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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 
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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. 



\ 

~

y 

. -~ ;- --;""""~' . 

168 

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) 



i 
~· 

> 

185 

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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