das 1973) it was established that in the case 
of a mercury' arc plasma (current 1 A to 2·5 A) the electron temperature increases 
in a transverse magnetic field and that the results are in quantitative agreement 
with Beckman's theory (1948) as modified by Sen and Gupta (1971), especially 
for small values of the reduced magnetic field. 

The effect of a longitudinal magnetic field oil a low pressure mercl:try arc 
has .been investigated by various workers (Cummings and Tonks 1941, Forest 
anf'l Franklin 1966 and Vorobjeva et al. 1971); but there is shortage of data 
for high pressure, large current plasma with longitu.dinal magnetic field. 

In :the present investigation the variation of current and voltage across a 
mercury arc' plasma as well as v~riation of the electron temperature are studied in 
a longitudinal magnetic field. Most of the results reported for mercury arc 
plasma are with argon as background gas ; in the present investigation air is 
the background gas, which enables us to study how the excitation, ionization 
and de-ionization processes are influenced by the presence of air. 

In the case of molecular gases the ionization is mainly due to electron impact 
of the ground state atom whereas in the case of a mercury arc, ionization is 
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mainly through inelastic electron impact with excited states like 63P 2 and with_ 
ground states, and the phenomena of associative ionization may also be present. 
Hence the physical processes occuring in a mercury arc plasma and how these 
processes are influenced by the magnetic field have to be taken into considera
tion in deducing the electron temperature and its variation in a magnetic field. 

2. Experimental measurements and res~lts 
Experiments were performed on a d.c. mercury arc at low pressure, burning 

in air. The discharge currents were 2-'25 A and 2·5 A, while the dry air pressure 
was-varied from 0·05 torr to 2 torr. Electron temperature Te and TeB without 
and with magnetic fields were determined by measuring the intensities of 
A5770 A (63D2~61P1 ) and )..5790 A (63Dv 61D1~61P1) and taking their ratios. 
As the radiations differ by only 20 A they would have equal response in the 
photomultiplier tube (MIOFS29V,i) used. 

A vertical mercury arc tube 10 em in length and 1 ·em in radius, burning in 
dry air. and cooled externally was mounted in between the pole pieces (diameter 
5 em), and along the lines of force of the electromagnet. The discharge filled 
the tube .totally. An accurately. c'alibrated constant deviation spectrograph 
was used to measure the wavelength of the spectral lines. Each line was 
focused on the cathode of the photomultiplier tube operated at 1425 V. De
tailed electronic arrangements for measuring the intensity of the spectral 
lines are given in an earlier paper (Sen, et al. 1972). The magnetic field 
(0-1100 gauss) was uniform inside the pole pieces. 
. The pressure of air which was introduced through a needle valve, was mea

sured by a McLeod gauge and the pressure of mercury was determined after 
noting the temperature of the wall by a mercury-in-glass· ·thermometer. In 
the present investigation we have taken measurements with two types of arc 
discharges, (a) i=2·25A Pair=0·08torr, -PHg=0·3032torr, (b) i=2·5A. 
Pair=0·08 torr and PHg=0·3731 torr. The variation of current and voltage 
across the arc were noted for both types of discharge and for a wide range of 
magnetic field varying from 0 to 1100 gauss. 

For the measurement of T e from the intensity of spectral lines it has 
been shown by Griem · (1963) that for LTE (Local Thermal Equilibrium) 

·to be valid the electron density ne should be greater than 1016 cm-3• Since 
cross-sections increase rapidly with principal quantum numbers whereas 
radiative decay rates ~ecrease, the highly excited states may be in equilibrium 
with the continuum, which leads to the idea of partial LTE and the condition 
for this to be valid has been obtained by Griem (1963) as ne:;,: 1012 cm-3 which 
is valid in this case. -

Hence under this condition 

KT = (Ej- Ek) 

e ln [Jki Aji Aki gj] 
lji Aki \i _gk 

(1) 

where lki a:nd lji are the intensities of spectral lines for the· transitions k---+i 
and j~i respectively and other symbols have their usual significance. The 
values of Aji and Aki have been taken from Mosberg and Wilkie (1978). 
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As the spectrograph used is unable to resolve the Zeeman splitting of the 
line in the magnetic field and the spectral intensity of the lines changes in the 
magnetic field (Sen et al. 1972) it can be deduced from eqn. (1) that 

1 1 (2) 

where (1ki)B and (1ii)B are the intensities of the lines in the presence of the 
magnetic field and T eB is the electron temperature in the magnetic field. The 
results for the measurement of. intensities of the lines with and without magnetic 
field and the corresponding electron temperature are shown in Tables 1 and 2. 

Magnetic 
(1579o)B=A (1577o)B=B A field in ln- T 0 (eV) 

gauss. 15790 15770 B 

0 1 1 0 0·412 
255 1·02586 1·01852 7·1806 x w-3 0·313 
550 1·08621 1·07407 1·1239 x w-2 0·282 
835 1·14655 1·12963 1·4867 x w-2 0·256 
1050 l-17241 1:15278 1·6887 x w-2 0·243 

Table 1. i=:2·5 A, PHg=0·3731 torr, Pa;r=0·08 torr. 

Magnetic 
, (I s79olB =A (I577o)B =B A field in ln- T 0 (eV) 

gauss. 15790 . 15770 B 

0 1 1 0 0·412 
255 1·02913 1·02 8·9072 x w-3 0·301 
550 1·07282 1·06 1·2017 x w-2 0·276 
835 l-13592 1·12 1·4116 x w-2 0·261 
1050 1·19417 1·175 1·6187 x w-2 0·247 

Table 2. i=2·25 A, PHg=0·3022 torr, Pair=0·08 torr. 

3. ·Discussion of results 
It is noted that when the magnetic field is applied the discharge current 

decreases, and since the supply voltage to the arc is constant the voltage across 
the discharge tube will increase. 

To get the value of n 0 , the electron de~sity, we note that 

R 

i = ,.,_Ee27T J nrr d1· 
0 

where nr is the radial electron density and 11-E is the drift velocity of electrons 
for the mercury and air mixture. For this type of discharge no data for ,.,_E 
are available so values for electrons in mercury vapour are taken from-the paper 
of Nakamura and Lucas (1978) where PHg~ Pair as in this case. 
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Considering the distribution to 'be besselahi 

R2 
i = p.Ee27Tneo -- J 1 (2·405) 

- ·2·405 

From the above equation we get the value of iie the electron density averaged 
radially (iie = 0·432ne0 ) ; when i = 2·5 A, fzc = 1·645 x 1013 cm-3 and fori= 2·25 A 
iie'= 5·687 x 1012 cm-3 • This result indicates that for the mercury arc discharge 
used here partial LTE is valid and eqns. (1) and (2) can be used for the measure
ment of T e and T eB respectively. 

Further 

and 

. D . R 
. - 2E e J - d ~- e KT 27T nrr r 

e 0 
(3) 

. 2E DeB 2 RJ d (4) t· 
~B=e B-KTeB 7T o nrBr r ~ 

where De is the diffusion coefficient of electrons and the subscript B denotes ry 
quantities in the magnetic field. To get an expression for the electron density 
distribution we have to consider the model of a mercury arc burning in air at 
low pressure. 

The discharge is axially homogeneous and cylindrically symmetric. ·The 
concentration of mercury ground-state atoms is taken to be constant across 

· the cross-section of the tube and is deter~ined by the temperature of the wall. 
Only the mercury atoms are excited and ionized by electron: impact. No line 
emission from air (i.e. N 2 or 0 2 ) was observed. The concentration of the buffer 
gas which is dry air is also uniform across the tube cross-section and it plays a 
role in ambi-polar diffusion and mobilities of charged particles and in de
activating excited mercury atoms. We disregard the depletion of mercury 
ground-state atoms density at the axis of the discharge tube which is generally. 
observed in low gas temperature experiments. 

It is assumed that (i) the principal excited species are 63P 2 63P 1 and .63P 0 

with densities n 2 , n1 and n 0 respectively and that cascading to these levels is not 
important in maintaining the densities, (ii) the diffusion losses can be accounted 
for by introducing a diffusion length, and (iii) the presence of a buffer gas like ~ 

h
air wihll result in ddife-factivation or_ ~uenching of 

1
excited speci_ebs. _It is

1 
assu~ed &;. 

ere t at energy erences are g1ven to molecu ar gases as v1 ratwna energres. \,-;: 
f f d b d d 1)\1)\;9 Air constituents, chie Iy nitrogen and oxygen are oun to e goo e- $' 

activating agents. The chief de-activating processes are 

I 63P0 +02~61S+02* 
n.· 62P1 +N2~63P0 +N2* 

III 63P1 +N2~61S+N2* 
IV 63P1 +02~61S+02* 
V. de-activation of 63P 0 atoms by Hg ground-state atoms should be 

considered. 

The cross-sections of the processes are given in Messay et al., (1971) 

a1 ,; 0·31·x 10-16 cm2, au= 1·3 x I0-16 cm2 

u1n = 3 x 10-16 cm2,. a1v= 4·4 x'1o-16 cm2 

av=23·9 x I0-16 cm2 
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Including these processes in the equation of Forrest and Franklin (1969) we 
get 

-d0n 0 + Eneng+ Wn~n1 + Gn1ng- (U + 0+S)nen0 -Hneno 

-Bn0n 2 -Zngn0 - Yn0n02 +X1n 1nN
2 
=0 (5) 

-d0n 2 + Fneng+Jnen1 -Kn2ng- (R+ D+ T)nen2 -Bn0n2 =0 (6) 

-d0n1 +Lneng-n1/T+Mngnp- (N +J + Tf)n1ne+ Gn1ng+ Tnen2 

+ Un0ne-Hn0n1 +Kn2ng-Xn1nN2 - Vn1n02 =0 (7) 

-dPn1 -Mn~np+n1/T=0 (7') 
where 

Y is related to process I 
X 1 is related to process II 
X is related to process II+ III 
V is related to process IV 
Z is related to process V 

and other symbols have their significance as in Forrest and Franklin -(1969) 
and n02 and nN2 are the number densities of oxygen and nitrogen molecules. 

To ·calculate the densities we note that for the 61S0 state atom densities 
are as follows 

1 

at T w = 96°C, PHg = 0·3032 torr, ng = 7·83 x 1015 cm-3 

at Tw=106°C, Prrg=0·3731 torr, ng=1·3282x 1016 cm-3 

and evidently_ng>n2, nv n0 orne. _ 
To get the values of n0 , n1 and n 2 as a first approximation we can neglect the 

terms Jnen1 and Bn0n 2 in eqn. (6) as ng~n2 , nv n 0, ne which leaves us with an 
equation containing n 2, and values ·of ng and ne are known. 

The values of different coefficients can be evaluated by assuming the electron 
energy distribution to be maxwellian and assuming the expression given by 
Sampson (1969) for the optically allowed transition for electron impact 
ionizatiop. as 

(veu)=7Ta0
2 (

8
KTe)

112
[4/ig (Err)

2
] ~l!.!!__exp (-~) p (~) 

m7T E 0 y3 KTe KTe KTe 

where 7Ta0
2= 8·797 x I0-17 cm2, E 0 is the threshold energy of the transition, 

and /ig the oscillator strength for the (61S0~63P1 ) transition, values of which 
·have been given by Sampson (1969). 

For optically forbidden transitions we have taken the expression of Benson 
and Kulandar (1972) which utilized Allen's cross section as 

(veu) = 4Err7Tao2 (KTe)1/2 exp ( -~){1-exp ( -~)} 
, geEo 271m . KTe KTe 

where ge is the statistical weight of the state from which excitation is considered. 
For the atom-atom/molecule reaction 

(
8KT )112 

(va) =a f-l-7T g 
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where a is the effective cross-section for the process considered anci p. is the 
reduced mass of the colliding atoms and molecules. 

Having determined the value Qf n 2 , n1 can be found from eqn. (7) and putting 
this value of n1 in eqn. (5) n0 can be obtained. Taking these values of n0 , nv and 
n 2 the equations are eval'uated afresh by considering all the terms of the three 
equations. This procedure is repeated and the change in the values of then's 
is found to be small. Results of calculation of species densities are entered in 
Table 3. To bring out the influence of buffer gas pressure, calculations are 

·given for P ai; = 0·05 torr and Pair= 2 torr. 

{ 
i 2·5A 2A 

Condition of plasma Pair 0·05 torr 2 torr 
PHg 0·3771 torr 0·222 torr 
Tc 0·5eV 0·5eV 

nN2 1·424 X 105 5·664 X 106 

no2 3·56 X 104 .1·424x 106 

Number of densities ng 1·328 X 106 7·83x 105 

. in cm-3 X 10-10 no 68·6 7·788 
n1 19·13 1-423 
n2 86·2 42·7' 
ne 1·64x 103 5·687 X 102 

Table 3. 

Now let us look into the ionization process in these types of discharges. 
The chief ionization processes in a mercury discharge are listed in Vriens et al. 
(1978). 

l. 
2. 
3. 
4. 
5. 
6 (a). 
6 (b). 

Hg(61S0 ) + e~Hg+ + 2e 
Hg(63P 0) + e----?Hg++ 2e 
Hg(63P1) +e---7Hg++ 2e 
Hg( 63P 2) + e---7 Hg+ + 2e 
Hg(63P 0 ) + Hg(63P 2)---7Hg2+(62~+) + e 
Hg(63P 1 ) + Hg(63P 2)---7Hg* + Hg(61S0 ) 

Hg* + e---7Hg+ + 2e 

another process namel:y 

7. Hg(63P 2) + Hg(63P2)---7Hg+(62S112) + Hg(61S0 ) + e 

is not considered by us as spin is not conserved. Electron impact ionization 
rates from different levels /(1----?/(4 for processes 1 to 4 are given by Sampson 
(1969) . . 

( 
ex. ) neni<acv) =5·465 X 10-llneniT/'2 exp ~ J(~e rATe) (8) 

i=g, 0, ,1, 2. 

here T e is the electron temperature inK, eXi is the ionization energy of the ith 
level and ri =An/ Xi2 where A= 200 for neutral atoms, and n =number of 
electrons per atom in the outer orbit. For process 5, the rate is 

K 5 =n0n1<a5v) (9) 

~' 
~ 

¥ 
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a5 is the effective cross-section for associative ionization. Tan and Von Engel 
(1968.) hav~ determined 

(
16KT ) 1

'
2 

(v)= g 
TTm 

For process 6 
(10) 

a6 is estimated by Vriens et al. (1978) to have a value of 10 x I0-15 cm2, Bi is 
the branching ratio and as calculated by the authors, Bi should be slightly 
less than unity. 

All the atoms in the highly excited states populated by process 6(a), are 
ionized by electron impact, very few of them will make optically allowed 
transitions. We have neglected ionization from the 61P1 level since the 
population density and natural life time of this level are small. With the help of 
eqn. (8), (9) ~nd (10) and utilizing the values of ne, ng, n0, nv and n2 (Table 3) 
the rates of ionization for the two types of discharges considered here have 
been calculated and are entered in Table 4. 

{ 
i 2·5A 2A 

Discharge conditions Te 0·5eV · 0·5eV 
Pair 0·05 torr 2 torr 
PHg 0·3731 torr 0·222 torr 

j 
K1 11·585 5·41 
K2 21·94 1·98 

Rate of ionization in K3 10·13 0·61 
s-l X lO-ll K4 181·37 71·2 

K5 1700 8·72 
Ks 466·4 16·94 

Table 4. 

From Table 4 it is evident that for a plasma where air pressure is compara
tively small, ionization is chiefly through the process of associative ionization 
and by electron impact ionization of highly excited Hg atoms whereas when 
Pair is comparatively large due to large quenching of 63P 0 levels ionization will 
be primarily through the process of electron impact of 63P 2 atoms. So in type 
I plasma where Pair is small two types of ions Hg2 + and Hg+ prevail inside the 
discharge tube. To calculate the normal distribution in a mercury discharge 
with two types of ions, we can utilize the equations of Golubovskii and 
Lyaguschenko '(1977) 

and 

J.E. 

div Ji~= -Da1\1 (~: \lne)=F1 

div Ji2= -Da2\1 (~: Vne)=F2 

Fl+F2=Fe 

(ll) 

R 
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where ni1 and ni2 are the number densities 'of Hg+ and Hg2+ ions, ji1 and Ji2 

are the current densities, ne is the electron density, Da12 =De(fLi12ff.Le)· F 1, 

F 2 and Fe are the differences between the rates at which particles appear and 
disappear in the volume, fL is the mobility. · 

Kovar (1964) has shown thatactually f.Liz/f.Lil = 1·875. It may be interesting 
to note that heavier ions are faster. The reason hehind this is. that atop1-ic ions 
moving in their parent gas will have large charge exchange cross-section and 
hence progress more slowly than the. heavier molecular ions· which do not suffer 
resonance charge exchange collisions. As the difference in fL values is small and 
the presence of foreign gas will effectively reduce the charge exchange pheno
mena and obscure the vision of Hg+ ions for resonance to occur, the atomic and 
molecular ionic mobilities may be assumed equal. 

Atomic ions will be produced mainly by (i) electron im'pact of highly excited 
states of Hg atoms at rate vine and these states are in thermal equilibrium with 
the electrons, (ii) by electron impact dissociation of molecular ions 'with a rate 

· wni2ne and they will be lost mainly by 

(i) ambi-polar diffusion to the wall, 
(ii) conversion to molecular-ions in three-body collisions at rate Knilne 

Hence 

Mol~cular ions will be produced mainly by 

(i) the process of associative ionization with rate g. 
(ii) conversion of atomic ions at a rate Kni1ne 

and they will disappe~,tr by 

(i) ambi-polar diffusion 
(ii) electron impact dissociation to atomic ions at a rate wni2ne. 

We have neglected dissociative recombination of molecular ions. Hence 

Hence from eqns. (11), (12) and (13) we get 

(12) 

(14) 

we have neglected any variation of excited state density across the tube cross 
section. In cyli~drical co-ordinates system eqn. (14) reduces to 

D -- r-. +g+v-n =0 1 d ( dnr) -
a r dr dr ' r 

(15) 

The solution of the equation is 

(16) 
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where ne0 , the electron density at the axis is 

and 
neo= /..; [1-Jovo:J} vi o o: 

o: = R 2 v-/D t a 

(17) 

(A standard derivation of eqn. (15) can be found in the Appendix). 
It is evident from eqn. (16) that the normal distribution in presence of the 

magnetic field will be given by 

and (17 a) 

Cummings and Tonks (1941), from their experimental observations have pre
dicted that the normal distribution for a mercury arc plasma is not affected 
by the presence of ~ logitudinal magnetic field. Hence since the distribution 
is a function of vfDa we can assume that vifDa= viBfDaB· Consequently from 
eqns. (3) and (4) · 

i E De.TeB neo 
iB = EB DeB Te neoB 

(18) 

Bickerton and Von Engel (1956) have shown that if TeB is not much different 
from T e the fractional change of energy of an electron to its total energy also 
remams constant with magnetic field. This leads us to EfEB = T efTeB· 
Hence 

(19) 

Further if the change of electron temperature is small, then the rate of mole
cular ion formation due to associative ionization will almost re.rnain the same 
so that g = YB· The metastable population densities may be considered un
affected by the magnetic field.· Hence since vi/ Da = viB/ DaB we 'get from eqns. 
(17) and (17 a) neofneoB = viB/ vi. Then from eqn. (19) 

(20) 

. . 
As we are considering electron impact ionization of highly excited states only, 
ui is as given by Elton (1970), from eqn. (8) and since eXi ~KT ewe have 

.!:..__ De JTeB 
iB- DeB T~ 

(21) 

·When the frequency of ionization is much less than the frequency of momen
tum transfer 

D - De 
eB -1 + 2 2 

WB T 
(20) 

. I 
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Figure 1. Variation of (i/inh/(Te/Ten) with B 2/P2, i=2·5 A. 
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Figure 2. Variation. of (i/inh/(Te/T-.,n) with B 2/P2 , i=2·25 A." 

where 0 1 = [(efm)(Lfvr)] 2• ·Lis the mean free path of an electron at a pressure 
o£ 1 torr, Pis the total pressure and vr is the random velocity. Hence from (19) 
and (20) · 

(21) 

· A plot of (i/iB)(Te/TeB)1 i2 against B 2fP2 (figs. 1 and 2) will be a straight 
line and the gradient determines the value of 0 1 as entered in Table 5. 
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Magnetic 

~(~:)expt C:) expt ~(~:)C:) field B2x w-s 
in gauss p2 

0 X 0 1 1 1 
y 0 1 1 1 

250 X 0·44 1·169 1·002 1·17 
y 0·3 l-138 1·00H 1·14 

550 X 2·0 1·2218 1·006 1·23 
y 1·47 1·2087 1·005 1·21 

835 X 4·7 1·2564 1·0117 1·27 
y . 3·4 1·2686 1·0ll 1·28 

1050 X 7·5 1·2915 1·0156 1·32 
y 5·3 1·302 1·017 1·33 

Table 5. 
J 

X corresponds to i=2·25 A, Pair=0·08 torr, PHg=0·3032 torr, 
Y corresponds to i=2·5 A, Pair=0·08 torr, PHg=0·37?1 torr 

4. Conclusion 
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.01 from 
Figs 1 and 2 

0·3x w-7 =X 
0·39 x w-7 = Y 

Considering the physical processes involved in a mercury ar.c· discharge 
where the buffer gas is air and the pressure is low, we have evolved a model in 
which air plays the role of quenching gas and have found that in this type of 
discharge both atomic and molecular ions of mercury are present. · Assuming 
the existence of both types of ion we have obtained the distribution, function 

·and deduced an expression for TefTeB (eqn. (21)), and have found that within 
the range of (BJ P) values used here the experimental results are in quantitative 
agreement with the theoretical deduction. · 

That the electron temperature decreases in presence of an axial magnetic 
field in the case of mercury discharge has also been shown by Franklin (1976).' 
0 1 = [(efm)(Lfv.)]2 is evidently the square of the mobility of the electron in the 
mercury air mixture at 1 torr. The value of mobility calculated from 0 1 

agrees in order of magnitude with that obtained experimentally by Nakamura 
and Lucas (1978). ]_'urther the results show that frequency of ionization 
changes with the magnetic field as has been previously noted by Bickerton 
and Von Engel (1956). · 

It is also noted that (neoBfne0 ) = y(T efT eB), and as experimentally we 
have found that T e > T eB> then we will have neoB > neo which was previously 
found to be true in the case of molecular gases, as determined by the probe 
method (Sadhya, et al. 1979, Cummings and Tonks 1941) in the case of mercury 
arc plasma. 
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Appendix 
The solution of eqn. (15) 

. Da ~ :r (r d;r) +g+ vinr=O 
can be obtained by putting rfR=y and nrfnc0 =Nr, where neo is the electron· 
density at the axis. We then attain -

d2N 1 dN R2 gR2 
___ r+---r+-N V·+--=0 
dy2 Y dy Da r ' Daneo 

Let us first consider the equation 

Its solution is 

· d2N 1 dN ___ r+--r+IXN =0 
dy2 Y dy r 

V· 
where IX= R 2 -' 

D a 

Y1 =Jo(\IIX · y) 

with the condition Nr=y1 = 1 at y=O a:rid we have, 

d2yl 1 dyl -+- ---+1XY1 =0 
dy2 y dy 

Multiplying (22) by y1 and (24) by Nr and subtracting we have 

d .. 
dy [y(ylN r- N rih)] = - f3YY1 

where 
gR2 

/3=-
neoDa 

(22) 

(23) 

(24) 

(25) 

On integrating equation (25) with conditions that at y = 0 -both N r and ih = 0 
we have 

. . f3 . 
YlNr-NrYl =:- VIX Jl{VIX 'Y) 

Dividing {26) by y1
2. we get · 

d (Nr) = -~ d[Jo(v1XY)] 
· Y1 _ IX [Jo(v1XY)J 2 

Integrating (27) with conditions y= 1, Nr=O 

N =-g- [Jo(v1XY) _ 1] 
r neoVi Jo(VIX) 

Now at y = 0, Nr = 1 so eqns. (17) and (16), in the text, follow. 
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CHAJ?TER VI 

. 
MERCURY ARC J?LA.SlYIA IN AN AXIAL MAGNETIC FIELD • 

6~1. Introduction 

Plasma parameters such as electron density and 

· electron temperature undergo a change when the plasma is 

subjected to a magnetic field and in clnpters III through 

V, it has been -shown that when the magnetic field is trans

verse to the direction of f~ow of the discharge current, 

electron temperature increases and radial electron density 

decreases whereas if the magnetic field is longitudinal, 

the reverse effect takes place. The investigations have 

been carried out in molecular gases such as hydrogen, 

oxygen, nitrogen and air and in inert gas like helium. The 

parameters have been measured by Langmuir probe method 

and spectroscopic method. It is worthwhile to investigate 

whether the physical processes occuring in a glow discharge 

undergo any significant change when we pass from glow to 

arc region and in one of our previous investigations (Sen 

and Das, 1973) it has been established that in case of a 

mercury arc plasma carrying a current from 1. amp. to 2. 5 amps~, 

electron temperature increases in a transverse magnetic field 

and the results are in quantitative agreement with Beckman' a 

theory (1948, modified by Sen et al,1971, 1972) specially 
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for small values of reduced magnetic field. The effect of a 

longitudinal magnetic field on a low pressure mercury arc 

has been investigated by various workers (Cummdngs ·and 

Tonks, 1941, Forrest and Franklin, 1966 and Vorobjeva, 

Zaharova and Kagan, 1971). The investigations were carried 

out in comparatively lower pressure region ( P~ 0.2 torr) 

and there is shortage of data for comparatively high pressure 

large current plasma in longitudinal magnetic field. 

In the present investigation the variation of 

current' and voltage across a mercury arc plasma (admixed 
. CL'1"e.. 

with air) as well as variation of electron temperature and 

studied in a longitudinal magnetic field. Most of the 

re su]. ts reported for mercury arc plasma are with argon as 

background gas; -in the present investigation air is ·the 

background gas, waich enables us to study how the excita-

tion, ionization,and deionization processes are influenced 

by the presence of air. 

In the case of molecular gases,.the ionisation is 

mainly due to electron impact of the ground state molecUle 

whereas in the case of mercury arc, ionisation is predomi

nantly through inelastic electron impact with excited states 

like 63P2 and with ground states and the phenomena of 

associati.ve ionisation may also be present. Hence the phy

sical. processes occuring in a mercury arc plasma and how 

these processes are influenced by magnetic field have been 

taken into cosnideration in deducing the electron tempera

ture and its variation in a magnetic field. 
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6.2. Experimental measurements and results 

Experiment a were performed on a d. c. mercury arc 

at low pressure burning in air. The discharge currents 

were 2.25 and 2.5 amps, while the dry air pressure was 

varied from 0.05 tor.r to 2 tor.r. Electron temperature T e 
and TeB without and with magnetic fields were determined 

by measuring the intensities of 5770 A ( 63D2 --7 61P1 ) and 
0 3 1 1 5790 A ( 6 n1, 6 n1--?6 P1 ) and taking their ratios. As 

0 ' 
the radiations differ by 20 ~ they would have equal res-

\ 

ponse to the photomultiplier tube (wp:OFS29V/\._ ) used. A 

vertical mercury arc tube of 10 em. in length and 1 em in 

radius, burning in dry air, and cooled externally was moun

ted in between the pole-pieces of an electro-magnet. A 

diffuse discharge filled the tube totally~ An accurately 

calibrated constant deviation spectrograph was used to 

measure the wavelength o.f the spectral lines. The slit of 

the spectrograph was illundnated by condensing the light 

from the arc on the slit by.a collimating lens. Each line 

was .focussed on the cathode of the photomultiplier tube 

operated _at 1425 volt. Detailed electro·nio arrangement for 

measuring the intensity of the spectral lines is given l.n 

Chapter II. The magnetic field ( 0 - 1100 gau~s ) was 

uniform inside the pole-pieces o.f the electromagnet~ The 

pressure o.f air which was introduced through a needle 

valve, was measur~d by a McLeod gauge and the pressure 9.f 
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mercury was determined from Handbook (1956) after noting the 

temperature of the inside wall by a ·mercury in, glass thermo

meter.(details in chapter II). Currents. through the discharge 

was measured by an ammeter and the voltage across the tube was 

measured by a V.T.V.M. of internal resistance 35 Mn. In the 

present investigation we have taken measurements with two types 
' of arc discharges, (a) z, = 2.25 am., p . = o.o8 torr, 

aJ.r 

PHg = 0.3032 torr, (b) 'Z.. = 2.5 amp. t Pair = 0.08 torr, and 

pH = 0.3731 torr. The variation of cur~ent and voltage across 
g 

the arc are noted for both type of discharges .for a wide range 

of magnetic fields varying from 0 to 1100 gauss and a few rep

resentative data are shown in table 6.1. In fig. 6.1, discharge 

current, arc voltage and effective impedance of the arc have 

been plotted as a function of axial magnetic field B. 

TABLE 6. '1..,.. 

-:f (Representative cUITent/vol tage variation with magnetic field). 

~ 

"~ 
( 

----------------------------------' 
Magne-, 
tic 
field ' 

1.. = 2.5 amp8 PH = g 

0.3731 torr, Pair = 
·' 

i = 2.25 amp., pH ~ 
g 

Oo3032 torr, Pair = 
in 0.08 tOr.re I 0.08 torr. 

{Gauss); ~o~ t~ge-a~r~s~ ,-c:X~;t-i~ - -:Voltage-a~r~s~ -c~;e~t -i~-
t 

' the arc(volts)' amps. the arc(Volts} amps. 
' • t ------- .._ ____ -------- ------------

0 22 

255 22.5 

550 23.3 

835 24.4 

1050 25.5. 

---

2.5 

2.49 

2.48 

2.46 

2.45 

22 

22.8 

23.8 

25.2 

26.5 

2.25 

2e24 

2.23 
2.22' 

2.21 

-------------~---~-~------
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For measurement of electron temperature from the 

intensity of spectral lines, it has been shown by Griem· 

(1964) that for LTE to be valid, the electron density 

"YYe... should be greater than 1016 cm-3 • Since cross sec

tion increases rapidly with principal quantum numbers 

whereas radia.ti ve decay rates decrease~~, the higher 

excited states m~ be in equilibrium with the continuum, 

which lead to idea of partial LTE 
' 

and the condition 

for partial LTE to be valid has been obtained by 

Griem ( 1964} as 

( 6., 1) 

where 2_ A k.t. is the sum of aJ.l transition probabi
'-< ~ 

li ties .from the level k_ to all i 1 s , L Ak..L values 

for levels 63n1 , 2 and 61 ~2 are given by Mosberg and 

Wilkie (1978). ~ = 13.6 eV. and n is the effective 

quantum number of the state defined in chapter I. We 

thus find that 11e ) 1012 cm-3 .for partial LTE 

to be valid for the levels and as our theoretical caJ.

culation shows that in the type of mercury arc discharge 

under investigation, Tie..~ 1013 cm-3, we can assume 

that partial LTE is valid in this case for the levels 

under consideration. Hence if we consider a tra:nsi tion 

then the intensity of the line 

I hl-vki A - ~k. ( E k. ) 
k\.. = 4 kt. 0": n:l. exp -n c~ . kl~ 

(6.2) 
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' and for a transition j ~ 11 

I .. JL 
(6.3) 

where ~ and g's are the frequency of the transitions 

and statistical weights of the levels, Ax'\.. is the 

transit~on probability for transition ( ~~ ~ ) 'h, 

is Planck constant and t is the length of plasma 

along the line of sight~ From equations (6.2) ~d (6.3) 

it can be shown that 

kTe. 
1 [ j_u Ajt: A..kt .lli J 

"h.. -- - -
~i.. Ak..i- /yi- ~k; 

(6.4) 

. As the spectrograph used is unable to resolve the Zeeman 
f 

spli~ing of the line in the magnetic field and the spect-
~ -

ral intensity of the lines changes in the magnetic field 

it can be deduced from equations (6.2) and (6.3) that 

l-n [(Iki-)e,j(h2sl 
Ik.t_ IJ( J 

(6. 5) 

where and are the intensities 

of the lines in presence of magnetic field and -\ is e..s 
the ele.ctron temperature in magnetic field. The results for 

the measurement of intensities of the lines with and without 
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magnetic field and the corresponding electron'temperature 

are shown in Tables 6.2 and 6.3. In fig. 6.2 variation of 

electron temperature with axial magnetic field for a mer-

cury arc (. i_ = 2. 5 amp. Pag .= 0.3731 torr and Pair= 
-

0.08 torr) has been shown. In calculating electron tempe-

rature , A oc.i ~~ 

and Wilkie (1978). 

values have been taken from Mosberg 

TABLE 6.2. 

Variation of electron temperature with axial magnetic field 

for mercury arc ( i = 2.5 amp., Pag = 0.3731 torr, 

Pair= o.os torr). 

-- ~---- .... --- --- ... ------ -·---------
Magnetic 
field in 
(gauss) 

0 

255 

550 

835 

1050 

I I . t 

~ S7cto)s (I 577o)s 
I .:'X,..I -~1 

I '57~0 I I 5770 -

' 
1 1 

1.02586 1.01852 

1.08621 1.07407 

1.14655 1.12963 

1.17241 1.15278 

0 0.422 

7,1806 X 10-3 0.313 

1 ~ 1239 X 10-2 0.282 

1.4867 X 10-2 0.256 

1.6887, X 10-2 0.243 

- ... -- --- --------- ---------- ._ ___ ....,_ 
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Fig. 6.2. Variation of electron temperature of a mercury arc discharge 

with longitudinal magnetic field. 
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TABLE 6,3 

Variation of electron temperature with axial magnetic field 

for mercury arc ( t = 2.25 amp.' I1lg = 0,3022 torr, 

p . = 0,08 torr). aJ..r 

-----------------------------
Magnetic /r 1 

• 

field in \C579o) .e. (Is??o)a , 
-:::. X.' =- ~ 

(gauss) I's79o J 5770 
t t I t 

-------.-------~----------~-----

0 1 1 0 0.412 

255 1 .02913 1,02 8,9072 X 10-3 0.301 

550 1 .07282 1.06 1. 2017 X 10-2 0.276 

835 1.13592 1 .. 12 1.4116 X 10-2 ·o.261 

1050 1.19417 1 .175 1,6187 X 10-2 0.247 

-------------- .... ----------- ----- ---
6 .. 3. Discussion of ResuJ_ts 

It is -thus apparent from table 6.1 that when 

magnetic field is applied, the discharge current dec

reases and since the supply voltage to the arc is cons

tant, the voltage across the discharge tube wlll increase. 

To get the value of f1e. the electron density 

we note that 

R.. 

i = ;U E. e 2 n j n,. ,.., d-r> 
0 

(6.6) 

where , n'Y' is the radial electron density a:nd p-E 



-~-

~-. 

165 

is the drift velocity of electrons for mercury and air 

mixture. For this type of discharge no data for )ULE is 

available so values for electrons in Hg. vapour 

is taken from the paper of Nakamura and Lucas (1978) and 

for _the type of discharge where. PJig )) Pair this result 

is likely to"be more valid. Since the potential drop across 

,the arc was observed to be nearly 22 - 24 volts with a 

cathode fall deterrained by LamaJ7 and Compton ( 1931) as 

n~arly 10 volts, the electric field E in the positive 

colman of the discharge will be· E ~ 1 volt/em and 
. 6 

hence p..E was taken to be 0.7 x 10 em/sec. Now assu-

ming Basselean distribution for electrons and putting~=~ 
1 

e jJ-E 2 n R..2. j 71e.a .To (2 · 4o s ~)d~ 
0 

or 

R..'l.. 
i e ~ E 2.TI '71 ~.1 ('2·405) 

- I eo 2· 40 S 
( 6. ?) 

where 1leo is the number density of electrons at the 

axis and R is the radius of the discharge tube. From 

the abo"Ve equation we get the vaiue of· 'ne.. the elect

ron density averaged radially ( "ne.. = 0.432 'Y'Ie.o ) , 

when L = 2.5 amp., T'le., = 1.645 x 1013 cm-3 and for 

i = 2 amp, 11e- = 5.687 x 1012 cm3 • This result 
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shows that for mercury arc dischexge used here~ partial 

LTE is vaJid and equation (6.4) and (6.5) can be used 

for the measurement of Te and TeB respectively. 

Further 

( 6.8) 

and. 

(6.9) 

where 1)~ is the diffusion coefficient of electrons 

and the subscript B denote quanti ties in magnetic 

field. To get an expression for the electron density 

distribution, we have to consider the model of a mercury 

arc burning in air at low pressure. 

The variation of voltage across the arc with 

axial magnetic field may be analysed in the following 

manner: 

Let V
6 

= voltage generated by the source 

(a d.c. generator). 

VA= voltage across the arc 

R = external resistance (ballast resistor) 

in the discharge circuit 

and Ri = inter~ resistance of the source 

~: + control resistance in the source. 
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We can write, 

(6.10) 

and similarly in a magnetic field 

V s = i.e. ( R + 'R.i.. ) + V AB (6.11) 

From equations (6.10) and (6.11) it is evident that any 

increase in l would be associated \~th a aecrease in 

VA. From equations (6.10) and (6.11) we get 

R..-+ R,:. - . . ( 6 .12) 
'L- LB 

In fig. ( 6 • 3) 
. 

(VAB - VA) has been plotted against ( 'L- 'Z..e, ) 

and ~he plo·t is a. straight line in accordance to equation 

( 6 .12) 

A model of a mercury arc burning in dry air 

The discharge is axially homogeneous and cylind

rically symmetric.' The concentration of mercury ground 
1 state atoms (6 8

0
) is taken to be constant across the 

cross-section of the tube and is determined by the tern-

. perature of the wall. On1y the mercury atoms are excited 

and ionised by electron impact. No l~ne emission from air 

(i.e. N2 or o2) was observed. The concentration of the 

buffer 8as which is dry air, is also uniform across the 
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Fig. 6.3. Plot of (VAB - VA ) against (i ~ i ~ ) for two types of mercury arcH discharges. 
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tube cross section and .it plays a role in the ambipolar 

diffUsion and mobilities of charged particles and in deac

tivating the excited mercury atoms. We disregard the dep

letion of mercury ground state atom density at the axis 

of the discharge tube which is generally observed in low 
"' 

gas temperature experiments. Assuming 

ciple excited species are 63P2 63P1 

that (i) the prin-

and 63P
0 

with 

densities 
' -n1 and '"ho ·respectively 

and cascading to these levels is not important in main

taining the densities and (ii) the diffusion losses can 

be accounted for ~ by introducing a diffusion length; we 

can write the following equations for the excited species 

densities from the density balance equations of Forrest a 

and Franklin ( 1969) e For 63~0 atoms.: 

. - clo flo + E. "ne "r\'a --+ w nl2.. 1\'l. + q T\'l. 'Y\ca-
( u-+ c..+ S) 'II .e.. 'llo \-\-'n1;-.no -BI'Ion2.-= o (6.13) 

For 63P2 atoms: 

- d..o 1\ ,_ -+ F 11 e.. 0\& -+ J -n e. ""n 1. - k. n 2 '1"\.ca 
- ( R.-1- 'D + T) '1le_n'2. - 'B flo n

2 
· = o ( 6.14) 

·For 63P1 atoms: 

- d.ol\'1. + L 'lle..~- ~ -+ 'M ~ np 

- (_ N -t :r -T \J\J) l)e.ll~ - q -n:L '"h..~ -+ T ..,.,e~ 
+ U 11o lle H'Y) 0 -y)'l -l- I( 'Y\.'4 ~ =. O 
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(6.16) 

where clo is the loss coefficient for excited atoms 

through diffusion and ~ is the number density of 

mercury ground state atoms. cLp is the loss coeffi-
o· 

cient of resonance photons (2537 A) and llp is the 

number of photon particles per unit volume. In this way 

a five tier system for mercury is considered, the chief 

populating levels being gro~d state (61S
0
), two metas

table levels (G3P
0

, 63P2), one resonance level (63P1) and 

the mercur,y ions. The energy levels have been shown in . 

fig. (6.4 a). The populations of ground state atoms are 

determined from inside wall temp. T of the discharge w 
tube and populations. of metastable and resonance levels 

can be determined from For~est and Franklin's equations 

(6.13) to (6.16). The meaning of the terms 1in those 

equations has been entered into Table 4.4. As for exam-

ple, the term E 1"1e.'Ylca- means, rate (Sec.-1) of 

the reaction 

e. -t \-\ 8 (61 So)---? e + \-\ca: (G~Po) 

E · is the rate coefficient given by 

where () is the cross. section of the reaction, '\90 

is the threshold value md :f ('Ul) is velocity 

distribution function for electrons which is assumed 
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TABLE 6.A 

Reactions considered in equation (6.13) to (6.16). 

---..,---- ----- ___________ ...,. _____ _ 
Term Reaction ' Calculated 

t ' 
, from equa

___ 2_~-------------------~ti~~~-

E 

w 

G 

u 

s 
H 

B 

F 

J 

K 

R 

D 

T 

L 

N 

e + Hg 1so ---7 e + Hg 3P 
0 

e + Hg 3p 1 ') , e + Hg 3p o 

Hg 3p1 + Hg 1so ~ Hg 3po + Hg 1so 

e + Hg 3p o -7 Hg 3p 1 + e 

e + Hg 3P 
0 
~ Hg + + e + e 

e + Hg 3P ~ Hg 1 So + e 
0 

3 3 + Hg p o + Hg p 1 ~ e + Hg2- "' t-: 

Hg 3P
0 

+ Hg 3p2 ~Hg+ + e + Hg 1so 

e + Hg 1 So ~ Hg 3P 2 + e 

e + Hg 3p 1 ~ Hg 3p 2 + e 

Hg 3p
2 

+ Hg 1so ~ Hg 3P1 + Hg 1so 

e + Hg 3P2 ~Hg 1so + e 

e + Hg 3P 
2 
~ Hg + + e + e 

e + Hg 3p 2 ~ Hg 3p 1 + e 

i! + Hg 1 So --7 Hg3P 1 + e 

e + Hg 3p 
1 

---? Hg + + e + e 

( 6. 23) 

( 6. 23) 

( 6. 24) 

( 6.23) 

( 6 .25) 

( 6.23) 

( 6. 24) 

( 6.24) 

(6.23) 

(6.23) 

(6.24) 

(6.23) 

( 6. 25) 

t 6.23) 

( 6. 22) 

( 6. 25) 

------- -·--- --------- ------- ----
Apart from these reactions other reactions con~idered in 

J.R. Forrest and R.N.Franklins' equations, are 

Hg3~1 ---? Hg1 So + hJ:>.· ( 2537 A) 

Hg 1so + h'l) ~- Hg3P1 • 

= ::: = = = = :::: ::: = =· = == = = = ======= 
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to be Maxwellian. 

The presence of buffer gas like air will result 

into deactivation or quenching of excited species. Deac

tivation of excited Hg. atoms by N2 and o2 molecules 

have been studied thoroughly. It is assumed that energy 

~K differences are given to molecular gases as vibrational· 

energies. Air constituents chiefly nitrogen and oxygen are 
r 

found to be gpod deactivating agents. The chief deactiva-

ting processes are: 

63P + 02 ~ 6
1S * I + 02 0 

II 6;P1 + N2 --7 63P 
0 

+N-::l* 
2 

!II 63P 
. 1 

* 1 + 1\J"2 --7 6 s + N2 

63P + 02 ~ 61~ * IV + 02 1 

v ~e,activation of 63P0 
atoms by Hg. 

ground state atoms should be considered. The aross sec

tion of the processes are given in Massey, Burhop and 

Gilbody (1971), 

or = 0~31 X 1016 cm2 

OJD = 3 x 10-16 cm2 

on = 1.3 X 10-16 cm2 

o-cq = 4.4 x 1o-16 cm2 

().:~ = 23 • 9 X 1 0"""16 cm2 

Including these processes in Forrest and Franklin's equ~ 

tiona fc in (6.13) a.nd·(6.15) 
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- q o 'T\ o -\- E 'Y\e ~ -+ W 'Y) e.. "Y\1 -t G. 'Y\ "1 ~ 

- ( u -;. C -+ S) 'ne.. 'Ito - H '1\ o'~~1. - 'B no n 2 

- Z 'I\.~ no - Y -no TI.o2. -r X 1."" :\. nw-'- =- o 

- cl o "n :1 -\- l 'Y\ e-n~ - 1l1. -r M ~ 1\...p 
L. 

( 6 .17) 

- ( N -+ J -t W) '1\ "1 '"n e.. ~ Gt -n 1. "Yt.ca -+ \ -n e.. '1'\. 'l. + U'l\ o '1\ e.. 

- H 'TLo --n1. -+ K -nl. ~ -'X "'n1 n~2- \J -n:\. no'l. = o 

( 6.18) 

where z is related to process No. v 

Y is related to process Ne. I 

x, xe is related to process No. II 

X is related to pro cess No. II + III 

v is related to process No. IV 

and 'Y\.0 2. and nN2. are the number densities of 

oxygen and nitrogen molecules. 

To calc~late the densities, we note that for 

61So state atom densities are as follows: 

PHg = 0.3032 torr, 'Y"tca-= 7.83 X 1015 cm-3 

R 
1.3282 x 1016 cm-3 PHg =-0.3771 torr, ~ = 

and e;vidently or lie. 

Equation (6.16) is the balance equation for 
0 

resonance photons 2537 ~0 !he effective ~ffusion coeff1~ 

cient of resonance radiation at the wall has bee~ shown by 
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Cayless (1963) to be 

~j R. '2. 

81: 

where "t = natural lii'e time of 63P 1 atoms 

~ 120 nsec (King and Adam ( 1974)) 

(6.19) 

R = radius of the discharge tube = 0.75 em. 

~·=Holstein's escape factor given, for cylin-
U , 

drical discharge tube,as 

(6.20) 

(6.21) 

· 1\. = 2537 A, ~k. = 3,. l1o = 1, Ak.o .=. 1/tt , M 

is the mass of mercury atom and k. T ca is gas temperature 

{in eV), considered to be uniform across the cross section 

of the discharge ·tube and equal to the inner waJ.l tempe-

rature k. Tw 
(6.16), value of { 

e Putting these values in equation 

~lVI np 'n.~ + n 1 /'"L. ) may be cal-

culated alld "this reduces the four particle balance equa~ 

ti ons to three. 
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To get the values of , 
a~ a first approximation we can neglect the 

and n.2. , 
terms 'J 'Y\ e 'II 'l 

nc:a- ) > n.z ,onl, and in equation (6.14) as 

"no , 'Y)e which leaves us with an 'equation containing 

and values of ~ and ' "lle. are known. The values of 

differ~nt coefficients can be evaluated by assuming 

electron energy distribution to be Maxwellian and assuming 

theK expression given by Sampson (1969) for optically 
exclta.i-\cm... 

allowed transition for electron impact ~ as 

11 '2. ( S k \ e)'l,'l· r 4 5-t: ( E\1 )'-J 2 f\ 
~ mn L ~ Eo ..J3 

~ p c~ ) e.xp (- ~ \ (6.22) 
kTe. kle.. kTe.) 

where n o..c,'L = 8.797 X 1o-17 cm2, Eo is the ft 

threshold energy of transition, f 'f( the oscillator 

strength, For ( 61So ---7 63P1) transition f~f = 0.0247 

(Skerbele and Lassttre, 1972). P (t==o / kTe) is the 

Gaunt factor and values have been given by Sampson (1969). 

For optically ·forbidden transition we have taken the 

expression of Benson and Kulsnder (1972) utilising 
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here ~t. is the statistical weight of the sta~e from 

which excitation is considered and ~ = 13.6 eV. For 
.. 

atom-ato~/molecule reaction, 

( 6.24) 

where a- is the effective cross section for the pro-

cess considered and }A- .is the reduced ma.es of the . colli

ding atoms and molecules. 

Having determined the value of n. .,_ the equa

tion for 'n1. can be solved from equation (6.18) and 

putting this vaJ.ue of Tl1. in equation (6.17), 'no c~ 

be· obtained. Taking these values of 'Ylo , '1"1.1 and 'YL'2.. 

the equations are evaluated afresh by considering all 

the terms of the three equations. This procedure is 

repeated and the change in the values of "n1s is found 

to be small. Results of calculation of species densi-

ties are entered in Table 6.5. 

To bring out,the influence of buffer gas pressure 

calculations are given for p . = 0.05 torr and p . = 
a1.r a.J.r 

2 torr. In the calculations, diffusion coefficients of 

excited mercur,y atoms have been considered to be equal 

to that of ground state atom given in International 

critical Tables ( 19 29). McDaniel ( 1964) has discussed that 

diffusion coefficient of excited atoms is rather small. 

However,, calculations show that diffusion losses of exci

ted atoms are negligible in comparison to collisional losses. 

This is inconformity with observations of Cayless (1963) and 

PolBEn et al (1972). 
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TABLE 6,5 

Number densities of mercury atoms with varying conditions 

of discharge. 

-----~-----r------------~------. ' 2.5 A 2A 2.... 

Condition of plasma. 
Pair 0,05 torr 2 torr 

I 

' PHg 0.3771 torr 0,222 torr 

' . T. Oo5 eV. 0.5 eV. e 
----------- --------- ------------I 

1,424 X 105 5,667 X 106 
'llN"2. 

' 3.56 X 104 1,424 X 106 no'l. 
-~ 1 ,)28 X 10 6 7 .a:; x 105 

Number densities no 68,6 7.788 

. -3 10-10 J.n em x ~ 19.13 1.423 

n.'l. 86.2 42.7 

'ne.... 1,64 X 103 . 5.687 X 102 

Now let us look into the processes in these types of dis

charges. The chief ionization processes in a Hg. discharge· 

are listed by Vriens, Keijser and Ligthart ( 1978) as 

1 • Hg ( 61So) + e ---7 Hi + 2 e 

2. Hg (63P
0

) + e > H~ + 2 e 

:;. Hg (63P ) 1 + e ~ Hg+ + 2 e 

4. Hg ( 63P 2) + e ~ Hg+ + 2 e 

5. Hg (63Po) + Hg 3 ' + (6 P1) ~Hg2 ( 62 2.. + ) + e 

6. (a) Hg (63P1) + Hg ( 63P 2t ---7 Hg* + Hg ( 61 So) 

(b) Hg* + + e --=:> Hg + 2 e 
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another process namely Hg (63P2) + Hg (63P2) --7 

2 1" Hg+ (6 s
112

> + Hg (6 So) + e 

is not considered by us as spin is not conserved in this 

process. The ionisation processes are shown in fig~ 6.4(b). 

Electron impact ionisation rates from different levels 

K1 +o K4 for processes 1 to 4 are given by Sampson 

( 1969) 

-'11 1 ne. ni <\9e.CJ") = s · 4 6 s x 10 Tle,'Yl,:, T~ 2 

e.xp (-Xt./ k."Te.) \i (Te.) ( 6. 25) . 
l., -= 2 ,o, 1_, 2 

here T
9 

is t,he electron temperature in °K, X.i, is' the 

ionisation energy of ilh level and li = An/ Xi '2... 

where A = 200 for neutral atoms, n. = number of elect

ron per atom in the outer orbit. For process 5, the rate 

fa 

( 6.26) 

~ is the effective cross section of associative ioni

sation. Tan -and von-Engel (1968) have determined 

0:: 4 -15 s = G X IO cm.'"l. and 

For process 6, 

(6.27) 
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OG is estimated by Vriens et al (1978) to have a value 

of 10 x 10-15 cm2 , '"Bi. is the Branching ratio and a,s 

calculated by the authors, 1Si should be slightly less 

than unity i.e. all the atoms in the highly excited 

states populated by process 6 (a), are ionised by electron 

impact. Ve~J few of them will make optically allowed tran

sitions. We have neglected ionization from 61P1 level, 

since the population density and natural life time of 

this level is small. With the help of equations (6.25), 
I 

(6.26) and (6.27) and utilizing the values of 'Y)e, , ~, 

and n'l- (table 6. 5) the rate of ionization 

for the two types of discharges considered here has been 

calculated and are entered in Table 6.6. 

TABLE 6.6 

Ionisation rates with varying discharge condition. 

D
-i- - - - - - T - - - _,R -t - - -:" -.- -.- -i- S - - 1- -1 o-11- - -

scharge · e e of J.omzatJ.on n ec. x 
conditions r---------------~--------

' 

'2.... = 2.5 amp •. 

Te,=0.5eV. 
p . = 0.05 torr a.l.r 

11.585 

PHg = 0.3731 torr 
., . 
.. l._ 

K 
2 

21.94 10.13 181.37 1700 466.4 

_____ ...,. ____________________________ _ 
i = 2 amp. 

= 0.5 eV. 

Pair = 2 torr 

= 0.222 torr 

1.98 0.61 71.2 s. 72 16.94 
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From the Table 6.6 it is evident that for a plasma 
' 

where air pressu;re is comparatively small, ionization is 

chiefly through the process of associative ionisation and 

by electron impact ionisation of highly excited Hg. atoms 

whereas when Pair is comparatively large due to large quen

ching of 63Po level"s ionisation will be/ primaxily through 

the process of electron impact of G3P2 atoms. So in type I 

plasma where pair is small two types of ions Hg; and Hg+ 

prevail inside the discharge tube. To calculate the normal 

distribution in a Hg discharge vd th :two types of ions, 

we can utilize the equations of Golubovskii and Lyaguschenko 

( 1977) 
~ 

Ji.l 

~ . 
J i2. 

~ 

Je-

• 
j 's 

--? . ---? 

- J) 4 \7 ni1 + ·n~ ;U.~ E:'Y" 
~ ~ 

-'D i.
2 

\7 n -t2 -+ 'Yl ~ f.-L ~ 'E"(( 
( 6.28) 

I are the current densities towards wall, YL s 
I 

are species densities, D and fA- s are diffusion coe-

ffi cients and mobilities and E~ is the .radial electric 
. . 

field. Subscripts 21 and '2...2 denote atomic and mole-

cular ions. whereas subscript e denotes a,n electronic 

quantity.· . ' ~ 

Since 'Tl.~ + 'Yl.i; 2 = tf)e.. and J {1 + J i2. = Je. 
eliminating E~ from equation (6~28) and considering· 

jJ-i~ = )A-L2. a.nd hence 'Da.:t = T>a_'2. = 'De jLi_/ ~ 
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. ( 6.29) 

are the differences between the rates 

at which particles appear and disapper in the volume. 
I 

Kovar,.< 1964) has shown that actually }i--i-2 / !J-i1. 

= 1.875. It may be interesting to note that heavier ions 

are faster. The reason behind this is that atomic ions 

moving in their parent gas will have large charge ex

change oro ss section and hence progress more slowly than 

the »~ heavier molecular ions which do not suffer reso-

nance charge exchange collisions. As the difference in 

values is not much. and the presence of foreign gas will 

effectively reduce the charge exchange phenomena and 

obsecures the visions of Hg+ ions for resonance to occur, 

the atomic and molecular ionic mobilities may be assumed 

equal. 

Atomic ions will be produce<kmainly by (i) electron 

impact of highly excited states of Hg. atoms at rate V,:_ 'rle. 

and these states are in thermal equilibrium with the 

electrons. 

(ii) by electron impact dissociation of molecular ions 

with a rate 0ni.
2 

ne.. and they will be lost mainly by 
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i) e.mbipolar c1iff'usion to the wall, 

ii) some of them will be converted to molecular ions 

in three body collisions at rate k.. Ylii 

Hence F1. = Vt. "'ne, -t l.d"'ni.'l.:ne - l~:n-L.:l. 

Molecular ions will be produced mainly by (i) the pro-

cess of associative ionisation with rate g. 

(ii) conversion of atomic ions at a rate 1<... ~ 

and they will disappear by 

(i) ambipolar diffusion, 

(ii) electron impact dissociation to atomic ions 

at a rate ~n.i211~ 

We have neglected dissociative recombination of 

molecular ions which is a comparatively slow process than 

the diffusion in an active discharge. 

. (6.31) 

In the above analysis it has been considered 

that the diffusion of charged particles towards the wall 

of the discharge tube is ambipolar in nature. For usual 

plasmas obtained by electric discharges, the diffusion 

can be considered ambipola.r if An/ttl\ (( 0·01 ie?. i..f 

C -3 :m. ( 6. 32) 
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where AD is the Debye shielding length 1\ is the 

diffUsion length, Te is temperature in °K. In the cylind

rical geometry the lowest or fundamental diffusion length 

is given by 

. _\ -= ( 2. 4 )'l.. ( 1T ) 2.. 
/\2 \_ R. + L ( 6.33) 

Expression ( 6.32) has been confirmed experimentally by 

Gerber and Gerardo (1973). Calculations show that for 

R = 0.59m., when I\ e..)) 5 x 109 the diffusion is 

ambipolar in nature. 

jl. Hence from equations (6.29), (6.30) and (6.31) 

Fe - F1 + 'F2 :::Vine+ 2f 

== .:_Do.1V{~i-: \7-ne J -"Da_2 v{ ~~ vn.,_J 
as we have assumed 

7JL7l.,_ -r 3 = -~,_[v{ ~~ Vne.} +y{_~~ vn._}] 
. . 

or 

(6.33) 
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we hare neglected any distribution of excited state density 

across the tube cross section. In cylindrical co-ordinate 

system equation (6.33) reduces to 

·{ 6. 34) 

Putting ~ / R = ~ and n...,.. I 'f) eo = .N ... in 

equation {6.34) where '11eo 

of electrons at the axis, 

is the number of density 

( 6. 35) 

Let us first consider the equation 

= 0 where 

Its solution is "<)1 = Jo (~..RX) (6.36) 

with conditions ~,., = ~"1 = 1, at "8 = 0 and we 

have 

cl'l. \ d~:l .~1 -r 
~ d.:J 

-\- o<~j_-=0 (6.37) ~'2. 

Now multiplying (6.35) by "c.:1:t and (6.37) by }\f'Y' ani 

substracting we have, 

(6.38) 
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where 

·on integration of (6.38) with ?onditions that at~= 0 
• • 

both "'d-t and l'r'Y' = 0, we have 

, 

(6.39) 

Dividing (6.39") by we get, 

(6.40) 

Integrating ( 6.40) with condition ·at "'a = 1, N"...., = 0 

we get, 

Now at d = 0, .f'.f""V' = 1 ,. so 

Hence, 'Y'\...., = N"'P 1\~0 

\ 

' ' 

( 6.41) 

(6.42) 
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It is evident from equation (6.43) that the normal d~stri-
1 

bution in presence of magnetic field will be given by 

ll"Y's = 71 eos 

1 - Jo ( R.j 'i>.:_e, f Do.a) 
{ Jo ( "P J VLB /Do.a) - Jo ( Rj>'Le./D,_)) {6.44) 

Cummings and Tonks (1941) from their experimental observa-

tion have predicted that the normal distribution for a 

mercur,y arc plasma is not afxected by the presence of a 

longitudinal magnetic field, Hence, since the distribu-

tion is a function of Vi, I 'Da_ 

Vi_ IDa.. -::::: v L'B I 'DQB 

equations (6.8) and (6.9) 

·, we can assume that 

• Consequently from 

( 6.45) 

Bickerton and von-Engel (1956) have Ehown that if TeB is 

not much different from Te · the :£ractional change of 

energy of an electron to its total energy also remains 

constant with magnetic field. This leads us to 

E I E-s -= \e. I I C2--8 

Hence 

( 6.46) 

Further if the change of electron temperature is small, 

then the rate of molecular ion formation due to associa-

tive ionisation will almost remain the same so that the 
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metastable population densities may be considered unaffected 

by the magnetic field. Since 

"V 1.- /Do_ ::. L> i..-B / D a:s 

we get from eqn. (6.42) 

Then from equation (6.46) 

(6.47) 

( 6. 48) 

As we are considering electron impact ionization of highly 

excited states only and "1.\_: is given by Elton {1970) 

as, 

(6.49) 

~ 

where and is the ionisation energy and number 

density of highly excited states. 8 is a correction 

faetor analogous to that used in the line broadening cal-

culations for quadrupole interaction and other high order 

effects given by the larger of ( 1 + .2K T
9

/ X:.t.- ) or 3. 

Consideri:pg 8 ani n* to be invariant with magnetic 

field and since X i.. < ( k T e... 

( 6. 50) 
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Then, 

( 6. 51) 

It is well known that when the frequency of ionization is 

much less than the frequency of momentum transfer, 

\.. (6.52) 
) 

where 

\ -+ c., B'l. I p 'l

c1 = ( .e A..!2.1. / m \9.-y>) '2. ' A e:l. is the mean free 

path of electron at a pressure of 1 torr, p is the total 

pressure ail.d '\.9~ is the random velocity. 

Hence from (6.51) and (6.52) 

1+ c
1 

'B?.., · = 3:_ ~ =- ~ 'Y'I~B 
p,_ ie,~ ~B LB 11ec ( 6. 53) 

A plot of (i/is) (ne..oB /ne,c)vs. f2? (Figs. 6.5 and 6.6) 
p7... 

will be straight line and the gradient determines the 

value of c1 as entered in Table 6.7. 
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TABLE 6,7 
' . -: . ~ ~ 

. -

~ ·(measured) . 
2..-s 

'- -- - - - - -- - - - ·- - - - - - _., .... _--- .. -- ... ~-------------
t 

X y X y X y ' . X 
' 

.~· 

. 
£., -· ts-

t 
y 

--- ----- ...... --- - - - - - - -- - -- - - -- .... - -- - - -- - - - - - ~- - ---- - -- - -
0 0 0 1 1 1 1 1 1 

250 0.44 0.3 1,169 1; ~_38 1.002 1,0014" 1.17 1.14 

550 2.0 1.47 1 e2218 1.2087 1.006. 1,005 1.23 1.21 

835 1.7 3.4 1 o2564 1.2686 1.0117 1,011 1 &27 1.28 

1050 7.5 5.3 1.2915 1.302 1,0156 1.017 1.32 1.33 

X Co n-esponds to !. = 2.25 amp., Pair = 0.08 torr, :Pig PH = 0.3032 torr, 01 = 0,3 X 10-7 
. g 

y Corresponds to i = 2. 5 _amp., Pair = o.oa torr, PH = 0.3731 torr, c, = 0,39 X 10-7 
g 

- ... - ,-.---------------- ---- .... ------- --- ...- ... -------------
/ 

Values of 01 have been calculated fr.om figs. 6. 5 and 6.6. 
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6.4. Conclusions 

Considerj_ng the physical processes involved in a 

mercury arc discharge where the buffer gas is air and the 

pressure is low, a model has been considered in which ax~ 

air plays the role of quenching gas and it has been found 

that in this type of discharge both atomic and molecular 

ions of mercury are present. Assuming the existence of both · 

types of ions, we have obtained the distribution function 

and deduced an expression for T /T and have found that e eB 
within .the range of B/p values used in the experiment, 

the experimental results are.in quantitative agreement 

with the theoretical deduction. 

That the electron temperature decreases in pre

sence of an axial magnetic field in the case of mercury 

discharge, has also been shown by Franklin (1976). c1 is 

evidently the square of the mobility of electrons in the 

mercury and air mixture at 1 torr. The value of .mobility 

calculated from c1 differs by an order of magnitude with 

that obtained experimentally by Nakamura. and Lucas ( 1978). 

Further the results show that frequency of'ionization 

changes with magnetic field as has been previously noted 

by Bickerton and von-Engel (1956). 

It is also noted that 

i1 eo B _ r=r;. 
'llw ~ ~B 
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and as experimentally we have found that 

then 1'1eoB > -ne.o which was previously found to be 

true for molecular gases, as determined by Langmuir probe 

method in chapter III. 

I' 
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CHAPTER VII 

ENHANCEMENT OF S PEOTRAL INTENSITIES OF MERCURY TRIPLE~ 
' ' 

LINES IN LONGITUDINAL MA.G~ETIC FIEL)>S. 

~ntroduction ... 

Enhimcement 6t 8J?eotral intensities in a magnetic 

field has long, been observed (Rokhlin, 1939 in inhomogeneous 

longitUdin~-m~etic ·field, Forrest and Franklin, 1966 and 
. . 

Hegde and Ghosh, 1979 i4 longi~dinal magnetic field, 

~ulkarnt, 1944 and Sen-, Das ;and ·Gupta, 1972 in ~ransverse 

magnetic .t.l.eld). In tr~verse magnetic field it .has been 

observed that as· the magnetic field increase(, the spe-, 
. . 
ctral intensities of li~es increases and attaining a. 

a.t ' . ' 
. maximum value ~ a certain magnetic fiel4, gradually 

r 

decreases. Seri et al (1972) have shown that the enhance-
• • • ! • ' 

· men t p~enomenori ·.-~an be C)lanti tati vely_- interpreted by the 

increase of electron temperature and decrease , ot radial 
' . 

electron density.caused by' the presence of a transverse 

magnetic field. _In case of longitudinal magnetic field 

. Hegde and Ghosh ( 1979) applied a collisional radiative 

model to the positive ooiumn of helium plasma 'and inter

preted the enhaneement of radiation w1 th fie~d. 

· In this chapter, investigat~on bas been reported . 

for enhancement of sharp· series- trip1et radis.t.Lons of 
- . / 

.,:··.mercury in longitudinal magnetic field. The sharp. series 
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triplet lines have a common upper level. For trans! tions 
' ' . . 

origina~ing from the same upper level, the relative in-

tensities do not depend on its excitation cross section, / 

but only on the --line strength. The . sign'!l-1 strength at the 

detector should be proportional to emission rate integ-

rated both along_the detector line·of sight and over 

the spectral· prof'.l.le and might be modified by any· self 

absorption. Var~~tion of signal strength with longitudi-

nal magnetic field has been obtained in terms of varia-

tion of these parameter~. 

7 ~ 2~ . · Experimental arrangement · 

Measurements-were carried on the radiation 

enhancement of spectral lines in th~ sharp series tri

·plets of mercury atoms in a low pressure mercury arcs. 

placed in·a longitudinal magnetic field. A d.c. verti-
- . • ., ' . \ I , \ 

cal mercury arc was placed between the pole-pieces of -

, ·au electromagne-t. The arc was constructed of pyrex tube 
. / . 

of o. 75·. em. internal radius and 8 em. in length and was 

forced cooled externally~ The buffer ~s was dr.J air . -

.whose concentration was regulated through a needle 

_ valve• Radiations from· the axial :region of positive 

·column of the diffUse arc dis charge were focussed by 

lens_ arrangements on the slit (of width 0.5 Jlli.) of an 

accurately calibrated constant deviation· spectrograph • 

. . : . 
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The triplet radiat~ons: · 5461 ~ ( 73S1 ~ 6
3P 2 ) , 4358 ~ 

·( ,73~1 ~ 6~P~_ .> and 4047 ~ ( 73~1 ~·63P0 _) were 

focussed seperately on the cathode of a photomultiplier 
. ' - ·- ' 

{M10 FS29V ~ ). Details of electronic arrangements for 

measuring the intensities of spectra1 lines are given in 

Chapter rr. 

In the present investigation. the arc current 

was _Varied between 2 to 3 amps., pressure of air·was 

varied from 0.05 torr to 1 torr. and temperature of the 

·tnner wa11 of discharge tube Tw was obserV-ed to vary 

between 98°0 to 115°0~ 

Results'and discussions 

The triplet radiations (73S1 ---7 63P
0

, 1 , 2r esca-. 

ping from the axial region of posit~ve column of a low 

pr~ssure .mercury arc dis charge are observed to be enhan-' 

\ ced in presence of a-longitudinal magnetic field {0-15GO 

· ~auss) ~ The ratio . I:s/I·, w~ere IB and I are the ··inten

sities of radiation when a magnetic field is present _and 

not, ·increases, thereafter pat;~ sing through a broad maxl.ma, 
. ' 

f -· 

very sl<?wly decreases. Fig. 7.1 , shows the variation of 

I:sfl with B when the discharge current is 2 amp •. and 

\ pressure of air inside the. discharge tube _is o.05 .torr. 

·~t is observeq. that (IB!'I>max• values are cHffer~nt for 
' 0 . . . . 

three lines. "The 4047 ~ line ratio increases rather · 

rapidly and reaches the broad, maxima in comparatively . . 

low ~agnatic field. For other two lines IB!! reaches 
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Hej - ARC PLASMA IN LONGITUDINAL MAGNETIC 
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~dis= 2 AMP 
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FIG. 7.1. 

Fig. 7.1 • Variation of spectral intensity enhancement factors 

( IB/I) 'rl th longitudinal magnetic field for lines 

originating from 73S1 1 f i A leve o mercury, = 2 • 
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its maximum· value nearly. in the same: field. ~he nature ot . 
the· curves· remai:ns same .. when the discharge current was 

varied from.,2 to 3 amps. and pr.essure of air inside. the 

·discharge .. tube was- chan~d from 0.05 torr to 1 torr. I 

Fig. 7 ~2 shows· a pl.ot o:r ~ I:sf! V s. B when the discharge 
~ . 

c~ent. is 2·.25 amp. and· Pat.rfs 0.9 torr. 

For a comparison of the effect of a l.ongi tudinal. 

magne-tic field to that of a transverse magnetic field the 

m~asured veJ.ues of radiation enhancements (I:s/I) for 

-different va1ues of trans~rse magnetic field has been 

plotted in Fig. 7.3. 

Table 7.1 shows the values of B when the mau. 
enhancement ma:x:ima occurs along w1 th the values of 

(IEI!>max· for the three lines considered for different 
. . I \ 

discharge condi tiona. 

In chapter III it was observed that when a 

discharge column -was subjected to a magnetic field there 

occured·a coupled variation of axial electron density 

"ne Co) and electron tempezature ~e• ( Te is assumed 

to be uniform along the cross section of disc~arge tube) •. 

. In the case of a _longitudinal magnetic 'field 'Yle Co) 

increases and ~e decreases, whereas when the magnetic 

field ~s transverse to the direction of· current, 11~(a)· 

decreases and Te increases with the increase of magnetic 

:t1 eld. In the 1 atter case, the cylindrical symmetry of the 

plasma·column is shifted towards.the wall in the direction 



.. ). 
-~ 

_..._ 

.... 

" co ... 

Hg- ARC DISCHARGE IN LONGITUDINAL 

MAGNETIC FIELD 

Ldts::: 2"25 AMP 

1'1 
P4tr = o·; TORR 

A- ~61A 

B - 43581 

c - 4047 J.. 
0 - J ( Iuda/ fut 

I I 
500 1000 1500 2000 

8 IN G,wn 
FtG. 7.?.. 

Fig. 7 .2. Variatiop o:f spectral intensity enhancement factor·s 

(IB/I) with longitudinal, magnetic :field :for lines 

.originating from 73s1 level of mercury, i = 2.5A. 
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HQ ARC PLASMA IN TRANSVERSE MAGNETIC FIELD 

DISCHARGE CURRENT = 3 AMP. Pair = 0"10 TORR. 
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A : 5461 A 
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c : 4047 1 
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FtG. 7.3. 

Fig. 7.3. Variation of spectral intensity enhancement factors with transverse magnetic field 
for mercury arc. 
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TABLE 7.f .. · 

. . --- -....... ~- ~ ~ ,- - --~ _. .- - .., ... - - -- -.- - - -, ~ - - - - -- - - -
. . . . ·. ' . . . . . . ' . . . . 

Wavelength · Values of P8ir = 0.5 'torr •.... Pair = O.~ torr. 
0 ' ' ' 

. . . (A) t Bm.ax an.d ~ - - -- - - - - - - - - - - - - - - -
~· ' . 

,. (IB/I)max 
J 

' . .•. '· '· . i-= 3A 1. = 2A l. =2.25 A 1. =2. 75 A 
i ., . ' 

' t . t \ ' --- .... - ... --- -----------------~--------~ . . . 

1405 G . 1405 G 1455 G 1455 ~ 
5461 

1.312 1.38 1.43 1.46 

·1455 G 1425 G 1495 G 1455 G 
4358 

. ' ·' 
1~275 1.316 . 1.}32 ,.,, 

. -

· . ·1015· G ~930 G . 1055 G 1015 G 
4047 

(IJYI)max 1.25 1~22 

. . 
- - - - - - - - -=- - - - ~ ,_.. - - -- ~- - - - - - -- - - - - -- - -

of Lomntz force~ sp·eotraJ. enhancement is d~pendent 
. . . 

~ on il e.. (0) and 'T
8

: S~nce all the three -lines originate 

fro~ a single upp~r le~el ( ~3s1 ) , their dependence on Yl e, ( 0) 

~d. Te wi~i be ·sam~ resulting in same rate. of radia_tion 
' . ' -

enhancement for the three. lines. Since this is not the case 

in real.i ty t it ma¥' be conclttded tbat a third factor which 
. . . "" . ' 

is different for three li.nes, i.e_ important in the process· of 
- . ~ -

radiation enhancement .• Lee' et a1 ( 1911) have observed that 

'1ritens1 ty ratios _of_·t~e visi:t>le triplets of ·mercury ~toms 

' ~ . ' 

\· 
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differ widely depending upon the condition of source. All 

'these divergences can be explained by the phenomena of 

re-absorption of lines. T~e lower levels of the lines 

are tWo metastables ( 63P
0

, 2) and a resonance ~63P1 ) 
level. In the steady state they are supposed to build up 

,appreciable populations, thereby causing self absorption 

of ~e lines. As .self absorption affects the intensity of 
' emission lines and is strongly related to the population 

of lower l~vels, the eimancement factor will also depend 
L 

on population densities of lower levels of the lines. ~n 

the next section a quantitative estimate of this effect 

has been discussed. 

Self absorption and enhancement 

faetors in magnetic field: 

When there is appreciable self absorption, 

· spectral intensity . I11t. of a .line with upper level 

1.A... and lower level t is given as, 
. . 

R.. 0<.. . 

I u.L = conet. Aut l n...._t"<') L .L 0\ C.,;>) e..:x P (- (3("') o-

R.. : 

J 'nt("Y")d'Y") dL::' J d~ (7.1) 
""f> . 

where. n u. t ( "'P) are. the local number dens:L ties of 
J 

the upper radiating level and the lower level as a function 
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of position '"'('> along the line of sight. is the 

transition probability of the line and 

normalised spectral emission·profile 

D{ ( v } is the 

/ o<. Cv) d.:v = 1 

The fraction of emitted line which reaches the detector 
U\e... 

after traversing~medium from position is 

R.. 

exp. (- cr- (3 (1/) J 11tl'"'0) d~) 
~ 

a- is the absorption cross section per atom at the 

line _centre, independent of T and (2; ( -)) ) is the 

line profile of absorptiqn normalised to unity at the 

line centre ·/3 ( "i>o 

centre of the discharge. 

) = _1 , and ~ = 0 at. the 

When there is no self absorption 

:: const. (7~2) 

Vriens et a1. ( 1978) and Uvarov and Fabrikant ( 1965) have 

shown ~at excited mercury atoms distribution function 

across the cross section of discharge is·nearly parabolic. 

Thus considering a parabolic distribution of 'TI.u.. ( ~ ) 

we get 

J ,:_ = const. Av.L i n'U. ( o) R. 

/ 
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't'l U!Y'I\ bca"' 
Here nu (0) is the nu,.densi ty of radiating atoms at 

the axis of the discharge tube. 

Now self absorption As of a spectral line is 

defined as 

I 'U.l = c 1 - A~) r: 
= const. ( 1- As) 1tu(O) AvJ... (7 .4) 

when a longitudinal magnetic field B is present 

From (7.4) and (7.5) we get, 

(J w_)B (1- As) B 

== ----
Iu.t 1-As. (7 .6) 

If both.the upper and ~lower level population densities 

are parabolic 

n -=c.(~) -= n?C Co) ( 1 - ~'4) 
we are assuming that source is of type 'tm:Lform excitation' 

i.e. a source in which the radiating and absorbing atoms 

are distributed in the same manner. 
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Now, 

1- A ~ . ~ 

:: (_ f ~ ( "f') [ 1 :Cv) ex p (- ~ ( v) cr

J n~(-r)dY' )ctvJ d0 / ~ rz n,._(o) 
,., 

We 'first decouple the integrals over 

1'\t ( ~ ) 

n\.\_ ( '"fl · ) and 

1 
-=. o- R J 1lt (o) ( 1- "d '2-) cl;j 

"'a. 

- CJ R. 'Yit (o) [~ - ";j (:!- ~.,_)] 

where 1J = 'T' f·~ 

·putting this value in third bracket of R.H.s. of eqn.(7.7) 
' and replacing the ·expone~tial by its power series, 

c< oc. . 71. 'tl.. . 'Yl :\ '!::1 ~ J '11... ·- fo ('2)) \ (-1) R o-71(3 (v.; il (o)n[2 ... ( ~- 3 ) cL-o 
- L: nl t 3 

_o.:_ 1\:::.o . 
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For a discharge type·like ours we can safely assume that 

emission and absorption pro files are identical and Gaussian 

in nature which is the outcome for Doppler broadening of 

spectral lines. That is we assume all other broadenings 

of the spectral lines negligible compared to Doppler 

broadening. Validity of these cr1 terions is discus,sed in 

text books (Corney, 1977) and for resonance line by 

Hearn ( 196'3). For a Gaussian profile of absorption and 

emission, Mosberg and Wil~ ( 1978) have shown 
""<;... 

j ol, (v) fJ?t.. (-v) d.. --v =- _1_ 
-ex. 1L -t 1 

Putting all these results in ( 7. 7) we obtain 

' or, 

·_ 1- As 
0(.. ' )Y1+1 "n. 1'\.. n. +2/'!> ' = 1 _ 3l (-1 cr ne_(o) R [1[ ~ _ (~ _ "d-;,)]n.. 

4 -'1 (n+ :1) 1 3 3 
'1'1- ~ -2/3 ~ . (7 .a) 

al ( O:J - ':j:) J 
I 

.values of 'Yl-t (o) .s are cal.cu1ated by em.ploy:l.ng 

Forrest and Franklin's ( 1969) equation in a fashion 

stated in chapter VI. To determine the value of Tt.,(o), 'Y\ 1 (o) 

and· n
2
(c) the population densities of 63P0 , 1, 2 
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levels at the axis of the discharge, we have utilised the 

values of collision integr~s . < _Gvi.j ~) given by . 

Johnson, Cooke and Allen (1978) (autl}.or's Fig. No. 7 end 

reproduced in fig. 7.4). A survey of literature revealed a 

'large range of cross section ( Q.~· ) values. From -these 

large d~tas tbe authors have chosen a set which appears 

_.,._ self consistent and in which the forward and reverse rates 

·are related by Kl.ein-Rosseland :formula. The den st. ty of 

electron at the axis n e. ( 0 ) w1 thout a magnetic 

field is determined from the expression of current consi-

daring a parabolic distribution of electron. 

'R. 

i • ;U-~ e 2 n j 'Yle, (rr),.,., d.,-, 
0 

1 

= _,.u-E e. 2 n "Yie(O)'R.,_ J. '::l (1-"d,_)d~ 

where · fA-'E. is the drift velocity o'! ~lectrons in mer~ 

cur,y vapour at the corresponding E/p determined by Nakamura 

and Lucas (1978). This value of n e-< 0) was utilised in 

the calculations of population densiti~s in a manner stated 

in chapter VI. 

~; 

'or a discharge with a Maxwellian electron. energy 

distribution fUnction and :f'or current i = 2~5 amp., . 

Pair = 0.5 torr aDd Pug = 0.2729 torr determined by inner 



Fig. 7 .4. Collision integrals for Hg. 
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FIG. 7.4. 
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wall temperature Tg' .and Te = 0.412 eV. as: determined by 

spectral intensity ratio method in-chapter VI, the result of 

calculations is: 

9 •'6 1015 _, • x em , 

i1a- (considered uniform across c. s.) = 

rle- ( 0 ) 

13 -'3. = 5.95 x 10 em • 

f\'2.(0) =- 1.1:5 x 1010 cm-3. 

11:~ (o) = 2.38 x to~ 0 em .. ; 

Yl
0 

(c) = ·;.92 x 1010 em.;.; 

Again cr- the cro ss section· of absorption _at the line 

centre, when Doppler broadening is the sole brQadening 

" mechanism of spectral lines, is gi.ven· as 

where ~ is the classical electron radius, ( 2.818 x 

~o-1 3 ~m). c is the velocity of light, f and A. are 

the absorption oscillator strength and wavelength of the 
' . 

·transition, M is ·the mass of mercury atom and k is 

the Bol tzma.nn co~tant. Tald.ng -f values of the tran-. . 

sitions from Gruzdev (1967), the calculated value crt CJ 

. by equation (7~9) and the values of ko = a- 'Ylt.(o) 

where ~o is.th~ absorption coefficient of radiation 

at the l.ine centre has been shown in Tabl.e 7. 2. 

----------- - ---------- -------
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TABLE 7,2 

- - - .., - -.. - --- - .... - .... - -- - - --- - - - - - c.- - - - - ..... -

/ 

' t 
5461 4047 

t 
t ..._. ____ _.. ~J..~-----~~-'-------,.mq-------

5 (Re!,Gruzdev 

( 1967)) 

o- (cm2) 

. . 

0.14 

0,0735 

0,11 0,10 

0,1348 
___ ...__li:ilillil ______ .._. ________ ._ _________ _ 

It is evident from Table 7.2 that koR, (R = 0·7'5" em).· 
which may be called the optical depth is much smaller than 

unity. Since the series in eqn. ( 7 .a) is a converging one 

we discard all the terms except the first term YL = 1. 

Thus 

1- A5 = 1 - ~ <r ~~ (o) R ~ L ~] 
or, 1 - As = 1 - 1 () n.t (o) R 3 . 

(7.9) 

where 
M '1'2. 

CJ = 1 Tf'Y"l c (. k:T, \ R_ 
1 0 a 2n. CJ) 

Putting the value of (1 - As)from eqn, {7.9) in eqn, (7.6) 
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we obtain, 

(I '1-\.l)B 1 - f.e:u .. A..u.L f :n-t(o) s 
-

I l.LL 1 - :f .f..'LI.. ltu.t P nt ( o) 

nu. (o)8 

nu. (o) 

We have assumed here that neutral atom temperature is 

constant with magnetic field though we were unable, to 

measure the change of '3 with B experimentally. 

Hence 

(Iu)B / Ju.L 
- [ 1- f !Lt.U p(ne..(o)B -nt.(o))l '111.\.(o).s 

lu. J llu. (0) (7.10) 

Due to coupled change of 11e ( 0 ) 

field, n'tl. ( 0 ) and 'Y\ t.J 0 ) 

am T with magnetic e 
will change. Equation 

(7.10) qualitatively predicts that due to these changes 

enhancement of spectral radiations will also change but . 

will be lessened by ~lf absorption as 'Yl-t ( 0 ) inc-

rea.ses with B. The effects will be different for three 

lines as :f , A and 1\ t ( 0 ) B will be diffe-

rent for them. It may be noted here that CJ is ma:x:I.mum 
0 

for 5461 ~ radiation where as n 2 ( o) is relatively 
0 

small. The case is reversed for 4047 A radiation, the 
0 

case for 4'347 ~ radiation is in between them. 

Moreover, measurement of Te with B in 

chapter VI (fig. 6.2) shows that as B increases, Te 

decreases and reaches a saturated lower value. The case is 
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reversed for 'Y\ e. ( 0 ) • Anyway it may be concluded that 

due to coupled change of I'\ e. ( o ) and T e with B 

both -n t ( 0 ) and. nu.. ( 0 ) will attain a satura-

ted upper value. Moreover, it ie.established that for a 

source of unif'onn excitation, there will be no self-
. . . 

reversal (Cowan and Diecke-(1948)), on the other hand 
\ 

effect due to self absorption will also reach a saturated 

maximum value. Thus,. we can expect that when B is su:ffi

ci ently large there w:Ul be no change in enhancement 

factor with the increase of magnetic field. Fig. 7.1 
' 

and 7.2 however shOWf::: a slow fall of the factor at 

that stage • 

. Now we consider a discharge in sufficiently high 

·magnetic t.leld (as B = 1500 gauss), so that all changes 
'· 

are saturated. In that case llt. (o) B >> nt.(o) 

Since relative popu1ations of the excited levels a1w~s 

obey a Boltzmann distribution with Te as temperature 

(Richter, 196B),eqn. (7.10) may be re-Written as 

(I w,) rma~ I I 1A-l 

f 1-ft A_u.L p 'no (c)& e-xp (- Et- Eo )~ 'hu,(O).B 
l :u... · . k.Te.s ~ 'nu..(O) 

(L ~ o, 1.) 2) (7.11) 

here E 1 s are the energy of the corresponding levels. 

In the L.H.s •. of eqn. (7.11) we have writ~en the subscript 



max indicating that the saturation _maxima has been reached. 
0 

For 4047 ~, for which the maxima is attained earlier, we 

consider - that :this is also the value :for IB when B 

is much greate;r than Bmax where the intensity maximum 

was first attained. 

A plot of ( I 'tA.L ) max / I u.J- aga.t,nst 

f -l.'U../\. u.L exp (- ( E{_- Eo)/ k \ eB) 

has been shown in Fig. 7.5 :for two discharge condi tiona, 

and the plots are straight lines as predicted by eqn. (7.11). 

The slope of the lines are a 

i) 

ii) 

' .:for 1. = 2 amp., Pair = 0.05 torr, slope 3.33 x 

104 cm-1• 

for i = 2. 25 amp., Pair = 0.9 torr, slope = 
5.19 x 104 cm-1• The slope = ~ TJ 1'0 C 'R x 

( 
1/'2. 

tv'\ /2 n k:. T3 ) "Yl 0 (O)s n1A- ( o) e:./ nu (o) 

From the intercept of the graph nu (_o)e:. I 'n..u. (o) ~ I. 4 

if no (o)S ~ 10 X , magtiitude of 'TI.o (o) 

~ 1011 cm-3 

the calculated value of slope is, 

-13 . jO 
(slope) calculated = l. ~ 3~ 14 X Q: 9 2 X 10 X~ X. \0 X O·r;S 

'3 -24 \/'2 
11 ( 20 0 )<. 1· 6 G X I 0 · '\ 

x IO x 1.· 4 ~ 2 )< o·14 )(. I· 39 x 'o'G '~- 37:3) 
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Fig. 7.5. Variation of enhance~ent maxima against ft)t.u.lf2..:x.p[-(E."-E")/k.Te.sl for two types of 

mercury arc discharges in longitudinal magnetic field. 
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~ 3 x 104 cm-1 which is in agreement with , 

the valug a determined fro!~ graph • 

. In the ne.xt sections we shall try to evaluate 

from the total. 

intensity of the triplet lines. Before doing this we 

shall consider the positive column ot mercury arc dis

charge in detail so tl:Bt the coupled variation of ~e 

and 71 e ( 0) may' be . predicted end this has been 

shown in the following section. 

Coupled variation of 

with magnetic fi~ld : 

-n e (0) and ~e 

We shall consider a wall confined diffuse 

mere~ arc discharge the t,ype of .Which was discussed 

indetail in chapter VI. It was obsel"Ved there that chief 

-~onised species are Hgf. molec~~r ions :formed by the 
. \ 

.·.process of associative ionisation when Pair is relati-

vely small and when pair is . rel ati vely high· () '2 +e;,"Y'-r.) 

~ue to quenching of 63:P~ and · 63P1 levels by N2 and 

o2 ·molecules, Hg ions, created 'by elec~ron collision 

of 6~P2 . level atoms, are the cbief+ionieed epecies. 

When pair i.e relatively small,~ Hg2 molecul~ ions 

are formed by reactions like 

H~ (G9~) ~ Hca ( G~P1 ) ~ Hg: ( b 2 2:+) + e 



210 

this process has a large cross-section. If we consider that 

the axial neutral particle temperature of the arc is larger. 

than the inner wall temperature, which is generally the case 

as an appreciable amount of energy which is supplied to the 

arc is carried away by the thermal conductivity ·of mercury 

vapour atoms and air molecules, the rate of production of 

Ht2 ions will further increase than as calculated in · 

chapter VI. For a group of processes like 

the & Hg* states are highly ·e~ci ted states and are very 

'near to the. ionisation level. The.se levels are definitely 

in ~hermal equilibt'ium with the free electrons. Principle 

of detailed .balancing predicts an ·equal downward collision 

of Hg* atoms with Hg (61S
0

) ato~s to :tbrm 63P1 m;td 63P2 
a toms instead of reaction like Hg* + e ~ Hg + + 2e. 

+ . . 
Hence one of the chief Hgi ion production.mechanism can 

not be considered as Hg* atoms are in thermal equilib

rium with continuum, rendering the ionic species o:f' the 

discharge more molecular. 

Thus we consider a positive column of discharge 

where.~Hg+ ions are produced by the. process of associative -. 2 . .- - .. · 

ionisation and lost by ambipolar· diffUsion to the wall. 
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We negleet the effect of conversion of molecUlar ions 

to atomic ions and vice-mersa and the process of disso

ciative recombination of molecular ions. Ignoring the 

radial variation of 63P
0 

atoms, the equation of 

continuity far electron is 

( 7 .12) 

where g = 1)0 T) '1 cr;_ss < 1.9) , o-o...ss = c.s. for 

associative ionisation and <\..9) = (\G kT% /n M) '/'2-

and Da is ambipolar diffusion coeff:l. ci ent. The solution 

of ( 7 .12) with lle ( R) = 0 at the wall is 

Since Da = }--l-i.. kTe /e. where ~ is the mobility 

+ of Hg2· ions, the plasma. balance condition is obtained 

4 

It may be no~d here that for a parabolic profile of 

63P
0

, 1 atoms the eqn. ,(7.13) changes to 

ca ~'2. [ \\ J.. r ~),_ ' ( '"'0)4- _\ ("'(J \ bJ 
'Y'\ e.- ( --r) = 4 'Do.. 7 2 - 4 \_ R. -+ 8 R 3b R ) 
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but eqn. ( 7. 14) virtually remains mtchanged only 72/11 

replacing 4 in the R.H.s. 
Since the conditions for ions to be magnetised 

is 'B/'p > 0.5 .tesla torr-1 (Franklin, 1976), we consi-

der for our experimental condi tiona ;U-i. = Pi..B 
more over 1 t was observed by Cummings and x Tonks ( 1941) 

that normal distribution of electrons is characteristic of 

an arc in its steady state even in presence of a longi

tu.dinal magnetic field, the plasma balance equation in 

the presence of a magnetic field will be 

(7 .15) 

the subscript B signifies the corresponding quanti-

~ ties when a magnetic field is present. F.rom (7.14) and 

(7.15) we get 

ll e.- Co) B 

ne;Co) 

The ratio 

Zfs -
3 (7 .16) 

is again a function 

o:f "ne. (0) and Te• This functional. relationship may 

be estimated very approximately in the following manner: 

63P0 and 63p1 level p~pulatione.which enter 
~ 

into g are a metastable and resonance level. In the 

steady state, they are supposed to build up appl.'eciable 

' 
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populations and collisional processes chiefly populate 
' and depopulate the lev~ls. Let us assume that they build 

up an equilibrium population distribution as determined 

by Saba equation 

[ ~ o ( o) J equili brfl.um 

~o ( 2 n 1) 2... )'2>f'l 2 . · · , 

= 2~k 11'\.. k_ T e- '"rt e.. Co) ex p ( Xo /. ~Te.) · (7 .17) 

here ~o and 'a L' s are the statistical weights of 

63P
0 

state and atomic ions, 'X-(!) is the io:nisa~ion 

potential ~f 63P
0 

sta~e, a m equals the mass of electron 
.. 

aDd' "h is the rationaJ.ised Plank's constant, 'Yle-Co) 

here· is the density of Hg+ ions which m~ be roughly 
;; 

caJ.cul.ated knowing T
8 

and na- by Saha equation ~d 

was calculated as 1.78 X 101-3 cm-3 • Now for a level to 

be in thermal equilibrium micrQreversibilities would have 

·to exist for al.l processes. In this way, one of the pro

cesses say electron impact ionisation of 63P
0 

atoms 

should be balanced by. three body collisional recombina

tion of atomic ions with electrons to that level. But 

unfortunately for discharges under consideration, this 

is not the ca·se. Microreversibili ties for ionisation 

process are totally absent. Instead, the ions produced 

in the volume are carried. away to .discharge tube wall by 

/ 
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irreversible ambipolar diffusion process, thereby they 

recombine at the wall and return t·o the plasma region as 

neutral ground state species. This is also equaJ.ly :tJa 

true for mole euler ions. Molecular ions do ·not r~ombine 

totally in the volume, instead a large amount of excess 

of ions are carried away towards the wall by ambipolar 

diffusion. In short in these types of plasma, ionisation 

does not ba.1anee with recombination~ This type of dis

ch~ges are named as 'ionising plasma• by Fujimoto (1979). 

In this case, following Numano et al ( 1975) we can wr1 te, 

Here. Cp is a quantity which determines the excess o:f 

ionisation over volume recombination and c\=' is g1 ven 

as (approximately) 

I 

X-L) 
k::. T Q., 

here 1\ is the effective diffusion length and 

1j 1\'l. = (2· 4 /R)2., Ea is the ionisation potential. 

of hydrogen a toms, x-' L 
being the ionisation poten-

tial of the lowest excited state, in the case of mercury 
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atoms and 9. e-h-}s-- is identified as 

effective quantum no. of the state defined as (Griem,1964), 

where R = Rydberg constant, T ~ is the ionisation 

limit of the system under oonsi~eration, TF> is the 

term val.ue of the :r 1 evel · p and for neutral atoms Z = 1. 

Nishikawa et al ( 1971) have determined the value 

of Do.. = 160/p om2sec-1>with this value of '-no... and 

'Y) .e. ( 0) = 1 • 78x1 0
1

' em-3 determi~ed by Sab.a equation, 

the value of Cp is found to be 28.85.- Since 

1.we rewrite equation (7 .18) as 

'( 7.20) 

where 

Again considering 

we arrive at the conclusion 

(7.21) 

This result is also evident from the generalised 
I 

expression for electron temp_era:ture (von-Engel, 1965) in 

which 1 t has been sh-.wn that T e. o<.. (J.j p) where p is 
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the pressure which is a measure of n 0 (0). 

Since relative populations of excited states 

obey Boltzman distribution we can write also, 

\ 
11"1 (C>) o( -

k.\e. 

Here we have neglected the exponential term since 

kTe.. > 6E 

(7. 22) 

It may be noted here that the proportionality 

constants in (7 •. 21) and (7.22) would be independent of 
LV) e.. 

magnetic field, so' long B/p is less than"limi t for which 

ions remain un-magnetised. 

$o eqn. ( 7 .16) may be lfi!EtJfa:k rewritten as 

'Y'te.(O)e = ( kTe. )3 
ne. Co) Is I Q.B 

Here we have assumed once again that 
,· 

Ti = T-as 
As measured values of T

8 
in chapter VI, show 

a decrease with the increase of B, equation (7.23) predicts 

a .coupled increase of' lie (O) with B though very apjtro

nmately. However, we have plotted T~B I Te and "e (O}:s/ 

1\ e.. ( 0) with B in Fig. 7 .6·. This relationship ( 7. 23) 

will be utilised in next section while determining the popu

lation density of 63P2 level from total intensit,y of 

triplet lines. 



VARIATION OF ne(O)B/ ne(O) VS B AND TeB/ Te VS B 

FOR Hg ARC PLASrJIA ( L discharue. = 2 ~t"P, Pair = o·os TORR). 
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Total intensity of triplet lines. with 

and without magnetic field • 

. For a. homogeneous and isotropic source, the· 

intensity·of a spectral line is given as, 

(7 .24) 

where is the op~ical escape factor which 

accounts for the sel~ absorption of the line. 

Thus· for the three lines considered together, 

A e ) n·'U. (o).B I 
'lA.l u.L s 11"' ( o) . L__A_-u.._\.._e_ul (7 .25) 

· Here n-u. Co) represents the axial density of 73S1 
atoms. To determine 11~(0) , we shall consider the 

production and loss mechanism of 73s1 atoms. 

The 'level 73S1 may be populated by one or more 

of the following ways: 

'i) 

ii) 

iii) 

iv) · 

direct excitation of the ground level atoms. 

stepwise excitation of 63P
0

, 1', 2 levels. 

cascade radiations chiefly from 73P2 level. 

tranrier of excitation by electron collj:sion 

from other higher levels. 
I 
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v) 

vi) 
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bi-moleeul~r excited di~er collision followed 

·by a decomp~sition to .73s1 ,level. 

(a) H~ +. ~22· -7Hg;· + 2 Hg 

(b) 

' + . . . . 
recombination of Hg ions to the ~ level. 

The level may be depopulated by one or more 

.o_f the following processes a. 

i) 

ii) 

iii) 
.. I ) , l.V 

.. v) 

spontaneous emission. 

collisional de-excitation to a lower level. 

collisional excitation to a higher level~ 

ionisation :from; the level·. 
' 

quenching by N2 and o2 molecules. 

Now let us consider th~ relative importance of 

. production and. loss terms. In the production side cont-

ribution due to processes.(iv), (v) and (vi) may be 

neglected in our condi tiona of discharge. We also dis

regard cascade contr.ib~tion to 73S1 level.as the ele- · 

ctron·temperature is small enough rendering population 

in 73P . levels small. So the important terms will be 

direct and stepwise excitations. Again it is evident' 

that contribution .. of stepwise excitations from 63P2 
level will dominate over that fC>r .other levels 63P

0
, 1• 

We have calculated the rate of this excitation corres

ponding to a optically Qllowed ·transition·by M.J.Seaton's 
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I 

cross section (Sampson, 1969) and rate of (61S ~73s) 0 .t 

from the ground state Which is a optically forbidden 

·transition by c.w~Allen'e erose section (Benson and 
- . . 

Kulander, '1972). The calculated values of·the_rates are 

rate for (618
0 

--7 73S1) transition= 2.69 x 101'eec-1 

rate for (6'P2~ 73s1) 'bansition = 1.4 x 1014sec-1 
. ' I 

i.e. stepwise excitation is nearly a magnitUde greater then 

·the direct ~xcitation. 

In the loss sid.e collisional excitation to the 

nearest higher level 718
0 

(7.926 eV.) will be domiDa

ting to that for all oth~r higher levels and collisional 

·excitation to a higher le~el will be greater than colli-
• . " ' I 

. sional de-excitation-to a lower level. Hence comparable 

. ter.ms.will be spontaneous emission lessened by self absor

ption ·and collisional excitation to 7180 level. Self 
·~ 

absorption of a transition is accounted for by introdu

cing escape factor parameter eu1. which is given by a,. 

relation deduced by Phelps et a1 (1960, 1958) ,· 

l· 3 
eu,L = . I· g 2 - I 'I + c ko 'R.)S/S 

( k:o R-+ 0·62.) { 1T ln ( 1·"375'·~ ~oR)}'/2 (7.26) 

The transition pro.babili ties A u.L for three lines 

for 7's1 level are given by Mosberg &· Wilkie ( 1978). 

With these values of Av.1.. ·and Gut. oalcul.ated by 
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equation (7.26) with values of ,leo given in table 7.2. 

we calculate contribution for spontaneous emission 

8 
- 6·77 X 10 nu (o) 

The contribution of optically forbidden transition 

C73S1 --7 71S
0

) is 3.23 x 106 i"'u.(O) sec-1 , whereas the 

rate of quenching of 73s1 atoms by N2 and o2 mole-

cules will be in the order 104 nu..(O) sec-1 , the cross 

sect.ians for ~enching collisions are given by Massey (1971). 

Thus we arrive at the balance equation for 73s1 atoms 

where 

si tion am l.9e. is electron random velocity. 

Equation (7 .27) has been verified e~erimenteJ.ly 

in Fig • 7. 7-. Where we have plotted intensities of the lines 
•'2.. 

with (.. • The n 2 atoms are mainly produced by electron 

impact of ground level atoms, as this is the leading term 
, I 

in rate of production of n 2 atoms calculated in section 

7.3.2, tbe intensity of lines will be proportional to 

'Yle'l- i!:q to i '2.. .• The plots T -u1.. vs. i,?.. 

are·straight lines as evident from fig. 7.7,. where a 

plot of I'l.A.L vs. i does not yield a straight line •. 
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Hence equation (7 .27) may be considered to be valid 

in the discharges concerned, if the value of- n'\A.. thus 

determined is put into eqn. ( 7. 25) we get 

'IL2 (O)B 11e(O)B < 9..2.u. \9a.)B 

n'Lco) ne.Co) < ~u. \je_). {7.28) 

· Johasibn and Hinnov ( 1969) have given a semi

empirical cross section for optically allowed transitions 

in helium, . 

Q 1i (i~j) = 4 ( ~~ )
2

:5g rr~ ( d'
0 
f 

[ 1- e.x P{-f3C£~ ~ }~ c:; T 0JJ ln (E~ -r b) 

where E is energy, 

transition and' (3 

is the threshold energy for 

and S are non-negative, 

dimensionless, adjustable parameters. Griziniski's classi-

ca1 cross sections for -n --7 'n..+ 1 transition in hydrogen 

·are adequately represented by the choiee 

0 = 1, 

~ = 0.7' 

t}' = Oe4 and 8 = o. A choice (?> = 1.2, 

and b= o, reproduces satisfactorily: 

M.J.Seaton's impact parameter cross section. 

Considering a Maxwellian velocity distribution for 

electrons and utilising the cross section in eqn. (7.29) 
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we obtain 

I --
E{j 

kl'e,_ 

' 

Since E1j" = 2.269 eV. and kTe = 0.4 eV, 

-.Y 
) 

·and asymptotic value of exponential integrals is given by 

Griem (1964) e.s 
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Thus 

E2u ~ I I ) ---
kTe. kTes 

From e~ation (7.28), (7~'1) and (7.23), we get, 

( 
I I ) ----

k.\ee kl€. . 

From equation (7 .32), we can determine the values of 

n2(o)B. / 'lt2 (o) 

(7 .32) 

and the values have been shown in Table 7 .3. It is observed 

that as B increases, due to the coupled variation of 

ne...(o) and Te the value a:r 

also increases at least upto a magnetic field of 1000 gauss. 

TABLE 7,3, 

------------~--_,._.., ___ .....,_~ ..... ---------
t • 2. (I-u.L)s ' n 2 (o) 8 Magnetic field B Te 

(Gauss) • ' • 
1!2 Co) (eV) 2.lu.L I ' t ------------..---- ... -------=--:a---------

0 0.412 1.0 1.0 

255 0.313 1.068 3.0 

550 0.282 1 ~ 170' 5.7 

836 0.256 1.249 10.7 

1050 0.243 1.293 15.6 

... --~-=-=z---------------------=--=------
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7 .4_. Conclusions 

The triplet radiation lines of mercur.y namely 

< 13s1 ~ 63P o, 1 , 2> < A. 5461 1, A_ 435a A and I\ 4047 1> 
. . 

have the same upper level and consequently the intensity 

pattern of. these lines should behave in a similar manner 

when a magnetic field is applied, but as it has been 

observed that the effect of magnetic field is differentK 

as regards the variation of intensity and the occurance 

of maxima in case of three lines it has been assumed after 

Le's et al (1961) that these variations can be expl~ned 
. "-.., 

by considering the reabsorption of the spectral lines. Con-

sidering this effect, en expression for (l'U.L)s / Iu.t 
has been deduced. !Bhe elope of the, _line when (J uvL) B / T u1.. 

is plot.ted against :f tu.ALLL ex p [- ( E~- Eo) I k T e.B J 
gives a value whioh is in elose agreement with the theore-

tical calculated slope I 

( 
\\.1\ \' '2-

. .l. TI "1: c R k... ) ~o (o) B nv. (o)a/ nu.(o) 
3 ° 2 Tf 1% 

for two different di scherge currents, justify the assump

tion that self absorption ·factor plays a .dominant role in 

the intensity profile of these lines. 

In the next section a detailed mathematical for-

mul ation has been. presented showing a coupled variation 

of 1l e.- (0) with electron temperature. Utilising 
~t-. 

this relation an expression for the e~ted atom density 
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' . 

has: been obtained interms of the ·total integrated intenei ty 

of the three lines and the electron temperature with and 

without magnetic field. The results indicate that due to 

coupled ve.riation of electron density with electron tem-

.Perature, the·e~ted atom density increases with the 

magnetic field at least upto a field of 1006gauss~ 

Increase of electron derud: ty has been observed in case 

Qf a glow discharge in a longi tudinaJ. magnetic field. 

The rate of increase is however, much higher then in 

case of glow discharge ?.hich shows that an arc plasma 

is much more affecte~ by an external magnetic field. 
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CHAPTER VIII 

- /· 

PERSISTENCE TIMES IN AFTERGLOWS IN MERCURY .ARC lVIAINTAINED 

BY r.f. FIEI:tD IN PRESENCE OF MAGNETIC. FIELD. 
I 

8.1~ ·Introduction 

Study of the afterglow process in _decaying plasma 

end the measur.ements of the coefficient of recombination 

have been carried out by a large number of investigators. 

The study has prQvided ·us with information regarding the 

various processes of eiectron ion 'dissociative and radia

tive recombi~tion and their ~elative importance in a 

decaying plasma. The afterglow we are considering here ie 
\ 

o £ a different type thd that investigated hitherto in the 

sense that ~hereas in a normal afterglow the decaying time 

is .of the order of a microsecond ·or lees, in our eXperi

ments the glow was allowed to exist for a few tens of 

seconds by applying a radiofrequency field which provided 

additional ionization and allowed the plasma. to decS\Y' at 

a much slower rate. The object is to study the ionization 
. . . . 

and los mechanism in a decaying plasma. 

Since the iol;liZation- and 1ot;ts,_ •echanism processes 

are functions of an externally applied magnetic field, it 

was thought worthwhile to study the persistence time of an 

)r afterglow in presence of· a. magnetic field. The perturbation 

.. 
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in tbe· deionization processes that will occur due to the 

prese.nce of magne~c field is expected to.help us in iden

tifying. the main1operating f~ctors. Hence in the present 

investigation, the variation of persistence time of a 

decaying afterglow plasma in mercury vapour bas.been inves

tigated in presence of ~ radio frequency field both in the 

presence a:nd in absence of external magnetic field. 

8.2. Experimental arrangements 

Investigation has. been carried out in a mercury 

afterglow (admixed with dry air} in a cylindrical discharge 

vessel. As we are mo,re interested to study the behaviour 

of a recombining plasma With 13t1d without a magnetic ·field, 
. . . . 

the effect due to dif.fusion transport of charge carrier$ is . . -

to be lessened. Since the characteristic time of disappea-. 
·ranee of chargee by diffusion, varies with the square of 

the diffusion length, a better study of particle recombi

nation can be achieved by taking a discharge vessel of large 

diameter. Hence a discharge vessel of diameter 3.6 em. and. 

9 em. long was placed in between the pole-pieces of an 

x electromagnet. 

An outline of the discharge vessel fitted with a. 

simple mercury trap through a standard joint ts shown in 

Fig. (2.1). A d.c. mercury arc was generated inside the· 
.. 

discharge tube. To increase the pressure inside the 
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discharge tube so that diffusion of charged particles which 

is definitely ambipolar in nature, can further be diminished, 

dry air which acts as a buffer gas inf"luenci:r:lg ·only the dif.fu-

, sion and mobilities of the charges, was introduced by a vari&

ble microleak of a. needle val.ve. Two aluminium couplers, 

clanped in the middle of the discharge tube from outside, was 

connected to a Hartley oscillator to supply the radio frequency 

voltage. The couplers were seperated, by 2.35 em. The level 

tf the r.f. power supplied by the oscillator was low enough 

so as not to cause a breakdown of the gas. 

The arc discharge was run for a few minutes so 

that a steady condition was reached and the outside wall 

temperature was noted. Then the primary arc discharge was 

switched off. A glow which developed in wake of ewi ~ehing 

off persia ted for a few seconds and then disappeared. Time_ 

of persistence of' the glow was recorded by ·two stop watches. 
-

When there was no r.f. power to the coupler, no glow was . 
visible after the switching off of the parent discharge. 

The glow time was :measured under different conditions _of 

the discharge e.g. pressure, current of ·the parent arc 

die charge, outer wall temperature and with and without 

an anal magnetic field. 

\ 
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A description of the:-decat of visual. intensitY 

during the afterglow 

) 

The time variation of the total visual. intensity 

has been shown in Fig. 8.1. When the d.c. arc was swtiched 

off, a greenish white glow existed throughout whole of the 

discharge vesstl as shown in Fig. 8.1 A. Thereafter, the . . 

glow in the furthest regions from the coupler vanishe4 

first and this process of gradual disappearance of ,glow 
\ 

continued for a, few seconds. Ultimately the glow. su.rvi ved. 

only in between the couplers ~here ~he r.f. field existed 

as shown in Fig. a.in. In between the couplers, the glow 

shape was first an ellipsoid,_ then a sphere and lastly a 

spheroid. The colour of this glow,. in between· the couplers, 

was 1m bluish wbi te and after an interval. of a :tew seconds 

it also vanished. 

It was.observed that the persistence times of the 

glows in the field free region (outside the couplers) an4 

in the regian wi~h an applied r. f. field (in between .the 

couplers) vary in different ways with other parameters of 

the discharge. This led us to divide the total pe.riod of 

persistence of the glow in two parts. The first part is the 

· persistence time type 1 which is the measure of period 

starting from swi tcbing off of parent arc discharge to the 

moment when the glow was confined only in between the 
. - I 

\ 

couplers. Thus in this period the glow in the field free 
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Fig. 8.1. Decay of mercury afterglow maintained by 
r .. f. field: At the beginning the afterglow . 
filled the total discharge tube (A) then 
the glow at the furthest points from. the 
couplers disappeared gradual1y (B and C) 
and lastly the glow survived only in bet
ween the couplers (d) for a while and then 
disappeared completely • 

. •' 
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region, outside the couplers, slowly di~inishes in si~e and 

ultimately give~ away to the glow surviVing :.t in between 

the aluminium couplers. The next part, persist~nce time 

type 2 is the record for persistence of glow in between the 

couplers only. As soon as persistence time 1 was over, 

·recording of persistence time 2 begins until the glow 

disappears totally. 
. 

As these two types of persistence times vary di.ffe-

rently with discharge candi tiona, it may be concluded 

that different mechanisms are responsible for their sur
vi val and ertincti on. 

- : 

It may be noted that persistence of the glows 

was observed visually and times were recorded by two stop

watches. The demarkation between the two types is not a 

sharp one, ratb~r the transformation is gradual. As such, 

an error of ± 1 to 2 seconds _in recording times could not 

be avoided. Nevertheless, the persistence times for glow 

are in the order of tens of seconds, so this possible 

error in the recordings of times is expected to cause not 

milch appreciable error. In this investigation, we have, 
I • 

however, recorded _the persistence times only.-Generally 

for fuller informatio~ of an afterg1ow, densities of 

different particles are measured as a fQnction of time. . -

A plot of them is analysed with rate or continuity equa

tions of particles and with a knowledge of electron· tempe

rature relaxation, different macroscopic co-efficients for 
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the particles are measured. Simply a knowledge of persistence 

time, can· not give a clear picture of the decay rates of par

ticles. Lastly, the disappearance or occurence of a discharge 

was inferred by visually observing the glow. So when the glow 

vanished, we considered that the afterglow ceased to exist. 

But ~he dec&J rate of charged particles may be different 

from the decay rate of exeited atoms which are responsible. 

for creating the visual picture of the glow. Generally 1 t 

is believed that, during the decay, producti.on of new char

ged particles ceases, and concentrations of charged parti

cles then decreases by different loss mechanisms li~e 

recombination, ambipolar diffusion etc., approaching a 

finite but small va1ue. However, for an analysis of expe

rimenta1 data we bave correlated the visual glow with the 

plasma since the radiation is defim tely an electron -

atom process (either it is a recombination radiation or 

a electro~ excitation radiation) •. Hence, due to this 

limitation no attempt has been made to put forward a 

quantitative analysis.of the experimental results. 

8.4~ Results and Discussions 

8.4.1. Without a magnetic field 

(a) Variation of persistence time 1 with pressure 

Two types of glow persistence times e.g. 

persistence time 1 and persistence time 2 are found to 

\ 
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. vary with conditions of the. discharg~- differently. Fig. 8.2 
J • 

sho~s a plot of persistence.t1me·1 Vs 1/Ptot• Here Ptot is 
\ . 

the total pressure inside the discharge tube i.e. Ptot = _· 
. . ' 

Patr·.·.r~ + P!Ig• · It can be seen the.~ w~en Ptot ,:Ls comparatively._ 

large ( Ptot > 0.5· torr ) , persis.tence time 1 is directly 

proporti~nal to 1/Ptot• In the field free region, when the 

arc current is o fft the electr~ns of the parent discharge 

ydll be lost by ambipoler diffusion, attachment and by disso-. . 

ciative recombination. It is~ however, assumed that the r.f •.. , 

field produces ioniza~on in ·between the couplers and due to 

the diffusion of charged and other particles from the source 

region (region with an r. f. field ill between the al.uminium 

couplers), the loss p~ocesses in th~ field free reg1on will 

be delayed, thus making the glow in field free region to 

,continue for a longer time. After being created in the 

source region, the charged particles will . diffuse awq 

through the couplers, . hence the diffusive gain. term will 

be proportional_ to 1 IPtot• 

For. attachment lo~s, three processes may be 

considered• 

e + Hg + Hg ~ Hg +Hg (8.1) 

- - (8.2) e + 02~0 + 0 

and e.+ o2 +X~ 
C)":'"" + X 

2 (8.;) 

For first of the p~ocess's (8.1) the reaction 

rate will b~proportional to 
'l. 

n Ha i.e. PH.g2• But as 

'· 
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oxygen, an electromagnetive gas, is present in abundance 
. . 

·when Pair ) PJlg . (when Ptot ) ?·5 torr), we can dis-

regard the process. The dissociative _attachement process . 
(8.2) is 6enerallY believed-to be of importance when Te 

is comp_e:ratively high. Hence where T
9 

(as fle the case x 

in a decaying. dis charge)· is compar~ti vely small, this

process will be of lesser importance. The ·t~eebody atta-
-· t \ 

chment ~rocess (8.3) is proportional to Pair2 • X i.s a 

~tabilising molecule, both 02 and N2 molecules can take

part in the process of stabilisation. Where attachment of 

electron is a dominating lo~s mechaniefo it is observed 

. that negative ions generally accumulate in the volume. 

They tend to rem8.in in the body of the afterglow owing -to 
. . 

the disposition of electric field which builds up. This 
- ' 

accumulation of -we ions• which should be proportional to 

time, influences the _electron ambipolar ~iffusion coeffi

cient Dae• Truby ( 1968) has shown that 

(8~4> 

here l)o...-t is the ambipolar diffUsion_ coefficient for 
. ' 

positive ions and .. n _ is ·the number density of negative 

ions. Thus, 'ba.e.. increases as '11- increases for a 

constant value of -·Do..-t throughout the electron decay, 

process. In this way attachment loss can be interpreted 

as an enhanced 1 diffUsion process. 
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The last of the loss processes is the recombination 

process. For mercury it is a dissociative recombination and 

the dissociative recombination being a two body process is 

independent.of Pa1r• _ 

In th~ comparltively high pressure region, the 

straight line (passing through the origin) plot of persis

tence time 1 with 1/Ptot suggests that the gain of particles 
I 

by a diffu19ive now.from the source is beJ.~ced by recombi-

nation which is pressure independent. Tb.B breakdom from 

linearity in the low pressure regi. on, may be interpreted in 

terms of other pressure dependent loss mechanisms like ambi-
. I 

pol at" di-ffusion. It is evident from Fig. 8.1 that at the 
. . 

further point from the source t~e glow in field free region 

begins to disappear ~rat, then this pr9cess is conducted 
-. 

away towards ·the source. The wrq, glow i.n field free region 
lS 

diminishes, sugge•ts that .l~ss processes I\ a volume phenomenon •. 

(b) V8.riation of persie'ten~e 'time_ 1 with ~·f. field strength. 

In Fig. (8.2) thedependence of persistence time on 
' ' -

r.- f. field strength may be observed. The persistence time 1 

increases with the r.f. field which was applied to the source. 

This dependence is also evident in Fig. (8.3) where corres

ponding to . Pa1·. = 1 torr, persistence time 1 is plotted . r . 
against r.f. 1kR field applied to the ~ource. Thus it may be 
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assumed that electrons and ions that diffuse out axially 

from the source also carry their energies which should b~ 

proporti onaJ. to E/ Ptot' _where E is the r.f. field in 

the source. As these electrons further diffUse axially in 

the field free region, they lo9se much of their energies 

in el estic collision with air molecules. Some o:f them, the 

high energitic ones, lo9ee energies in inelastic collision 

like collisional excitation of mercury atoms and vibrational 

excitation of nitrogen ana oxygen molecules. They may also 

gain.some energy in collisions of second kind. The relaxa

tion time of Te should be directly proportional to % Ptot• 

.Thus at the furthest point of the source. electrons may be 

considered to be nearly thermalised, 'making recombination 

high and the glow disappears. It may also be noted that as 

time elapses, gas temperature also decreases as heat is 

radiated to the surroundings by the discharge vessel. This 

reduction of gas temperature will be effective in an enhan

ced recombination of charged particles. For the reduction 

of gas temperature, the number density of me~cury atoms 'nHa

will als? b~ effeetiv~ly reduced. So there exists a gradient 

of T in the field free region along the axis of discharge . e 
tube. 
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(c) Variation. of persistence time 2 with pr~ssure 

The persistence time 2 varies· with pressure .in a 

different way. T.his -variation has 'been shown in Fig. (8.4). 

It is observed that persistence time 2 first increases with 

pressure. In a certain interval of pres.sure.,the glow in 

between the couplers, giving rise to persistence time 2, 

never diminishes so long r~f. power·is supplied. Thereafter, 

persistence time 2 .decreases e.s pressure i;ncreases. 
- . . -- ' ' 

When the primary arc is switched off; ,-ne is in 
• I 

. 13 ' . . the range of 10 em- corresponding to the arc~ As time 

passes on, ·Y1e. decays. When 11 e..· equals a critical 
\ ·I 

·;:[" · vel.ue 'Y1 c..., _a. glow is sustained in between the coup;_ 

. ........ 

. lers. In this ·region electrons are heated .by the r.f. -f:ield. 

During this period, visible -mercury lines (only mercury 

lines ,were observable) wa~· observed through a constant 
/ 

deViation spectrogra~h. ,-The line intensities increased 
. I 

me.rkecriy !with the increase of r.f. electric field. It appea-
. . 

red that. the glow intensity_ ( t~pe 2) did not diminish with 

time slowly, on the otherhand it remained fairly constant 

and at a certain moment very rapi~ly became zero and the_ 

glow disappeared. The only· factor that changes dur~ng this 

period is the neutral particie teD.lpera.ta'"f'e T%" or outerwall 

temperature . , owi;ng to the radiative cotling of 
J • 

the .discharge vessel.· So a cooliM down o:r discharge ~sse1 
.\ ' '.I ' 

e,ffecti vely influences the p_rodu~tion f.Uld loss processes of 

this sustained glow •. Owing to the dec:{,'ease of T w when 

1 • 
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the gain and loss processes can ·not bal.ance each other, 

the glow vanishes. The processes in this glow are· very 

complex. As Tw drops, llHg . ·hence Ptot also is re

duced. This will make -i)-m the collision frequency. o.f' 

electrons .f'or momentum trans.f'er·to change with time. 

Si:nce Ee. , the effective field that wili produce 

the same energy transfer as a steady field, is given by 

(8.5) 

where E and W ere the r.m~s. r • .f'. field and angu-

lar frequency o.f' r.f. source. Ee decreases with time 

and so the power absorbed .f'rom the r • .f'. field will dec- . 

. rease. It is well lqlown that for an r.f. discharge ioni-. 

sation rate is a very strong function of elec.tric field, 

a substantial change in vi., can be caused by a tiny , 

change in Ee. Thus at a· time when production terms can 
/ 

not supplement for the losses, the r. f. ~ow in between 

.the coupler vanishes. 

It was observed that as Pair · (hence Ptot) inc

reases, the ·outerwall te~perature corresponding to ceas

ing o.f' persistence. time 2 st first decrease and then in

creases. The cases o.f' sUbsistence of glow so long r.f. 

power is -supplied in some pressure interval may be 

interpreted by considering that the temperature at which 
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these glows will disappear are definitely .below room tempe-
. " . 

\.- ,· 

r~ture. As . Ptot increases,. Ee/p· · inc.r~ases ·which will mak_e 

v;_J ~ to increase. For this _glow where. Te is compa-
. I , 

ratively high, radial ~bipolar diffUsion.loss will be most 
. ' 

dominati~g lo~ s uephanism. k T, e... 

· where M is the mass of. h~avy· particles and 

ion-neutral co,llision frequency, also .decreases with pressure~ 

But at comparatively high pressure, owing to increased energy 

loss of electron in elastic (also rotational arid vibrational 

excitation) collisions, ionisation rate will be ·decreased. 

The presslire dependence of Tw (hence, the particle gene

ration. end loss processes) may .bes.t be interpreted by con-

. sidering the a.e. ionisation coefficient defined by Brown 

~cm (1959). When loss is .by diffusioJ:J,, a..e. ionisation 

coefficient ? =. :P~ / :Do..E2. first increases 

rapidly, then after passing through a maxima ~ecreases 

as E/p increases. 

Since rate of cooling, determining T ~ , has 

. · significant effect on tht discharge, care was taken in the 

·. recordings of persistence time 1 and 2 that the discharge 

tube may cool down in the same surrounding. 

(d)' . Dependence of persistence times with varying 

arc currents 

Dependence of persistence times with current of 

the primary arc discharge was observed in two different ways. 
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First the primary arc was allowed to burn for ·different

currents for different ~ime interval so that T w at 

the moment of swichi:ng off of primacy- 'arc, remained same. - . . . . 

In this way the heating effect ·of the current may be dis

regarded and only the dependence of persistence times 

with 'rle.. of primary arc may be observed. Results have 

been shown in Table 8.1. Secondly, the primary arc was 

burned for a fixed time interval of 4 minutes with diffe-· 

rent current. In this way T w during swhiching off 

varied as well as · II e • In Table 8.1, it is seen 

that persistence ·time 1; probably depends on 1'1 ~ but · 

persistence time 2 does not. But considering the range of 

accuracy of ~ea.eurement nothing, specific mav be concluded ., 

upon. 

When primary are was burned for fixed interval 

.. of 4 minutes ·so that Tw.· at switching o:er varied per

sistence time 1 is seen to vary linearly \v.ith current 

(Fig. a.S). In this fig. variation of ~w with current 

has also been shown. It appears that proportionality cons

tants for. variation of persistence ti.me 1 and "Tw at 

swiching o'£f with current are the same • 
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TABLE 8,1 

Variation o~ persis.tence time wlth 11e ...• 

- -- ... - _. - -- - - ~ - ·- ... - - -- - - ..... - - .... ~ - ~ ~ -- - - - .._ -
Pair 

(torr) 

' r.m.e. 
• field 
, r.f. 

t 

• 

source 

(volts/ 
em) 

0.975 40,86 

o:f 

' ' Current Persis-
• in prima-' tence 

• 

·r.y arc time 1 

(ampere) 

2 

2.4 

2.8 

3 

• (Sec) 

• 
• 

74 

77 

77 

79 

' Perai~ • ~ at ' lw · w when the 
, iBO , the mo- ~ 1 . 

tence . ment of g ow J.n-
' time 2 • • swit-' side r.f. 

(Sec) , ching , field 

' 
' 

106 

109 

103 

107' 

, off of' disa-

' primary ' ppear 
t -

' arc (oox (0 0) 
9 --------------

85.5 

85.75 

85 

85.5 

69 

68.5 

~9 

68 

--~-~--~----~---~ 

___ .,. __ ._. __________ ..,.__ 

3.8 19 277 69.5 52.75 

4 19 277 69.5 53.5 
1.2 42.56 

4.2 18 281 69.5 52.5 

4.4 20 275 69.5 53 

4.6 21 276 69.75 54 

----- - ~- --- ..... -- ... - -- ~-- .... ~ ~ --......--- ..--- _ ... __ ._-
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So it may be concluded that rise -in T is the. chief cause . w 
for the increase of persistence time 1. This i$ fUrther 

evident in Fig. ~8.6) where ~ersistence time 1 is plotted 

against :Tw at the switching off o,f primary arc discharge 

of 2.4 emp., run for dif£erent time intervals. 

Considering the case of persistence time 1 we m~ 

c9nE!ider the wayfl how .tw (also Tg) enters into the rate -· 

processes. 

~) 

ii) 

. 
In the process of associative ionisation in t~e 

+ formation of lfg2 , Tg enters explicitly in 

the reaction rate. In chapters Vr:t. and VII it 
has been . shown that Hg; ions are the chiefly 

ionised species. 
. '' 

Quenching rate for heavy ''particle metastable 

~evels will increase with Tg• An effective 

quenching process of.merc~y. 63P1 atoms by N2 

is Hg (63P1 ) + N2 -4 Hg (6~P0 ) + N2 + 0.218 eV. ·· 

· •••• (8.6) 
-

It has been ¢i.scussed by Mitchel and Zemansky" (1961) that 

the. enero dise:r;epancy of 0.218 eV. in this reaction is 

taken ,up by N2 molecules .as .. vibrational energy. But when 
I .-

' 

the neut~al particles are hot .enough, much of N2 . molecul:es 

will be in vibrational state, so that reverse reaction e.g. 
' 

Hg (63p
0

) ~ N2 ~ Hg. (63P
1

) + 'N
2 •••• (8.-7) . 

' ' 
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m~ be one of.the important processes that populate 63P1 level. 

-iii) 

iv) 

\ 

As Tg .increase, Te also increases. 

The diffusion coefficient of metastable atoms 

decreases with gas temperature. It has been shown 

by Chapman and Cowling ( 1970) that coefficient of 

mutual diffusion of a gas is given by 

3 ~ '- 1r2 D ''2. -::: R T a ( "m 1 -+ rn2) 1.' 
8 ( n1 + n.1.) Oj'l'l. 2 rr m1. m..2 J (8.8) 

where V,
2 

= ~ (o;_ -t cr;) the diameters of atoms 

with densities n1 ' n2. and masses crY11. 

and m.'l • Equation (8.8) predic.ts a decrease of 

diffusion coefficient of metastable atoms with 

decrease of gas temperature. 

For a better understanding of invididual reaction 

·processes in persistence time 1, we write down the conti

nuity equation of the par~icles. For molecular ions Hg; 
with den~ity nl).+ 

here r is a particle f1 ux, no ' 

are the number densities of 63P
0

, 63P1 

'll'l ·and ~1+ 
and Hg+ ions 
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respectively. 0\ is the two body dissociative recombination 

coefficient, -De:... is the collision integral for three body 

conversion of atomic ions to molecular ions. < t5r cr-') a.ss 

is the collision integral for associative ionisation and 
I, f (1/ pt:ot , t) is the diffusive ~ source 

term. The source term may be considered as 

Ylc...(-t) is the average particle density at the position 

of coupler and z is the direction of discharge tube axis. 

The flux due to r.f. field mobility may be disregarded. 

For atomic ions, 

. d_ '"n :t+ ( '"<'' -z., t:):::: V. r.,... ("r', -z., t) -vc.. pto~ 'n1t (8.'10) 
~~ '11~ 

-t j (1/'Pto't >t) 

We have disregarded recombination of Hg+ ions which may 

of the type 

where. BC 

+ A + e. -t- BC * * ----7') A+ BC. (8.11) 

'v'o.l~ 
is anmolecule which is excited rotationally and 

(\ . 

vibrationally to BC*. 

) 
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In the above rate equations it has been assumed 

that apart from associative ionisation no fUrther ionisation 

takes place in the field free region. o:r course field builds 

up for the space chargee that produce ambipola.r diffu.sion. 

The plasma is field free in the sence that apace charge 

field is so small that it can not contribute to ionizationo 

Since charged particle neutra.li ty is not appre

ciably disturbed, for electrons, 

cl:n 2 + d. 'Y\ -:1.+ 

&-toU: (8 •. 12) 

For atoms, 

(8.13) 

where Vll 0 is the loss term given by 

(8.14) 

the first term being diffusive loss, the second loss :for 

associative ionisation and the other terms are quenching 

by heavy particles. 8' ( P > t) is the gain term given 

by S = gain by recombination 

(8.15) 
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Here also electron collisional. excitation transfers are 

neglected and :f ma.y be considered to be equal to\]."'D \Tz.no 
. . '1'1"\ . 

For 63P1 atoms, II1echanisms will be different 

depending on Z co-ordinate. 63P1 being a resonance level 

:imt its effective life time :a is of the order of 10-5 sec. 

which is very much sma.ller than the persistence time. So 

at a point ne~rer the source, loss for 63P1 atoms will 

be mainly supplemented by diffusive flow from the source . . 

whereas at the furthest points, generation will be mainly 
. J 

by reactions of ~pe (8.7). 

These continuity equations .along with an equation 

for time variation of Te' giving proper weightage for the 

nature of electron energy distribution function and its 

space variation,. if solved simultaneously the phenomena of 

afterglow can be described. In simplified c.ondi tiona like, 

particle 8 diffuse in their fundamental diffusion mode, ex 
does not depend on space and time, electron energy distri

.bution is Maxwellian and space and time independent, the 

continuity equations can be solved for appropriate boundary 

condi tiona and equations. may be obtained for time variation 

or dec~ for particle densities. However, persistence time 

can not be calculated from the solutions • 
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Jb,en an axia1' magnetic_ fie1d is present 

Results, when an axial magnetic fie1d was present, 
. -

have been shown in Table (8.2)J. For a1r sets> the primary 

arc was run for 3 minutes at a current of 4.2 ampere. The 

discharge tube cooled in the same en~oronment dUring time 

recording. Magnetic field was· -stiched on just before the 

switching off 9f primary discharge.· For readings marked by 

a star ( *) in Table (8 .2), an instability deve1oped during 

late times of persistence time 2, the glow,.flickered and 
' ' - -

ultimately disappeared. It is observed that persistence 

time 1 does not change with magnetic field, whereas per

sistence time 2 definitely. increases with magnetic :field. 

The outerwa11 temperature when g1ow in the r.f. field 

ceases to exist, decrease with the magnetic field. Visua

lly it was observed that as magnetic field increases, the 

r.f. glow, generating persistence time 2, becomes more 

bright. When a~ axial magnetic field is present, effec

tive; r.f. field is given by 

E 
2.. . . E'l 

e.blr . = 
{8.16) 

where cob·= / e.. B I --m } = 1. 77 x 10 7B, .B is the value 

of magnetic field in gauss. As B increases, E err 
decreases and so tlle power a.bsorbel/

1
• A .ma.o'l'letl· c 

~.. field will 
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affect the glow in another way. The path of electrons lost by 

ambipolar diffUsion will be changed and diffUsion will be 

reduced as fUndamental diffusion length is changed to 

(8.17) 

As diffusion of charged particle towards the wall decreases, 

the energy carried by a pair of charge particles towards the 

wall where they are neutralized by recombination, also dec

reases. For discharges we are considering, energy is carried 

mainly by diffusing charged particles and deposited to wall 

as neutralisation energy. So the magnetic field affects the 

energy balance terms of the wall. As the glow exists for 

longer time in a magnetic field due to a reduction of 

diffUsion loss, Tw cools down. 

It is interesting to note the invariance of per

sistence time 1 with axial magnetic field. We have already 

discussed the continuity equations for the particles. The 

chief prodUction process is the axial diffusion of particles 

from the source. Since axial diffusion does not depend on 

an axial magnetic field, the production process wiil not 

depend on magnetic field. Hen~e the constancy of the per

sis~ence time 1 in magnetic field makes the particle lose 

terms also independent of magnetic field. The embipolar 
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dif~sion, one of the loss process will be mainly axially 

(as . L is shorter than R in the fieid free region) which _ 

--will' be .invariant in magnetic fiel:-d (equation 8.17). The 

pressure inside the discharge tube and its size was so 

chosen that recombination may dominate over diffusion. So 

it may be concluded that sum. total of recombination and 

diftusi-on losses does not depend on magnetic field. Con

versely, since losses do not depend on magnetic field, 

dissociative recombinatiop is the li: o!)l.y dominating less 

mechanism in the field free region. This is the same 

argument that was forwarded by: K~ckes et aJ. ( 1961) 'while , 
'• ' 

~ investiiQing the dec~ of helium plasma in B~1 stelle""" 

rator. As they observed that loss rate is independent of 

magnetic field between 2.9 and 3.5 kilo ·gauss, 'it was 

concluded that plasma was, recombination dominated (for_ 

helium 1 t is collisional radiative recombination~r-, and 

diffusion is negligible. 
·, 

However, in our experiment magnetic fields used 

were comparatively low so that no definite conclusion 

can be. drawn for the bahaviour of recombination reaction 

in a stron~ magnetic field as desired-by Fowler (1978)~ 
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TABLE 8.2 

Behaviour of persistence times in ~ axial magnetic field. 

T -,- - - - - -- - _.. - - - - -- - - - ~ -- - - t - - - - - - - - --
Pair · , r.f .field • Magnetic 'Persis- ' Persis- - , . Tw at ' Tw when · 

(-to~r) • - ···:rield 'tence 'tence , switchin~ r.f. 
. , ( vol ts/cm), (gauss) 'time 1 • time 2 , , off .of • giow dis-

' (sec) ' .(sec) - • prilla.ry ' appears 
- ' . ' • dis~hargfl ( oo) 

.... --- ..! - - - - - ' ... - - - - ..!. - - - - ..! - - - - - '- _(!0.1 - ~ - ... - -

0 16 233 68 56.5 

180 16 261 68 55 

1.05 42.56 350 16 306 67.75 52.25 

. Ji&. 520 15 374 67.75 49.5 

675 15 351 (*) 68.5 - 50.5 (*) 

- ' 

-~----~--------~--~----------------~ 
0 12 179 68.75 60.5 

180 13 241 69.75 57.25 
1.2 42.56 / 

350 13 247 (*). 69 57.00 (*) 

520 13 294 69.5 54.5 

675 13 358 69.5 51.5 . --------------------------------------0 10 1.59 71 63 
180 11 167 70.5 62.5 

1.4 42.56 350 9 ~87 69.5. 61 
675 11 206 70.5 60.5 
1090 12 234 71.5 59 

- - - - - - - - - - - - - -- - - - - - - -· - - - -- - - -- -- - -- -- -- - . ·o 13 . 167 '69.25 62.5 
1.80 14 177 69 61.75 

1.2 40.86 .. 350 13 '196 69.26 60.5 
520 14 '223 69.25 58 
675 13 298 69.25 54._75 

- -- - -- - - - - - - - - - -- - -- - - - - - - - -- - - ~ - - -. -- - - ., 
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SUMMARY AND CONCLUSIONS. 

Summary 

In the present work measurements and calculations 

of some plasma param~ters are described relating to the 

positive column of glow and arc discharges with and without 

magnetic field. The investigation was par~icularly directed 

·to evaluate the properties of magnetoplasma which are deter

mined by different methods in the following experiments. In 

the interpretation of.the results the basic physical pro

cesses operating in the discharge have been sought to be 

evaluated. 

A. Me'asurement of electron temperature and electron 

density in low density magnetised plasma by 

probe method. 

A Langmuir probe was utilised to measure the 

electron temperature and electron density near the axis in 

ionised molecular gases like air, hydrogen, oxygen and 

nitrogen. The limitations of the probe theory and precise 
' method in measuring electron temperature and electron 

density both in the absence and in presence of the mag

netic field have been discussed and experiments have been 

performed under the condi tiona in which the assumption of 

probe theory are strictly valid. It has been observed that 

in case of tranSverse ma.gnetic field, the electron tempe

rature increases whereas the radial electron density 
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decreases and in case of longitudinal magnetic field, the 

electron temperature decreaseex· and the axial electron 

density increases. The results are ~ quantitative agree

ment with theoretical deductions which take into account 

the influences of magnetic field on the plasma balance 

equation. Further, it i(s noted that in case of molecular 

~ gases the electron energy distribution is Maxwellian in 

presence of or in the absence of magnetic field, but in 

the former case it becomes a function of the reduced mag

netic field B/p. 

Measurement of electron temperature in glow 

discharge in transverse magnetic field by 

spectroscopic method. 

The electron temperature in the positive column 

of d.c. glow discharge in hydrogen and helium and aec. (50 Hz) 

glow discharge in helium as a function of transverse magnetic 

field in the range of 0 to 1000 G has been obtained by_ mea

suring the intensities of two spectral lines. Since the elec

tron number density in the column is of the order of 1010cm-3, 

the semicorona model suitably modified has been used to cal

culate the plasma electron temperature in a magnetic field. 

After detailed analysis a:n appropriate cross-section for 

electron collisional excitation has been utilised, which 

enables a fair determination of electron temperature. 
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It has been observed that for low values of reduced mag-

netic field, the results are in quantitative agreement 

with existing theoretical deductions. 

c. Mercury· arc plasma in an axial magnetic field. 

The electron temperature of a mercury arc plasma 

(arc current 2.25 A and 2.5 A) has been measured spect

roscopically in an axial magnetic field varying from zero 

to 1050 G. It has been noted that electron temperature 

decreases with the increase of magnetic field. Considering 

the physical processes involved in a mercury arc discharge. 

where the buf.fe~ gas is air and the pressure is low, a model 

has been developed in which ax air plays the role of quen

ching gas, and it has been found that in this type of 

~ischarge both atomic and molecular ions of mercury e~e 

present. Assuming the presence of both types of ions, a 

radial distribution function for the electron density has 

been deduced and an expression for le.. / Tea has been 

obtained. Variation of arc current and voltage across the 

arc with axial magnetic field has also been noted and the 

variations have .been interpreted in terms· of the effect 

of magnetic field on the diffusion of plasma electrons. It 

has been found that within the range of B/p values used, 
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the experimental results are in quantitative agreement 

with theoretical deduction. The increase of axial elect-

ron density in axial magnetic field determined by probe 

method can also be explained by the theory developed. 

D~» Enhancement of spectral intensities of mercury 

triplet lines in longitudinal magnetic field. 

Enhancement of spectral lines of mercury 

sharp series triplets with longitudinal magne.tic varying 

between zero to 1500 G field has been studied. A theo-

retical model has been developed which includes the 

effect of self absorption of the lines to explain the 

enhancement of intensities. It has been observed that the 

experimental results agree :fairly well with the theore-. 

tical model. Moreover, the plasma balance equAtion of 

the mercury arc plasma with and without magnetic field 

has been reconsidered and v.sxiation of mercury metastaele 

level population with longitudinal ·magnetic field has 

been determined. 

E. Persistence times in afterglows.in mercury arc 

maintained by r.f. field in presence of 

magnetic field. 

In presence of an external radio frequency field, 

when the main arc current is switched off, it has b~en 

obse~ved that the glow persists and this glow can be 

distinctly identified as two individual processes 
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depending upon their time of persistence. The persistence 

time T1 which extends throughout the tube is directly 

prop~rtione~ to inverse of total pressure, and increases 

with the increase of i~tensi ty of r.f. field whereas 

persistence time T2, within the r.f. couplers, first 

increases with pressure, never diminishes as long as r.f. 

power is present and then decreases as pressure is inc

reased. Regarding the variation with arc current it can 

be stated that T1 depends on electron density and hence 

on current but T2 is independent of it. The effect of 

magnetic field is to change the persistent time T2, but 

. T1 is not affected by the fi:eld. These general observa

tions have been sought to be explained qualitatively by 

considering the effect of pressure, temperature of the· 

arc and the magnetic fiel~ on the process of generation 

of charged particles, loss by diffusion and the process 

of recombination. 

In general in all the experiments, the discharges 

chosen w:EK were of low pressure and low input power so 

that influence of magnetic field on the plasma parame

ters is fairly measurable. 

\ 
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Conclusions 

The investigation shows that the results 

obtained by different diagnostic methods agree £airly 

with theuretical deductio~s. In this way the diagnos

tics can be very useful in the investigation of posi

tive column of the low pressure discharges within the 

range of measurements. The magnetic field influences 

the plasma'loss processes. As the particle losses are 

changed in magnetic field, the plasma in positive 

column adjusts by changing the particle generation 

processes and the plasna parameters change in presence 

of magnetic field. These investigations thus provide 

useful information regarding the actual physical pro

ceases occuring in glow and arc di echarges and how 

the nature of these physical processes change when 

the plas na is confined by an external magnetic f{eld. 




