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CHAPl'ER VII 

LOW FREWUENCY OSCILLATit....NS IN ARC PLASMA 

1. INTRODUCTION 

There occur various types of oscillations- and waves in 

a plasma. In order to detect such oscillations in a mercury 

·arc plasma and also to see whether such an arc can be utilized 

for the generation of steady electromagnetic oscillations, an 

experiment \vas set up as shown in figure 2.12.. It is known that 

the negative resistance of a vacuum tube was used for generation 

of electromagnetic oscillations as in the :case of dynatron 

oscillators. A gas diode produces an arc discharge that has 
' 
i 

a negative resistance and in the early days of radio such arc 
i 

oscillators were frequently used as transmitters of radio v1aves. 

Since the mercury arc has a negative resistance that is the 

current decreases w:i.th the increase of voitage it was presumed 
I 

that a suitable circuit connected with a mercury arc can be· 
i 

utilized for the generation of steady electrical oscillations. 

Hence the present work was undertaken. 

2. Experimental arrangement 

The mercury arc used in the experiment is an arc tube 

made of pyrex of 41 em. length, 26.5 em. anode cathode spacing, 
I 

2.2 em. inner diameter and 2.5 em. outer diameter. Such arcs 

have been used in the laboratory recently (Sen et al 1990). 

The arc was excited between t\vo mercury p:ool electrodes 
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'(fitted with two tungsten wires for external electrical 
I 
I 

connection) by a 250 volt D. c. generator with a rheostat to 
I 

control the current. 'l'he whole arc assembly was kept inside 
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transformer oil which was cooled by circu}-ating cold water 

thrcugh copper tube in the form of a coil! and placed inside 

the oil. The mean temperature of the oil o/as 55°C throughout 

the experiment. The temperature of the oi:J_ has an important 

bearing on the oscillation. To maintain the pressure ccmstant 

in the tube dry air which acts as a buffer gas was introduced 

by a variable microleak needle valve fitted in the vacuum 

arrangement. The pressure was measured by: a calibrated pirani 

gauge. A circuit consisting of an inductance i.. (100 f H) 

and a capacity (4 fF) and a variable resistance R is connected 

in parallel with the arc. A seccndary coil loosely coupled 

with the inductance L and tuned by the variable capacity provides. 

the output which is connected to ,an oscilloscope (Dumont type 

766 H/F). In addition, there is connected a digital frequency 

meter to measure accurately the frequency of the generated 

oscillation {Fig. 2e 12.). The object is to study the variation 

of frequency and amplitude of generated 9scillation, if any, 

with arc current, pressure and external magnetic field. Fo~ 

measurement in a transverse magnetic field a portion of the 

positive column of the arc was placed between the pole pieces 

of an electromagnet which was run by a stabilized D.C. power 

supply (Type EM .20) and the magnetic field calibrated by a 

gauss meter (Model Gl4). The arc current: was varied from 1 to 
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2.5 ·amp tl1e pressure from .oos to .1 torr and the magnetic 

field from zero to 120 gauss. 

3. Experimental results ) . 

General observatic)n 

(c.) 'l'here is a maximum value of the arc current beyond which 

there is no osc'illation. 

(b) 'l'here is a minimum current be low which· the arc can 

continue without showing oscillation but the arc is 

extinguished if oscillations tend to puild up. 

(c) Cooling is essential if stable oscillations are desired. 

' (d) For a particular value of C there is a maXimum value o£ L 

beyond which no oscillations can build up. But below this 
i 

maximum value of L, frequency is found to be independent 

of L. 

(e) The generation of oscillation ,and its :stability takes time. 

So one has to wait before final tuning of the oscillatory 

circui·t and recording of data • 

....;uantitati ve observations: 

,. Sinusoidal oscillations have been observed and ;:>hoto-

gra1:hed with the help of the oscilloscope with the attached 

camera when the arc current, pressure inside the tube and 

external magnetic field have been varied within certain limits.· 

Some of the :·;hotcgra hs are presented. Quantitative measurements 

1A requency and amplitude of the generated oscillati-:Jn. h<we 
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been made. The results are reproduced in Figs. (7.3 to 7.8). 

From the nature of the curVes the following deductions have been 

made. 

Fig. 7.3 The generated frequency varies from 4.1 Kc/s to 

5.075 Kc/s for variation of arc current from 1.9 to 2.3 amp. 

at a pressure of .005 torr and the variation is linear. Similar 

results ,~e obtained at other pressures a1so. 

Fig. 7.4. The generated frequency is 4.54 KHz at P = .01 

torr and then decreases rapidly with the increase of pressure 

upto 0.1 torr at an arc current of 2.1 amp. Similar variation 

of frequency with pressure was observed for other arc currents 

as well. 

Fig. 7. 5 •. The generated frequency increases with the 

increase of the magnetic field linearly for arc current I= 1~8 an 

Similar ·.variation is observed at other arc· currents also. 

Fig. 7. 6. Shows that output voltag,e decreases with the 

increase of arc current at a pressure of .005 torr. 

Fig. 7.7. shows that the output voltage increases with 

the increase of pressure. 

Fig. 7.8 shows that the output voltage increases linearly 

with increase of magnetic field at P = • 05 torr and arc 

current 2.1 amp. The same behaviour is ob:served for P = • 005 

1 torr and arc current 1. 75 emp. 

4.. Discussion 

As we started with our initial objective we wanted to 

generate oscillations employing the negative characteristics of 
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current voltage relation in a mercury arc just as in the case of 

dynatron oscillation. ~wo types of oscillations are possible 

in such a system (a) damped sinusoidal oscillation, (b) Sinusoidal 

oscillation with constant amplitude. In the photographs produced 

it is evident that oscillations are purely sinusoidal with 

constant amplitude and even if there is a small amount of damping 

it cannot be detected; in that case we shall assume the oscilla-

tions to be sinusoidal with constant amplitude,. The equation 

comprising the arc and the external oscillatory circuit is 

L 
dl 

dt 
( 1 dt 

+ 1\lt- ) c + e = o 

where L and C are the external inductance and capacity, R 

includes the d.cw resistance of the a~c together with any 

(7 .1) 

external resistance and e is the voltage across the arc 1 then 

from eqn. (7. 1) 

=-0 

.or = 0 

In an arc(c:LeJu)is negative and from the variation of arc voltage 

with arc current it is found that{~)is of the order of 4.5 ohms 

varying from 4 to 6.3 ohms for arc current varying from 1.9 

to 2.3 amp whereas the d.c. resistance of the arc varies from 

24.92 to 19. 41_n over the same range of arc current, so even 

if the external resistance R is made zero the condition that 
0 
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R +~e should be zero is not satisfied. Consequently according 

to the ~eory ·of generation of such oscillations they shoulc. 

be heavily damped whereas in actual practice sinusuidal 

oscillations with constant amplitude are observed (Refer to 

Photographs). Further the frequency of such damped oscillations 

1 ~ 1 ftZ is given by f =- --- and it is found by 
2.IT ~C 4 L2 putting the 

values of R = 16. 74../l. and L = 100 /-<.H that _1_ <( < 
I LC 

R
2 

and 

4L2 
the frey_uency becomeE imaginary. Consequently· the osci 11 ati ems 

observed are not damped oscillations neither 'they can be 

regarded as generated due to negative resistance of the mercury 

arc, becattse the frequency of such generated oscillations is 

given by 

f = zrrifLc 

and if we put the values of L and c, it is of the order of 

8 Kc/s whereas the frequency range obtained here lies between 

2.2 Kc/s to 5.2 Kc/s depending upon the value of arc current, 

pressure and magnetic fielc .• Further according to the theory 

of dynatron oscillation the frequency generated is exclusively 

a function of the values of external capacity anc inductance 

and shoulc not be a function of the arc current or pressure in 

the arc and it was therefore concluded that the recorded 

oscill~tions are not the dynatron type of oscillations but the 

source is within the arc tube itself. Also by varying the 

external inductance from a value of 40 fH to lOOf H, the 
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frequency of the detected oscillations remains the same. Hence 

the oscillations cannot be due to dynatron oscillations. we also 
i 

considered the possibility that the arc n1ay have some inductance 

cue to the fact that the arc current may create a magnetic field 

and the magnetic energy can be linked with the equivalent 

inductance of the arc. The energy associated with the magnetic 
f<..H2 

field is -- where U is the permeabili'ty of the plasma and H 
8TT I 

is the magnetic field due to the £low of the arc current and if L 

is the equivalent inductance of the arc then 

f'H 2. 

8 Tf ~ TI"R3= ~ Ll z 

zl 
and ]:l.:: 

where I is the arc current. 

where R is the radius of the arc tube or L = j rn· It is 

assumed that f tor a plasma is unity then the inductance of an 

arc is of the order of 10-9 henry or 10-3 microhenry whereas 

the external inductance in the circuit is 100 microhenry and 

consequently the arc inc,uct<mce will have no effect on the 

generated frequency. Hence the detected oscillations must have 

its origin in the arc itself. 

To further investigate whether the oscillations Observed 

are electron plasma oscillations it is noted that electron 
- 3 

plasma frequency is o£ the order of 9 x 10 -{0 where n is the 

electron or ion density and assuming n in the arc to be of the 
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order of 1012 (Sen, Gantait 2nd Acharyya, 1989) the electron 

plasma frequency is of the order of 9000 Mc/s. On the other 

hand the ion plasma frequency in case of mercury is of the 

order of 1. 5 Mc/s, but.- since the frequency of the observed 

oscillation is uf the order of 2 to 6 Kc/s, we can conclude 

that these oscillations are neither electrcn plasma nor ion 

plasma oscillations. 

Assuming for the present that such an oscillc.ticn exists 

'dithin the arc and to study the variation of frequency of the 

output oscillc.ticns with arc current, pressure and magnetic 

field let us refer to fig. (7.2) as equivalent circuit~ we 

assume that through the arc both the d.c. and a.c. currents 

are. flowing where the instantaneous voltage across the arc is 

15 dc = and 

. 

ClVDC 
't - -ac- alnc 

(7. 2) 

where ldc is the d.c. current through the arc and Vdc is the 

d.c. voltage drcp across the arc and Vc and VA are the cathode 

and anode fall respectively. If VL end V are the volt6ges cc 

across L and C then the VL·ltage bet\veen B and C L.-refer to 

fig. (7.~)_7 is VL +Vee and considering from the arc side 

the voltage between B c.nd C is 
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then V L + V cc = V arc - (VL + vee) (7. 3) 

Then from equaticns (7.2) and (7. 3) 

I ( r de+ r ac) = 2.1 [ J~c + J u) i. J 

t'ac+ fdc :::zJwzLz+ cuicz 

or, 4zz ( Z.zz _ 
4 (j.) 1 c - rae + i"dc) c (.jJ + 4 - 0 

2. 
· . Zz+0· · 44 z.z 

or, Ci) ::: 
( 1"11c + rdc) C - ~fac + i'dc) C - 64L C 

sJ!d~ 

The values of ~ have been calculated from the characteristic Jac 

curves shCiwing thl;l variation of arc voltage against arc current. 

It is found from actual measurement of the values of \c and 

}"de 

that 

So 

Or, 

2 4 
c.J:::::: 

(rae+ rdc) 2 c 2 

2. 
2 (rac+rac) 

w - ------------

(7. 4a) 

4 
( 7. 4b) 

But in the present case, as we have ment~oned, the frequency 

does not change with inductance L, so we have not considered 

the equation (7.4b). 
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From eqn. (7. 4 a) t== 
79 ·62. I 

-----KC S (7. 5) 
( r ac-t- r de) 

as C in the tank circuit is 4 fF· 

where f is the frequency of oscillation in kilo cycles/sec. 

From the variation of arc voltage with arc current the values 

of r ac = oVD r;:,/ol have been calculated for a pressure of • 005 
I DC 

torr and arc current varying from 1.9·to 2.3 amp. The values 
Vnc- Vc:- Va 

of .t have been calculated from the relation Yac = 1 de b' 

and for mercury vc + VA has been taken to be 10 volts (Von 

Engel 1965). The results are entered in table 7a. 

Table ?a 
p::.:.: o · o o5 torr 

-------------------- --------
1 arc in ~P· 2.3 2.2 2.1 2. 0 1.9 

--------
- "tac 4.0 4. 4 4. 9. 5. 5 6.3 

rdc 19.41 20.48 21.64 22.95 24.92 

fac + rdc 15.41 16.08 16.74 i7.45 18.62 

f Kc/s (calculated) 5.17 4.95 4.76 4. 56 4.28 

f Kc/s (Ex per irnen tal) 5. 09 4.85 4.60 4.35 4.10 

DC arc drop 
(volts) 

54.65 55.05 55.45 55.90 56.40 

---·------·----------------------·---------··-·-

Thus the value of frequency calculated fn,m equation (7. 5) 

gives values very close to those observed and shov"s the variation 

w.ith arc cur:rent \vnich is also consistent with experimental 

results. However, values calculated frcm equation (7.5) are 



higher than those observed. Further if 

(rac+rdc)
4

c 4 - 64L2 c2 = o 

r ac + rdc = z. V 2.L/c 

and putting L = 100 f-H and C = · 4 ~ 

rae + tdc = 14.142,1l-

So this is the minimum value of ~c + ~c; for which Ide = 
2. 8 amp. so 2. 8 amp. is the maximurp curren:t upto which 

. I 
i 

oscillations can be obta:tned. Further ( ~'c + fdc) increases 

with pressure and so frequency will decrease with pressure 

(Fig. 7.4). 

Variation of frequency of generated oscillati.on with 

magnetic field. 

226. 

It is observed that when the magnetic field i~ applied 

the arc current diminishes and the arc voltage increc.ses as 

has been observed earlier by Sen and Das {1973) starting with 

the initial arc cur+ent of 1.8 amp at which the frequencies 

of generated oscillations have been measured the measured 

values of arc current and arc voltages are entered in table 

(7 .. 2·). 
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Table 7.2 

Pressure= o.os torr; initial arc current 1.8 A. 

---------------------------------
H in G 0 19 38 57 76 95 114 

----------------------
r amp. 1.8 1.78 1.76 1.74 1.72 1.70 1.68 

__ ......._ ... _~----------------------------

Varc 61 69.9 71.5 

in volts 

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

The results are plotted in Fig. (7.9} showing the variation of 

arc voltage against arc current in presence of magnetic field 

from which it is observed that r = av /'::ll'ar" = -89.01 _{L ac ~. arc o ... 

·and is a constant. 'rhe values of rdc can be calculated 

from the values of V and I as entered in table {7.2) arc arc 

for values of magnetic field used in the experiment. _The results 

are entered in table (7.3). 
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Table 7. 3 ---
----------· ·---· ·---------
H in 
gauss 

rdc .Jl. 

rae ..n_ 

(~c + rdc).Jl. 

fKc/s 
(Calculated) 

1.95 x f Kc/s 
(Calculated) 

0 

33.89 

-89.01 

-55.12 

1.44 

2.81 

f Kc/s .(expt.,) 2~83 

---

19 

35.45 

-89.01 

-53.56 

1.49 

-

38 . 57 76 95 114 

36.65 38.05 39.71 41.12 42.56 

-89-01 -89.01~89.01-89.01 -89.01 

-52.36 -50.96-49.30-47.89 -46.45 

1.52 1.56 1.62 1.66 1.71 

2.96 3.16 3.24 3.33 

2 .. 94 3.10 3.17 3.22 

The values of the frequency of oscillation have been calculated 

from the relation 

1 
f = ------'- where C 

1T (rac+rdc) c 

= 79~Kc/s 
( rae + rdc) 

The calculated values of frequency are en'tered in the fifth 

row of Table (7.3)'. 

As the calculated frequencies are almost half of the 

observed frequencies it \..,ras thought worthvJhile to calculate 
l 

( rae + fdc) in an alternative way. For this purpose the output 
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voltage across the arc was measured aroun!d a small variation· 

of· the arc current ( 1. 8 amp) from 1. 7 to '1. 9 A in absence of 

the magnetic field. The characteristic curve is plotted in Fig. 

(7.1) and the results are entered in table (7.4) at a pressu~ 

of .05 torr. 

p = 0.05 torr, H = 0 Gauss 

--·----- ·-------------·---------------
Iarc amp 1.7 1.75 1.8 

V arc volts 61.6 61.3 60.6 

33.89 

5.70 

28.19 

----- -----------------------------------------------
From the slope of (V-I) characteristic curve the value of 

rae is -5.70 and hence ( tac +.tdc) = 28.19 in absence of· 

magnetic field and from JB - VH ; ( rae + rdc) = 55.12 
arc arc 

for H -+ 0 and those should be equivalent. 

so [ (racJ{(rdc) .H 1 H~o 55. 12 
= 1· 95 

[rac+rdc] H=o 
?8. 19 
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and hence the calculated frequencies in the fifth ra11 of 

table 7e3 should be each multiplied by the f2ctor 1.95. The 

calculated frequencies thus obtained are entered in the sixth 

row of table {7.3) ·which are in close agreement with observed 

frequencies as entered in the seventh row of table (1.3) 

Ampli tuce of oscillation: 

The output voltage at the secondary of the circuit(shown in 

Fig. 7.1)has been measured for different values of arc 

current, pressure and magnetic field Fig. 7.6, 7.7 and 7.8. 

The total current that flows through the a+c at resonance is 

J: = varc 

~"ac+ 'de 

and this includes both the arc current and the a.c. current 

due to generation of electromagnetic oscillation. Tahing the 

value of Varc = (VDC - Vc - VA) where VA and Vc are the vaJ,ues 

for the anode and cathode fall respectively and those of rae 

and rdc from Table 7.1 the values of I= Ide + lac have been 

entered in the second column of i:able 7. 5. Deducting the values 

of arc current from the total current I, the values -of the 

fluctuating current Iac have been calculated an.d entered .. in 
-- -

column {3) table 7.5. The a.c. volt_age__developed acrossthe 

arc is 

v ac 
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the values of V are entered in the fourth column in table ac 

7.5. Then Vac is 2(VL +Vee) where VL is the voltage drop 

across the inductance L and Vee is the vcltage drop across the 

concenserCand assuming VL = Vcc'J Vac = 4 VL • The values of 

VL ere entered_ in the fifth coltimn of table 7.5 for p = 0.005 

torr. 

current 
amp. 

2.3 

2.1 

amp 

2.897 

2.802 

2.716 

2.630 

Table 7. 5 
1'=o·oo5torr 

• 597 

• 602 

.616 

.§30 

vac volts 

9.2 

9. 681 

10.31 

10.99 

VL volts 

2.3 

2. 42 

2. 58 

2.75 

The output voltages have been measured at the out~ut of the 

secondary circuit and consequently the quantitative agreement 

cannot be expected. However, qualitative agreement is quite 

satisfactory. The output voltage decreases with the increase 

of the arc current. · 

_However, H-hen the me.gnetic field is gradually increased 

at an-initial arc current of 1.8 amp it is found that the output 

vol:tage of generated oscillations increases with the rp_e.gnetic 
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field. To make a quantitative estimate we_have calculated 

the total current I - (I + I- ) for various values of the - ac cc 

magnetic fielc from the data entered in table 7&2 for v 
arc 

and values of ( rae + rde) X 1. 95 from table 7 • 3. The calculated 

dated ~e entered in table 7.6. 

Table 7~ 

Mag. fie·:la 1ae + 1de 1dc 1 ae vac VL 
in gauss amp. amp amp. volts volts 

0 2.102 1.8 .302 8.762 2.19 

19 2. 239 1.78 • 459 12.91 3.23 

38 2.341 1.76 • 581 16.01 4.00 

57 2.469 1.74 .729 19.55 4.89 

•76 2.632 1.72 .812 23.66 s. 91 

95 2.773 1.70 1.073 27.05 6.76 

114 2.925 1.68 1.445 35.32 8.88 

Since a fraction of this cut:;;ut voltage across the arc will 

appear across the primary o£ the inductance the output vc-ltage 

measured across the secondary will be proportional to this 

voltage and the results in the last column of tab~e 7.6 show 

that the output vultage increases alrr:ost linearly with __ the 

magnetic field as is observed experimentally. No atterrpt-_has 

beEoin made to compare tl:e theoretical and experirr:en ~al results 

quantitatively. 
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As regards the origin of these. low frequency oscil.lations. 

it has been discussed above that these oscillations can neither 

be electron plasma oscillation nor can they be due to ion 

plasma oscillations. Further the experimental results indicate 

that they cannot be due to dynatron oscillation either, we· are 

thus led to assume that since air is used here as a quencing 

gas the oxygen present can attach electrons and thereby negative 

ions"are formed /:seri and Sadhya (19S0)_7 end as the percentage 

of background air pressure is very small the density of negative 

ions should be very small. On this assuwption we get the 

frequency of oscillation of these negative oxygen ions is 

5.353 x 1o21h} and equating this with the observed frequency 

of 5 KC/s, i·Je get a probable value of negative oxygen ion 

2 
density to be of the order of 10 • 

It is difficult to pin point- the exact source to which 

these oscillations are due. However, by assuming its existence 

and making some simple assumptions it has been shown that the 

observed and calculated frequencies of emitted electro magnetic 

waves are very nearly consistent with regard to variation of 

current, pressure and magnetic fielc. The general trend of 

variation of amplitude with variation of these parameters, is 

also consistent with that observed experimentally. 

we can thus concluce that the object with w~ich_the 

present experiment was set up co~.;ld not be achieved due to 

the fact that the corrbined value of - rdc'J rae in corrbination 
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with any resistance could not be made equal to zero which is 

essential for production of cynatrc.n oscillation. This hov,rever, 

can be achieved by a proper design of the mercury arco Instead 

a new type of oscillation with very low frequency has been 

detected in the process. 
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