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LOW DENSITY PLASMA IN 

i 

I 
I 
i 
I 

A MAGN~TIC FIELD 

j 
When a magnetic field acts upon a 1low density plasma 

as in the case of glow discharge, variou~ changes such as 
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increase of equivalent pressure, decrease in length of cathode · 
l 

dark space, a change in radial ion densi~y in the positive 

column and marked changes in the voltage 
1
current characteris-

\ 
tics of the discharge take place. Theore~ical interpretation 

I • 

of the phenomena has been provided by T~nsend (1938) and by 
i 

Allis and Allen (1937) who have investig~ted the motion of 
' 

electrons in the presence of electric fi~ld, a magnetic field 
I 

and a concentration gradient. Most of the experimental works 

bave been done in longitudinal magnetic ~ield. The effect of 
I 

a transverse magnetic field on the·positive column as regards 

the electron temperature, electric fieldland electron density 
! 
.1 

has been calculated by Beckman (1948) onla theoretical basis 

and the calculations agree fairly well with the experimental 
l 

': '1 

results obtained in the case of hydrogen~ nitrogen , neon and 

helium. The general. effects of a trapsve~se magnetic field 
I 

' have been investigated by McBee and Daw · (1955) on an unconfined 

glow discharge in air within the pressur4 range of 0.3 to 10 

torr arid discharge current from 0.05 to ~.5 Ampere with the 
. i 

magnetic field varying from zero to 70001gauss. They found 
I 

with probe measurements that the anode a$d cathode fall first 
I 

decrease and then increase, along with this the positive 



column and the anode region become more l~inous. The variation 
i 

of discharge current in a transverse magn!etic field (0 to 3000 
I 

Gauss) has been studied by Sen and Gupta·. (1971) in the positive 
I 
! 

column of a glow discharge in air, carbondioxide, hydrogen, 

helium and neon within the pressure rang~ of 80 to 200m torr. 
i 

The current increases with the magnetic field and shows a 

maximum at a part.i~ular value of the magnetic field which is the,:: 

.same for all the gases and independe,nt o'f pressure for the 

same initial discharge current. Uti liz in~ Beckman 1 s expression 

(1948) for the axial electric field and the radial electron 

density in presence of a transverse ma~etic field a detailed 
i 

,mathematical theory was advanced which could explain the 

resnlts satisfactorily. Besides the change in these parameters, 
,, 

magnetic field in a low density plasma ~ill produce Hall effect 

and also affect the process of diffusion. 

A method has been suggested by Sen, Ghosh and Ghosh 

(1983) for evaluation of electron temperature in a glow discharge 

by measurement of diffusion voltage. In presence of magnetic 
i 

field, however, the voltage which is measured between the two 

probes one at the axis and other away frc.m the axis will be 
I 

affected both by the diffusion process 
1 
and the Hall voltage 

•' 

developed between the probes. Hence to)calculate the electron 
I 

terr.peratu.re in a transverse magnetic f~eld by the methods 
) 

suggested by Sen, Ghosh and Ghosh (198~) the two processes are 

to be separated and only the diffusionlvoltage 
I 

has to be taken 

into consideration in calculating the electron terrperature from 
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the expression (Sen, Ghosh and Ghosh, 1983)1 
. I 

kTeH 
e 

-· 
loa[J0 (2·4oof) exp(- aH)J 

b .. 
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(5.1) 

where,. in presence of magnetic field, TeH i;s the electron 

temperature and VRH· is the diffusion voltage measured between 

the probes and 

and 
I '2. 

C,=t-%. ~ ) 
~ r 
I 
I 

discharge. 
1 

L is the E is the axial voltage drop per em of the 

mean free path at 1 .torr, v r is the random jveloci ty of electrons 

and r is the distance between the probes. 

Results and discussion 

l 
In the first part of the work, the variation of discharge 

' 

current in air at different pressures where) a transverse magnetic 
l 

field is present has been measured. ·rhe re~ul ts are presented in 
i 

Fig. 5a for pressures 0.10, 0.20, 0.25 andJ0.30 torr with 

ma~etic field varying from zero to 900 ga~ss. It is observed 
' 

th~t the current gradually rises (Table 5-IV, Fig. 5a) and attains 

a maximum value near about the magnetic fi~ld of 400 gauss for 
I i 

all the pressures and then gradually decredses. Similar results 
! 

have been previously obtained by sen and Gqp-ta (1971) in case 

uf air and ot.her gases. The results were explained by assuming 
I 

! 

the effect of magnetic field on the axial eilectric field and 
,I 



--+ 

166 

r~adial electron density distribution and it was shown that 

the magnetic field at wnich the discharge curr:·ent became a 

maximum was given by 

( 5. 2) 

where Te is the electron temperature and k is the Boltzman 

constant. The value of the magnetic fieldi as calculated from 

equation 5. 2. was in very good agreement w
1
ith observed experi

mental results. Since the main object of 1this investigation 

is·to stu6y the effect of diffusion of charged particles in 

the magnetic field in a low density plasm? the whole physical 

process occurring .in a magnetised plasmajhas been reconsidered. 

It is observed frcm the present experimental work that 
I 

the cu~rent through· the glow discharge piasma changes in 

presence of transverse magnetic field. 4iso the process of 

diffusion changes in a transverse magnetic field. Since the 
1 

drift current arid diffusion are basically ~ontrolled by the 
I 

random velocity of electrcns and ions inia plasma, there must 

be a change in the random and drift velocity of electrcns and 

,ions under the action of transverse magnetic field. we can, 

however, neglect the change in drift and/ random velocity of 

i?ns because of theiz:· large mass and hen~e low contribution 

:to the flow rate either in case of curr~nt or in case of 
I 

'I 
diffusion. Since the flow of electrons towards the direction of 

drift and towards the direction of difftision comes from the 
. I 

same plasma space, there must be an inc~ease in the electron 
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flow rate in the direction of diffusion lf there is a decrease 

in the direction of drift velocity and vipe versa. 

i If this really har~ens within the, plasma space under 

the influence of transverse magnetic fiel.d, the change in the 
; : 

l mean flow rat~ of electrons v0H towards yhe 6irection of 

diffusion per unit v0H per unit magnetic :field must be same 

as the change in the current density, jH' at the place of 

diffusion per unit current density, jH' per unit magnetic 

field. The mean flow rate towards diffusion il? the flow rate 

averaged over the entire cross section at any place within the 

cyl.inC.rical plc.sma column. 

i 

~Random 
"*velocitY 

Directio.D _______ _ 
of Diffusion 

Direction of 

~Drift and electric field 
Plasma 

Symmetry axis 
for H==O 

' ! 

Cylindrical Plasma 

The velocity of diffusion vDH in a transverse magnetic field, 

H~ is given by 

(5. 3a) 
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. v1here DH, nH anct(rLn.H/d:r) are the diffusion cons.tant, concen tr·a

tion of electrons and cvncentration gradient along radial 

dir.ecticn respectively and all in presence of transverse magnetic· 

field. Thus the mean flow rate UDH is given by, 

R 
J l)DH nHJf l 

o R =- DHYlH . J dr R 
0 

Hence according to the assumption, 

or 

where ~H is the drift velocity of electrons. 

Thus we have, 

1 cLDH 
. 1\r cLH ·-

(5. 3b) 

(5.4'a) 

(5. 4b) 
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But the contribution of diffusicn term i.e., the left. 

hanCJ term of equation 5. 4a, receives the 
1 
con t.r ibution ot 

electrons from either of the random stream of electrons. One 

of the random stream moves in the direction of drift while the 

other moves opposite to the direction of drift. But these two 

streams. moving by the randc.m velocity of electrons, have alrr.ost 

same concentration. Slight difference may arise cue to drift 

velocity \vhich is usually small compared to random velocity and 

hence the cif ference in concentration between the two oppositely 

moving streams rr.ay be neglected. Thus only half of the electron 

concentration moving along drift contributes to the drif't 

current while twice of that concentration contributes to 

diffusion. So only half of the contribution of the diffusion 

,term should be ta}.en i.n to consideration. Thus we have, 

(5. 5) 

However, these two terms in 5. §'"cannot be exactly equal bee ause 

some cf the particles which are moving parallel to the magnetic 

field will not be affected but they wi11 still contribute to 

·the process of diffusion. so we assume that 

_1 _1_ d.DJ.I l d V11 _ b 
2 :DH dH - 1.9H dJ-l (5. 6) 



'dhere b will be a constant at a particular pressure. Now 

fow low density plasma, where ~H is the el:ectron cyclotron 

frequency and 1: is tre collision time bet~een an electron 

and atom. so, 

'2 
t..}· (2_ (eH . ~) 

H - JJ7 Vr 
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Nhere L is the mean free path of the electron in the gas at a 

pressure of one torr and P is the pressure. So putting 

So from equation 5.6 and 5.7, we get 

d.tJH 
dH 

(5. 7) 

(5. 8) 

~e have neglected the sign because in this discussion we are 

concerned only with the v-alues of the terms. Now equation 

5.8 depicts the exact situation, such that the left hand 

contribution due to change in current added to the constant b 

exactly eL1uals the right hand contribution due to change in 

flow by diffusion •. From 5.8, integrating from zero to H, we get 
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1 

I 

1!2 
V 11 = l)o (1 + C1 H

2/p2.)' 
j 

-bH e 

1,71 

(5. 9) 

The concentration of charged particles ~lso suffers change in 
! 
I 

presence of magn~tic field and if n
0

. anct; 1\
0 

are tre electron 
' 

density and mean free path in absence arid nH~ :::\H are the 
j 

corresponding quanti ties in presence of ragnetic field, then 

cunsidering that the number within a mean free path does not 
·' J 

change. 

(_ j/2. ' 
' ! 

l 

Now, /IH /to j ( 1 + c1 H /P 2
) LBlevin and Haydon 

(1958)J 

'11H -:::: 1l 0 ( 1 + C1 H2 jp2 //2 ' ! 
(5.10) so, 

Hence the current density in presence of;magnetic field is 
' bH 

JH = l1H 6 l.JH = no 8 Do (1 + C1 H
2/p2

) e-

or 
2 2 -bH 

IH = I 0 ( 1 + c1 H I p ) e (5.11) 
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To find the variatic>n in discharge current in the magnetic 

field~ we put 

So, H (5.12) 

As will be shown subsequently that b'J..P/c, is considerably 

less than one. So \ve get btlO values of H at which the discharge 

current either becomes a maximum or minimum. 

H'= 2 
b p2 

b 2 C1 
(5.13a) 

II b p2 
and H = 2C1 

(5.13b) 

The procedure for calculating the values of b and c1 

frC:m experimental data at different pressures are given in 

Appendix. From the values of b and c1 , the values of H' and H11 

have been calculated and entered in Table 5-r. 
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Table 5-I 

----------------------------
.I:Jressure 
in torr 

b ·c 
1 H' H" H (expt.) 

InC'..X . in gauss in gauss in gauss 

------------
0.10 5.46 X 10-3 7.1lx10-7 327 .'90 38.40 405 

0.20 4.95x10- 3 2.32x10 -6 361.30 42.70 410 

0.25 -3 -6 321.20 41• 07 5.52x10 4.20x10 402 
0.30 6.19xlo-3 6. 90xl0 -6 282.'70 40.37 400 

It is thus seen that the values calculated from 5.13a are in 

agreement with the values obtained from experimental results 

to a certain extent; which may be due to the fact that the values 

of c1 J:lave been calculated on quanti ties >-rhose. values are 

to a certain extent uncertain. Further it has been shown by 

2 2 1/2. 
Sen and Das (1973) that the relation~H-=1\o/(HCJH/p) is 

valid over a certain range of {H/P) values.· 

Electron temperature in magnetic field: 

Since electrons and ions in a transverse magnetic 

field tend to be separated by Lorentz force, self diffusion 

will gradually predominate at higher values of H and so far 

transverse magnetic field H, the self diffusion co-efficient 

D is considered. 

where 

Then 

so we have, :D 0 -= ~ ?.r 1Jr 

.:\,- is the mean free parth and ~r is the random velocity. 

j 
:DH == 3 ~rHVt'H 
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Putting expression for ')t,rH and DH~ we get Vm= u~ 
2 112 Q +C,}[ jp) 

J:Jut 
1 'l.- 1-12. 

= 2 m '0r/(l+ c1-y) = 

Thus when electron self diffusion predominates, then 

(5.14) 

In the_ 2nd part of the experiment the voltage developed 

across the t\vO probes one along the axis and other parallel to 

the axis but away from the axis and adJacent to the wall of 

the discharge tube has been measured (Table 5-V) over a 

transverse magnetic field varying from 0.05 to 0.62 kilogauss 

for pressures 0.20, 0.25 and 0.30 torr. The representative curves 

are ~hown in figure. 5b, Sc, Sd. In each case it is found that the 

voltage becomes negative for small values of magnetic field and 

then beccrnes positive and rapidly increases with the increase 

of transverse magnetic field applied in a certain direction. 
-~ 
~~ When the field is reversed, the·voltage across the probes changes 

in sign but·not in nature, i.e., the voltage across the probes 
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becomes positive for small values of magnetic field and then 

becomes negative and the negative voltage rapidly increases with 

magnetic field. 

The behaviour of probe voltage should be like that 

because the transverse magnetic field produces Hall voltage 

across the probes as a result of charge separation caused by 

the Lorentz force, but charge separation is opposed ~Simon 

(1955), Longmire '(1956), Kaufman (1958)J by the inherent' 

tendency of the plasma which tries to remain electrically neutral 

by increasing the diffusion .in a direction reverse to the 

direction in which charges moves by Lorentz force. 

So when direction of magnetic fi~~d is reversed, the 

sign of probe voltage shculc change, sinbe the probes remain 

in the previous geometrical position. i l'h!= value of probe voltage 

should have remained same in spite of reversing the magnetic 

field, but due to the c.ifference in the ~syrrmetry of charge 

di5tribution introduced by the reversal of magnc,t.ic field with 

respect to the position of the probes, the value of probe 

voltage in the t'.-10 cases have small difference. Thus these tv10 

voltages simultaneously appear across the probes and hence 

voltage measured betv1een the probes is neither a true Hall 

voltage, nor a true diffusion voltage but a difference beb.veen 

,the two voltages is measured between the probes. 

So an analytical expression for d~ffusion voltage and 

Hall voltage in a transverse magnetic fi~ld applied to a plasma, 



-:~· 

.--+ 
l 

176 

will help us know the expression for the voltage that appears 

bet\veen the probes. 

Computation of diffusion voltage in a transverse magnetic 

field; 

we have deduced in the previous section 

· HZ. 11 
n -=-n (1+C- );2 

H 0 1 p2. 

So, 
dnH -

c
1 
H/l;z 

dH+ 
dn0 (5. 15) -

1 +C HZ no nH 1 p2 

'rhe velocity of diffusion in a transverse magnetic field may be 

written as 

If the electric field caused by diffusio~ along the radial 

vector of the cylindrical discharge tube be EH and ~H is the 

mobility, t.hen 

VDH = /HEH 

. D d.nH kTeH dnH k T. eo/e dnH 
So, E d r = _1i_ -- = 

1 + C HZ: .H ,PH nH e nlt nH 1 p2 

So, diffusion voltage between the probes is given by, 

kTeo 
e f 

H / ·z. 1 iR c,H :P dH+ kTeo 

( 1+C H2)2 HC Hz e 
1 p'l- . 1 p2 

0 ' 0 
I 
I 
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Putting the expression for dYI»/'YII! from 5.15 

at r = 0, log J 
0 

= 0 

and at r ~R, i.e., when the other: probe away frcm the axis 

is placed close to the wall of the discharge tube, where a 

sheath of immobile negative charges is formed, and since the 

electron temperature measures the kinetic energy of the electrons 

and as the charges are· irrrnobile, 

Teo= o at r=R 

So under this placement of probes, the 2nd term in 5.16 vanish:=: s. 

So we have 

- VDH 
k Teo 

e 
C1 B

2 /P2 

, + c1 H2/Pz (5. 17) 

Thus 5.17 gives the expression for diffusion voltage in a 

transverse magnetic field applied to a discharge plasma. 

Computation of Hall voltage in case of plasma: 

From the equation of motion of charged particles in a magnetic 

field, we have in a steady state, 

svx=-

(5. 18) 
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If discharge current flows along x-axis, anp a magnetic field 

is applied along z-a.xis, t.here will be no current along y-axis 

in case of a conf ine'd plasma. 

So, Svy = 0, which gives 

Ey :=- U)H(.Ex (5.19) 

I 
where Ex is the ·electric field applied along x-axis and Ey is 

the field developed to resist any flow of current along y-axis. 

So Hall voltage that will appear between the probes 

whose surfaces are along y-axis and placed at a distance d 

from each other, will be given by 

cs. 20) 

~H =eH/m is the cyclotron frequency, and ~ is the time of 

collision of electron with the atom and Ex is the electric 

field in which the probes are immersed. 

But the electrodes in the discharge rube, which are 

smaller than the diameter of the discharge tube and which are 

used to provide electric field in the discharge tube, cannot 

produce uniform electric field from the axis to the periphery 

of the tube. Rather the field is considerably reduced outside 

i~aginary cylinoer enclosed by the electrodes, and on the wall 

inside the sheath of irrrnobile charges the electric field is 

practically reduced to zero in the direction of cischarge. So 
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one should use mean electric field Ex in ~quation 5.20 in 

P lace of E • If electric field on the axis is E and that on X . X 

the wall is zero, the mean electric field is given by 

But 
E X'H 

:E x = ------.z:..----
( 1 + c 1 1L ) Vz 

p2. 

, 
E = 2 E'.x. x. ( 5. 21) 

where ExH is the true electric field that is present in presence 

of magnetic fielc and hence is measurable experimentally when 

magnetic field is present. Thus we have 

ExH . d 
( 1 +C B..: ) 1/2 

1 :P 2. 

(5. 22) 

Thus according to our assumption, the probe voltage is given by 

_!_(c .!:!_ . . !E XH . d] 
2. 1 p . : H 2. 1;2. 

( l+C1 pl) 
(5. 23a) 

(5;. 23b) 
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I 

The expression is expected to give correct probe voltage from 

a value of transverse magnetic 

of electrons predominates over 

i 
field at wlliich self diffusion 

I 

the ambipolar diffusion and if 

all the parameters are experimentally measured in a set up for 
' 

discharge current,. pressure and magnetic field. In the present 
I 

experiment, we have measured ExH and c1 b~t not Teu.Equation 

5.23a and 5.23b both become identities for H = o. So except 

for H = 0, we can measure TeH with the ex~rirnental set up 

described with the help of equation 5. 23b~ However, we can 

solve for Te0 , using equation 5.23a and then calculate the 

values of VPH for the other values of H. 

Putting d = 1.2 em for probe separation and other values from 

table 5-II for. H = 200 gauss (for the mean value of H from 0 to 

40 o gauss> we get.kTeo 1 e =77.66 volt with:the help of equation 
[ 

5~ 23a. 

Then we calculate other values of VPH from 0 to 400 

gauss using the values from table 5-II and enter the results 
I 

of calculation in table 5-III along with the experimental 

values of VPH and is shown in Fig. 5e. 

We 'thus observe that the nature of variation of the p~obe 

voltage when both the diffusion and Hall voltage are taken into 

consideration is the same as observed experimentally. The quan-

ti tative agreement is highly satisfactory for values of magnetic 

field greater than 150 gauss. ·I'he disc.7;epacny observed for low 

values of magnetic field may be due to the Bohm diffusion process 

where ~ is propoLtional to 1/H instead of 1/H2 • 
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H in 0 25 
Gauss 
-· 
~ 
in rnA 13.25. 13o30 

ExH in 
111.7 111.5 

volt/em 

Probe 

voltage in 0 -0.30 
volt (expt.) 

-}. 

Table 5 - II 

. I 
\ 

~-

Cl:.::: 
. -6 2; 2 4. 2 x __ 1_0 .. _ torr .. gauss ____ and __ p _::::: o. 25 ___ :t.orr -· 

---. 

---
50 100 150 200 250 300 

13.35 13.80 14.55 15.45 16.50 17.85 

111.3 107.0 100.6 92.9 83.9 72.4 

-o. so -1.50 1. so 9.25 19.25 26.75 

¥ 
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350 400 

18.45 18.75 

67 .. 3 64.7 

32.25 36.50 

----
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-Table 5-rr r 

p = 0.25 torr (Air) 

---
Magnetic. ·0 25 50 100 150 200 250 300 350 400 
field in 
Gauss 

....... ____ - ---.. 
Probe voltage 0 -0.30 -o .. so -1.5 1. 5 9.25 19.25 26.75 32.25 36.5 
in volt 
(expt.) 

Probe voltage 
33'54 in volt 0 -10.34 -14~48 -9.75 -0.39 9.25 17.64 2. 6. 75 31 0 00 

(calculated) 

------ -------------------- -----------------------------------
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Let JCH = 111 = ( 1 + c !!_z.) e-bl:i 
l o 1 pZ 

Let, 
· bH 1 .e =Y 

Hence, 
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I 

if we t~ke H2 = 2H1 
for P1 . = P2 = P 

Solving the equation for y, we have two values 

y = 2XH 1 - J 4X 11 ,- 3X.Hz. 

of y given by 

and 

1 x~a 
2X + 4Xit 1 - 3XH~ Y2.: .H, - ~ 

XHz. 

lnYz Hence, 'b= or b::: 
1-1 1 lne 

Again, 

c, -

xl:l, ebH, = 
xH, Y, -1 

H~ I p2. 

For p = 0.20 torr 

112 

1 + c1 -pz. ==- XH1 Y 

c- xH,Yz.-1 
or 1 - H ~ /Pz. 

Appendix B_ 

b = 4.95~10-3 and c1 = 2.32 x 10-6 

i . 
•• 

4.9~2 
X 10-6 

X 4 X 10-2 

~.32 x lo-6 = o.\4224 

So, 
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Table 5-IV (Air) 

-
current through pisc;:h~ge current in mAmp _:!:or pressure p in torr (wh_e_n t.J;cm~yer_se magnetic 
magnet in Amp field is applied) ____ ____ -------

p = 0.10 torr p = 0.15 torr _ p = o. 20 torr p = 0.25 torr p = o. 30 torr 
-

0 4.15 7.50 10.45 13.25 15.35 

o.os 4.25 7.55 10.50 13.40 15.55 

0.10 4.45 7.85 10.85 13.90 16.00 

0.15 4.75 8.35 11.40 14.55 16.65 

-0.20 5.15 9.05 12.30 15.45 17.35 

0.25 5.55 10.05 13.45 16.50 18.10 

0.30 6.00 10.95 14.65 17.80 18.95 

0.35 6. 55 12.10 15.55 18.55 19.60 

0.40 7.05 12.75 16.05 18.75 19.90 

0.45 7.45 12.75 16.10 18.70 19.80 

o.so 7.65 12.45 15.,90 18.40 19.55 

0.55 7.70 12.10 15. so 18.00 19.05 

0 .. 60 7.55 11.65 15.10 17.40 18.55 

o. 65 __ 7_.25 11.25 -14.70 16.90 18.10 
------.. - --- ----- ·---. --

0.70 6.95 10.80 14.25 16.50 17.-70 

0.75 6. 75 10.30 13.80 16.15 17.30 

0.80 6.40 9.90 13.45 15.80 16.90 

0.85 6.05 9.45 13.05 15.40 16.50 

0.90 s.so 9.10 12.75 15.00 16.10 
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Table 5 - V (Air) 

Current through - Probe -Voltage in Volt for pre~ures E_in to!£ 
the magnet in 12 = 0.20 torr _____ E = 0.25 torr __ E = 0.30 torr 
Amp Magnet Field Magnetic Magnet Field Magnetic Field Magnetic Field Magnetic Filed 

Forward-- Field- -- Forward Reversed ·Forward - --- --Reversed 
reversed ---

0 0 0 0 0 0 0 

o.o5 -0.2 +0.1. -Oo5 +0.1 -0.4 +0~1 

0.10 -3.4 +2.0 -1.4 +0.6 -1.4 +0.8 

0.15 -3.7 +3.2 +1.6 -0.4 +1.0 -1.5 

0.20 -0.7 +1.7 +9.1 -7.2 +7.7 -13.0 

0.25 +5.0 -1.7 +19.2 -13.5 +21.2 -19.9 

0.30 +11.7 -7.2 +26. 7 -18.6 +29.5 -23.5 

0.35 .. +19.0 -13.0 +32.5 -22.8 +33.1 -26.0 

0.40 +24.8 -18.5 +36.7 -26.1 +35.5 -27.0 

0.45 +30.0 -24.0 +39.5 -29.9 +38.0 -27.3 

0.50 +34.5 -28.0 +41.6 -33.0 +40.1 -27.3 

o.ss +38.0 -31.7 +43.6 -36.0 +42.0 -27 .. 5 

o. 60 +40. 9 -34.4 +45. 7 -37.5 +43.8 -27.8 
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