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Voltage current and power relation in an arc plasma in a variable
axial magnetic field
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Abstract. The variation of voltage,current and output power in a mercuryarc plasma has
been investigatedin an axial magneticfield(0-1350 G) for three values of dischargecurrent
namely 3, 4 and 5 A. The voltage increases and current decreases almost linearlyand the

output power also increases with increase of the magneticfield.The conductivityvalue in
magnetic fieldhas been calculatedand an analyticalexpression presented to represent the
variationofconductivityin the magneticfield.Utilizingthis expression the variationof output
power with magneticfieldcan be explained.
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1. Introduction

The variation of voltage, current and output power in an arc plasma under the action of
a transverse magnetic field was investigated by Sen and Das (1973). Utilizing
Beckman's (1948) theory and the modification introduced by Sen and Gupta (1971)
regarding the variation of charged particle density and electron temperature in a glow
discharge in the presence of a magnetic field the experimental results have been
satisfactorily explained. It was further pointed out that the theoretical expressions
deduced by Beckman (1948) as modifted by Sen an d Gupta (1971) are valid over a range
of (H/P) values 1000G/torr. Allen (1951) observed that in the case of heavy current
pulsed arc discharge in hydrogen the voltage current characteristics showed a slight
negative gradient over the arc current range of 25 to 80 A with no magnetic field but
became increasingly negative with increase of magnetic field. The effect of an axial
magnetic field upto 470 G on the arc stability, voltage and temperature has been
studied by Goldman and White (1965) who observed that the field had no stabilizing
influence on the arc whereas it led to an increase of voltage drop across the arc. No
theoretical interpretation of the results was however provided. Forrest and Franklin
(1966) described a theoretical model for a low pressure arc discharge in a magnetic field
in which predictions have been made for radial electron number density profile and
radial light emission profile. Current voltage characteristics of glow discharge m
longitudinal magnetic field has been investigated by Sen and Jana (1977) and it has
been observed that the discharge current increases and the axial voltage drop across the
arc decreases with increase of axial magnetic field for the range of pressure investigated
(0-685 to 0.925 torr). Assuming the radial distribution of particles as Bessalian it has
been possible to explain the results qualitatively. The results also show that Bessalian
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distribution holds in the presence of magnetic field as well; electron temperature and its
variation in an axial magnetic field (from zero to 1050 gauss) in a mercury arc plasma
have been measured by Sadhya and Sen (1980) by a spectroscopic method. A model has
been developed in which air plays the role of a quenching gas and it has been found that
both atomic and molecular ions of mercury are present in this type of discharge. A
distribution function for the radial electron density has been deduced. The results
computed on this basis are in agreement with observed experimental data.
The results obtained by Sen and Das (1973) indicate that the theoretical (Beckman
1948; Sen and Gupta 1971) deduction regarding the variation of electron density and
electron temperature in a transverse magnetic field in the case of glow discharge is valid
in the case of an arc plasma as well. It is worthwhile to investigate whether the same
model is valid in the case of an arc plasma when subjected to an axial magnetic field.
The object is also to find out whether the properties as well as the plasma parameters in
an arc plasma are dependent upon the alignment of the magnetic field with respect to
direction of flow of arc current. It is hence proposed to investigate in the present work
the variation of voltage, current and power relation in a mercury arc plasma in an axial
magnetic field and to provide a theoretical treatment of the observed experimental
results.

2. Experimental arrangement
A mercury arc has been investigated, the arc tube of which is cylindrical (length 9 cm
and diameter 1.8 cm) and is excited by a stabilized d.c. source with a rheostat to control
the current recorded by an ammeter. The mercury arc is cooled by the external
circulation of air. The pressure inside the arc is maintained at 0"045 torr. To maintain
the pressure constant dry air which acts as a buffer gas was introduced by a variable
microleak of a needlevalve. The mercury arc is placed between the pole pieces of an
electromagnet energized by a stabilized d.c. source. The lines of force are parallel to the
direction of the flow of arc current and the voltage across the arc is measured by a
voltmeter with an accuracy of _+0-5V. The magnetic field has been accurately
measured by a fluxmeter for magnetizing current varying from 1 to 5"5 A keeping the
distance between the polepieces as 9.8cm. The magnetic field varies from zero to
1"5 (kG). The schematic experimental arrangement is shown in figure 1.

3. Results and discussion
The variation of voltage across the arc, the arc current and power developed across the
arc have been plotted in figures 2, 3 and 4, respectively for magnetic field varying from
zero to 1"5 kG. It is observed from figure 2 that (a) the initial voltage across the arc for
all the three arc currents investigated (3 A, 4 A and 5 A) is the same when no magnetic
field is present which is consistent with our previous observation. (b) When the
magnetic field is applied the voltage across the arc increases linearly with magnetic
field. The rate of increase is however different for the three arc currents. Rate of increase
is the highest for the lowest initial current and decreases with increase of current.
(c) From figure 3, it is evident that with increase of the magnetic field the arc
current decreases but the rate of decrease depends upon the initial value of arc current.
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Figure I. Schematicdiagram of experimental set-up.
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Figure 2. Variation of arc current with magnetic field. | 3 A
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Let us assume that i is the current when there is no magnetic field, Vs the source
voltage of the arc, R the resistance of the current regulating rheostat and V. the voltage
drop across the arc. Then
Vs = V. + JR.

(1)

If i n is the current in the presence of magnetic field then
Vs = Van + iuR,

(2)

146

S N Sen and M Gantait
50
(TIT1
n

E
-

4.0

(1T)
u

1[)
I
1.0

I
0.5

0

1.5

Magnetic field ( k GQ,.ssl
Figure 3.

Variation of arc current with magnetic field. Details of curves as in figure 2.
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where V,n is the voltage across the arc in the presence of magnetic field. From (1) and (2)
we get
(i - i n ) n = ( V a n -

Vo).

(3)

Thus it is evident that due to decrease of current in the presence of magnetic field the
voltage across the arc increases. To verify equation (3), (V.n - V.) has been plotted
against (i - in) in figure 5 for three arc currents and R can be calculated from the slopes
of the curves.
The curves are linear and the slope of the curve gives the value of R, the resistance of
the series rheostat which is used to adjust the initial current. The R-values for 3, 4 and
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5 A are respectively 34f~, 22.5 ~ and 16"66f~ and are in excellent agreement with the
actual resistance values of the rheostat used for adjusting the initial arc currents. The
linear variation of arc voltage with magnetic field can be represented by an equation of
the form.

En = E + m o H = E

l+mo~-

=E(I+mH),

(4)

where m varies with arc current. For arc currents of 3,4 and 5 A, the mo values are
respectively 4.23, 3.94 and 3.74 where H is expressed in kG and E is the total voltage
across the arc.
We further note that as reported by Sen and Das (1973) almost similar results have
been obtained in transverse magnetic field as is now found in the case of a longitudinal
magnetic field. But quantitatively there is a difference. In the case of transverse
magnetic field the maximum change of current is in the ratio 1.58 whereas in the case of
axial magnetic field the ratio is much smaller (1-062) for a magnetic field of the order of
1.35 kG. As a result the ratio of voltage change in the transverse magnetic field is 1.86
whereas in the longitudinal magnetic field it is 1"37. We can thus conclude that in both
cases the effects are similar but the transverse magnetic field will have a more dominant
effect on the properties of arc plasma than an axial magnetic field.
Since the voltage across the arc and the current has been measured for an axial
magnetic field varying from zero to 1.35 kG it is possible to calculate the average
conductivity of the arc plasma for the range of magnetic field investigated. The values of
an for three arc currents are given in table 1 for values of magnetic field used in the
experiment.
Let us assume that the variation of an with H can be represented by an equation of
the form a n = a exp ( - e/-/) where e is a constant. We can calculate the value of e by a
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Table 1. Values of arc conductivity for different magnetic fields.
Magnetic
field
(kG)

an(in mhos cm)

0.00
0"17
0'37
0'72
0"99
1"2
1'37

3A

4A

5A

0"6259
0'5907
0'5475
0"5058
0"4693
0.4478
0"4281

0"8347
0"7906
0"7401
0'6803
0"6364
0.6046
0"5751

1"0433
0"9845
0'9309
0"853
0"7997
0"7573
0"7218

statistical method, which is shown for a current of 3 A.
a n = o exp ( - all),

log on = log o - all,
S = ~ [ log On - l o g o + c~H]:;
dS

= 2 ~" H[log on - log o + a l l ] = 0,

i=6

i=6

Hiogo n=logo
i=1
i=6

i=6

~ H-~

~ H z,

i=1

i=1

i=6

logo ~ Hi=1

y' nloga n
i=1

i=6
/4 2
i=1

a=0"6259

~H=4'82

log o = -- 0"4658

~H2=4"9812,

~ H log a n -- - 3.684.

So
=

- 2.2584 + 3.6784
4.9812

- 0.2859.

To verify whether the proposed expression for on agrees with experimental results the
values of on calculated with the above deduced value of ~ are compared with
experimental results in table 2.
The results show good agreement between the experimental and calculated values.
Following the above procedure the value of~ for arc currents of 4 amp and 5 a m p has
also been calculated and found to be 0.2744 and 0.2714 respectively.
We can thus conclude that the variation of conductivity in an axial magnetic field can
be represented as
o n = o exp ( - ~H),

(5)
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Table 2. Experimentaland calculatedvalues
of arc conductivity for different values of
magnetic field.
Magnetic
field
(kG)

(Calculatedfrom
(Expt)
equation(5))

o.17
0.37
0.72
0.99
1.20
1.37

0.5907
0.5475
0.5058
0.4693
0.4478
0.4281

an
an

0-5963
0-5432
0-5097
0-4720
0-4445
0-4235

where the value of ~ changes slightly with the arc current. Beckman (1948) deduced that
in the presence of magnetic field the electron density is reduced. Sen and Gupta (1971)
showed that Beckman's expression can be stated as
n n = n o exp ( - all),

(6)

where nn and n o are respectively the electron densities in the presence of and absence of
magnetic field, and
a = eEc~/2r/2KT~P,

(7)

where E is the voltage across the discharge tube, C1 = [(e/m)(-l-/vr)] 2, where L is the
mean free path of the electron at a pressure of 1 torr, T~ the electron temperature and a
the conductivity proportional to n, the electron density. Hence comparing (6) with (5)
we get
= a = e E C [ / 2 r / 2 K T e P.

The value of~ can thus be calculated in an alternative way. In the above expression all
the quantities are known except P which is the vapour pressure of mercury. As in an
earlier paper (Sadhya and Sen 1980), the vapour pressure of mercury was determined
by noting the temperature of the wall for three different arc currents. The PHg values for
arc currents of 3 A, 4 A and 5 A are 0-3032, 0-3342 and 0-3658 torr respectively. We take
E = 15-25V (experimental result), C 1 = 2 x 10 -6 (Sen and Das 1973) and Te =
1"778 x 103 K (Karelina 1942) and r = 1 cm. The calculated value of ~ is 0"2335 while
the value from our experiment is 0"2859. The discrepancy between the two values of
need not be taken too seriously but it shows the agreement of order between the two
values. This provides a direct experimental verification of the theoretical deduction of
Beckman (1948) as modified by Sen and Gupta (1971).
Figure 4 shows the variation of output power at the arc with the magnetic field. It is
evident that the variation is linear with the magnetic field in the range of magnetic field
investigated here. From our experimental results we note that the variation of E n, the
voltage across the arc in the presence of magnetic field, is linear with the magnetic field
and can be represented by an equation of the form
E n = E o + moll,
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where m0 is the slope of the curve, or

En= E(1 +-~)=

E(1 + mH),

where m = molE. The power output at the arc in the presence of the magnetic field is

Pn = 1En = anE 2 = a e x p ( - ctH)E2(1 + mH) 2
= crE2[exp ( - ctH) + m2H 2 exp ( - aH)+ 2mH exp ( - ctH)]

dP n = a E 2 [ - ct exp ( - ~H) + m22H exp ( - ~H)
dH
- m2H2~ exp( - ~H) + 2m exp ( - all) - 2mH~ exp ( - all)].
Maximising we get
Hma x =

(2m 2 - 2ma + 2m2)/2m2g.

Taking the positive sign before the radical we get
Hmax = (2/ct) - (l/m).
If we take the negative sign before the radical Hma x becomes negative and hence the
negative sign before the radical is discarded.
Taking the values of a and m as obtained here from experimental measurement
(~t= 0.2859 and m = 0-2773) we get Hm~x= 3606 G. Since the maximum magnetic fidd
used in the experiment is 1350 G the magnetic field for maximum power dissipation will
be beyond this range and cannot be observed in the present experimental set-up. We
can thus conclude that the variation of conductivity in an arc plasma in an axial
magnetic field can be represented by the expression

an = tr exp ( - an),
where ct is a constant which shows a small decrease in the value with the increase of the
arc current. With this expression for crn it has been possible to explain the variation of
output power at the arc with magnetic field.
We can thus compare the variation of voltage, current and output power of an arc
plasma in variable transverse and axial magnetic fields. In both cases voltage increases
and current decreases when the magnetic field is increased but the effect is much more
pronounced in a transverse magnetic field. The power output becomes a maximum for
a certain value of the magnetic field when it is transverse whereas the power output
shows almost a linear increase with magnetic field when it is axial. Actual calculation
shows that in the case of axial magnetic field the maximum power output will occur at a
magnetic field which lies beyond the magnetic field investigated in the present
experimental set-up.
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