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St001A.RY OF ~~HE PRESENT WORK & CO!iCLUSION 

In the present study some 'of the properties 

of ionised gases have been investigated under both 

transverse and longitudinal magnetic fields and 

following conclusions have been made. The ionis«a 

es-r:cs investigated are molecular gases such a&; 

hydrogen, oxygen, air earbondioxide and ammonia and· 

both d. c.. and radio frfiquency fields have been emp

loyed for excitation. The range of pressure has been 
. cL . 
varie~ f~m a few microns to a few torrs and the 

magnetic :field employed lies between zero to 2000 gaUJ.JB· 

In chapter III a theoretical investigation of the 

radio frequency conductivity of ionised gases haa been 

carried out under a transverse magnetic field taking 

into consideration the theoretical deduction of 

Beckman regarding the radial density distribution of 

charge carrier~~ It is concluded that if the magne-

tic field is vari.ed then to have a measurable mag~ . . 

netic field at which the r.f. conductivity .. attains 

a maximum value the measuring field must have a 

frequency in either the ultrahigh frequency or in 

the microwave r~gion.;. Qn the other hand if the 
. . . 

pressure is gradually varied tb,en a maxi~Ulll in the 

pressure conductivity curve .can be qbtained i~ the 



radio :frequency region. The theoretical deductions 

are verified experimentally in a satisfactory manner 

and th~ charge carrier density and the collision 

freq.tency ·have been obtained. J:n case of ionised 

gases such ~;~.s hydrogen, oxygen, air and ammonia. 

The measurement of plasma conductivity in·~ mag

netic field thus affords a reliable method for the 

mea.aurGme:nt of plasma parameters. ,Beckman's cal

culation r'egarding tb.e variation of radial elect

ron d$nsity in a magnetic field has been v~rified 

while the other aspect namely the increase of the 

anal field ·need not be taken into consideration 

as the measurQment of conductivity is made in a 

direction perpendicular to both the electric and 

magnetic fields.,. In .all previous work the radial 
' 

electron density has been assumed constant but 

here o~ ca1culations have takClln into conside

ration the radial variation of electron density 

in a magnetic fielch; 

In chapter ;tV momentum transfer collision 

cross section for alow electron in hydrogen and :s 

oxygen in a tr~.,verse magnet~c field varying from 
' ' 

zero to 1850 ga~sa have be~n obtained by studying 

the variation of· ro.dio frequency cond.uctivi ty. of the 
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ionised gas within the prQaaure range of a few 

microns to 6 torr. The momentum transfer cross 

· s(i'ction ·ia g higher than that without field for 

the same range- of electron energies. The results 

have been discussed in the light of the experimental 

breakdown voltage measurements in these gases. A 

B<Ji table but accurate mQthod of measurement of the 

momentum transfer cross section and its variation• 

in ~ magnGtio field haa been suggested. 

In chapter V thQ variation of curr~nt and 

voltage in a d.c. excited glow discharg9 has bean 

~tudied.in a longitudinal magnetic field Tarying 

from zero to 1600 gauss_ for values of pressure 

varying from 0.685 to 0.925 torr in air and hydrogen. 

The current gradual1y rises and the voltage gradually 

decreases up to 800 gauss and thQn both attain satu

ration values from these measurements the axperimen-
o~ 

tal values regarding the radial variationkcharge 

carrier de~eit.y with longitudinal magnetic field 

has been obtained., Starting from some basic poe-
" 

tulatea a detailed theoretical treatment of the 
Of' 

problem regarding the radial variation~eharge 
Yr\O...~>I.OlM"-

oarrier density in th~ longitudinal~field has beQn 

prEilaented_~,·: The theoretical deductions are in very . ,.• 

·,.·· 
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good agreement with experimental results. The resul~a 

further indicate that the radial distribution of cba-

rge carriers can be well r9presentsd by a Bessal func

tion in presence of magnetic field as ·well. 

Chapter VI deals with the phenomena of break

down in hydrogen, oxygen and air excited by a r.f. field 

in a loAgitudinal magnetic field varying £rom zero to 

600 gauss., and over a range of pressure varying from 

- a few liH microns to a flea few torr. It is observed 

that the breakdown voltage decreaaes with the app

lication of the' magnetic field and the pressure at 

which the breakdown voltage becomes minimum alway& 

shifts to the lower pressure with th9 incrQase of the 
' ' \}i.\'.-cl 

magnatic field~· The obje·ct of this work is to buad , 

the limitations of the diffusion theory of breakdown 

"' of the ga.S .• _, The va.lues of' ( tX/p ) w~re o( is the 

TOW!lsend'' a first ionization ooQfficient, has been .. 
calculated both from the theory of Brown (1949) and 

that of Kihara ( 1952) from the experimentally deter

mint& breakdown voltages and compared with the value• 

o:f ( Q( I p ) published in 11 terature 11_ ThQre i e striking 
' 'YI\ e. Y\-\:.. 

agree,..between the two within the values of ( E/p ) 

invaatigated and this establishes on a sound experi

mental basi a the fact that within the range of pressure, 

dimension of the discharge tube and frequency of the 
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applied field, applied, the loss of electrons is mainly 

governed by the process of diffusion. Hating eetab-
. s 

liahed the. fact that diffusion ip the dominent loae 

mechanism the diffusion length as well as the.pre

aaure for minimum brea.lqlown voltage nave been cal

culated in presence of magnetic field and the agree• 

ment with the expQrimental results . is very much sa

tisfactory~ The general conclusion has thus been 

drawn that not only in the case of gases excited by 

microwaves but also in case of radio frequencies the 

dominent loss mechanism of charge carrier in a die

charge ie governed by the process of diffusion. 

·In order to verify by direct experimental 

determination the mechanism of loss processes due to 

diffusion in a magn·atic field, the diffusi·on coe

fficient (or diffusion length) in the magnetic field 

has·been obtained by measuring the d.c. eonductivity 
t.c..J ' of the ionised gases~ ~en the magnetic field is 

applied and the results are incorporated in chap-
,£ 

ter VII. ~he conductivity ahow:r& a maximum at a cer-

tain value of the magnetic field and a detailed 

math~matical treatment has been provided to explain 
. ' 

the occuranc e of this maxima; quanti ta.ti.ve agreement 

between ~xperimental and. theor~t~cal results bas 

been. obtained. The experimental results regarding the 
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variation of diffusion length in a ~gnetic field 

indioatusthat for values of (HfP) used.here the 

nqrmal diffusion process taken place and the coe

fficient varies inversely aa H2 according to Tow.n

annd and Gill's theory. No evidence of anomalous 

diffusion has been obtained. 

In the last chapter, the variation of 

electron temperature and charge carrier density in 

ionised gases have been dete~ined by the Langmuir 

single pr~be method when magnetic field is eith&r 

transverse of longitudinal. This has brought out 1!% 

clearly the, fact that the alignment of magnetic 

~ield with the undisturbed flow of current in a 

plasma interactsin different manner in the variation 

of .plasma parameters. Whereas in oa.ee of a tranev8rsa 

magnetic :field the electron temperature incrcrlases· and 

redial el~ctron density distribution decreases in case 

of a long~ tudinal .magnetic field the electron tempe

rature decreases whereas the radial electron density 

increases. · The experimental results support the quan

titative derivations dGduced earlier~ 

The present work thus has provided experi

mental data and their theoretical interpretation re

garding the various proporties of ionised gasea au and 

their interactions with transverse .and lo~tudinal 

magnetic field&J ..• 
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Fig. 3. Variation of voltage across the tube in mag
netic field. 

volume and V0 is the collision frequency for 
momentum transfer; then 

. . ne2A..E 
]=---, 

mvr 

where A.. is the mean free path of the electron 
anc~ vr the random velocjty. Hence 

. ne2A..E · 
J= I kT' v3m . e . 

· where T. is the electrop. temperature. 
·vo is the supply voltage from the stabilizer, 

V6 and VA are the cathode and anode fall 
respectively. R the series resistance (220 K.Q), 
I is the length of the positive column and 
L is the mean free path of electron at 1 Torr. 
As under· the condition of the experiment the 
positive column extends from cathode to anode, 
I is taken to be the distance between the two 
electrodes . 

. ne2L[V0 -{VA+ Vo}-IR] 
J= .j3mkPI.jT. 

The total curren.t 

_ne~L[Vo-{VA+Vo}-/R] JRw. 
I- .J3mkPl.jT. 2n, o nrdr, 

where Rw is the radius of the discharge tube. 
Hence 

I= Va-(Vc+ VA) 
R+C ' 

(1) 

where 

1 e2L JRw 
c=.j3mkPI.jT.2n o nrdr. (2) 

In the cathode region most of the electrons 
move with relatively high speed normal to the 
cathode surface. A longitudinal magnetic 

·field therefore has little effect upon the pro
perties of the dark space except to inhibit the 
radial motion of thos~ electrons which are 
scattered by hitting gas molecules. Hence 
no significant' effect on cathode fall has been 
noticed when a longitudinal magnetic field 
is applied. The theory of the anode fall pro
posed by Von Engel shows that a longitudinal 
magnetic field will have little effect on anode 
fall. Further it has been shown by Penning, 
Moubis and Jurriaanse 7 l that there is a slight 
variation in cathode and anode fall (of the 
order of 2.5 volts for a change of discharge 

'current of 10 rnA). The maximum change of 
discharge current here is of the order of .080 
milliamperes and hence 'for this small chJ!nge 
Qf discharge. current variation .of cathode and 
anode fall have not been taken into considera
tion. If it is assumed that the application of 
magnetic field changes.the electron temperature 
and radial electron density the current in . 
presence of longitudinal magnetic field. is 

I _ Va-(Vc+'V ~ 
H- R+CH ' (3) 
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where 

(4) 

where nn and Ten are the electron .density and 
electron .temperature in ·presence of the mag
netic field. The values of Vc and VA in case of 
air have been obtained from Brown·8 l and from 
the experime~tal values of J.andln at different 
values of magnetic field it is possible to calculate 

the values of c· and Cn from.eqs. (1) and (3). 
and the results are entered in the second and 
third columns of Table I for . a pressure of 
.685 _Torr. Similar calcuJations have been per
formed for pressures of .807 and .925 Torr 
and the results are tabulated in Tables II 
and III respectively. 

In order to evaluate theoretically the values 
of C and Cn and compare it with the ex
perimental results it is necessary to assume 

Table' I.' P==.685 Torr. 

Magnetic 
field in gauss 

0 
50 

100 
150 
200 
250 
300 
350 
400 
500 
600 

Magnetic 
field in gauss 

0. 
50 

100 
150 
200 
250 
300 
350 
400 
500 
600 

Magnetic 
field in gauss 

0 
50 

. 100 
150 
200' 
250 
300 
350 
400 
500 

ex 10-6 

.272 

ex 10- 6 

.18 

exl0- 6 

.084 

Cnx10- 6 

.2576 

. 2485 

.2388 

.2305. 

.2240 

.2187 

.2169 

.2146 

.2108 

.2092 

1.056 
1.094 
1.139 
1.180 
1.213 
1_.242 
1.256 
1.268 
1.290 
1.301 

1 
1.006 
1.013 
1.019 
1.025 
1.029 
1.034 
1.036 
1.038 
1.040 

Table II. P=.807 Torr. 

Cn x 10- 6 

.1737 

.1698 

.1661 

.1623 

.1595 

.1573 

.1549 

.1531 

.1497 

.1483 

~ 
1.039 
1.060 
1'.083 
1.109 
1.128 
1.145 
1.162 
1.176 
1.202 
1.213 

1.015. 
1.026 
1.034 
1.047' 
1.052 
1.058 
1.061 
1.064 
1.067 
1.069 

Table III. ,P=.925 Torr. 

enx 10- 6 

.0835 

.0826 

.0807 

.0789 

.0778 

.0761 

.0749 

.0732 

.0710 

e/en 

1 
1.006 
1.017 
1.041 
1.064 
1.080 
1.104 
1.121 
1.148 
1.183 

1 
1.007 
1.016 
1.023 
1.027 
1.030 
1.034 
1.037 
1.041 

. 1.044 

ejeH 
from theory 

1 
'1.049 
1.087 . 
1.131 
1.162 
1.199 
1.226 
1.242 
1.250 
1.275· 

CjeH 
from theory 

1 
1.029 
1.052 
1.078 

'1.093 
1.110 
1.132 
1.152 
1.162 
1.189 
1.192, 

Cjeli' 
from theory 

1 
1.002 
1.010 
1.032 
1.059 
1.071 
1.092 
1.113 
1.129 
1.159 

nH/n 
from theory 

1.029 
1.045 
1.092 
l.148 
1.176 
1.196 
1.233 
1.262 
1.268 

nH!n 
from theory 

1.017 
1.028 
1.056 
1.087 
1.125 
1.151 
1.162 

nH!n 
from theory 

1 
1.008 
1.024 
1.042 
1.069 
1.066 
1.122 
1.131 
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some radial distribution function for the 
electron density for evaluation pf the integ-ral 
in eqs. (2) and ( 4). 1 · • 

In the region of pressure ib- 1 to 10 mm 
of mercury where the diffusion theory holds 
it has been shown by Schottky9 l that the loss 
of ions and electrons is entirely due to dif
fusion; if volume, recombination is neglected 
we have, 

d2n 1 dn vi 
-+-·-+-n=O 
dr2 r dr Da ' 

where vi is the frequency of ionization th~t 
is -the number of, electrons produced per 
electron per unittime and Dais the ambipolar 
diffusion coefficient. The sohitiol) is the· zero 
order Bessel funbtion 

In the balance of production rate v; and dif
fusion Da Brown8 l has shown that 

vi 1 
D = A 2 ' a . 

where A is· the diffusion length. 
. So that n=n0J0 (r/A) Putting the value of 

n in eq. (2} 

1 n0 e2 L _ 
C .J3mkPl.JT. 2nARw11(RwfA). (5). 

In presence of magnetic field assuming that 
viH is the frequency of ionization per unit 
electron and DaH the ambipolar diffusion . 
coefficient, 

and the solution of the equation· is given by 

now 

If= Dell+ +D+f-le 
a f-l:t+f-le . ' 

where. De and ,D ~ are the diffusion .coefficients 
of the electron' and positive ion .respectively 
and f.le and f-l+ are the respective mobilities; 
expressing f-lfD=efkT and neglecting the mo
.bility of pos_itive ion in comparison to that of 
electron we get · 

Since the independent diffusion of positive 
ions and the temperature "of the positive ions 
are negligibly effected- by the magnetic field 
the variat~on of Da in a longitudinal magnetic 
field will be the same as that due to variation 
of electron temperature in the magnetic field. 

,Hence"we g~t 

and 

viH _ _1· 
DaH -:A~; 

where AH is the effective diffusion length in 
presenc~ of the magnetic field. We have then. 

and 

then 

1 vi V; T+ 
A 2 

= D A= n·+ r. • 

1' viH r • 
----z-=2--· 
AH' A vi r.H 

It has been shown by Bickerton and Von 
Engel6 l who. measured the axial electric field 
and the ·electron temperature at various values 
of the longitudinal magnetic field that 

?=~~JK:; 
where KH -and K are the fractions of energy 
lost by the eleCtron due to elastic collision 
in presence of m'agnetic field and in its absence 
respectively. They further showed that as 
K~ = K no new proc~SS resuJts from the ap
plication of the magnetic field. As the values 
of EH have been measured directly in our 
experiment, it is possible to calculate t~e ratio 
T.HfT. and the results .are.'entered in the fifth 
column. of Table l: As it has been shown by 
Bickerton and ·von Engel that.:T./T.H=cE/EH 

and hence 

1 1 'viii E 
A~= A2, vi EH' 
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Putting the value of n in eq. (4) and integrating 
we get 

1 n e2L · 
(:H= .J3m;P!.JTeH 2nAHRJ~(~wf~H)· (6) 

Hence from eqs. {5). and (6) we get·· 

_£_~J·E AH JI(Rw/AH) . 
CH EH A Jl(R,;,/A) 

. = {~} 112 
1 1 (RjAH) . (7) 

. ViH Jl(Rw/A) · 

The vari'ation of viH with magnetic field has: 
been studied by\ Bickerton and Von Engel in 
case of helium where it is shown that v;H 
decreases with • the increase of the magnetic 
'field. The effect is considerable at low pressure 
(Bickerton and Von Engel, 6 l P=.048 Torr); 
to calculate the change at the pressure at which 
the present experiments hav'e · been carried . 
out it is noted from the expression given by 
Brown8 l that 

V;w exp ( -eVJkT.i£) [1 +eV;/kT.H] 
~= exp( -eV;/kT.) [1 +eV;/kT.]' 

as e VJ KTe is » 1 

viH [ eVi T.- T•H] T. -=exp -- . -
V; . k T.T.H. T.H 

=exp [- eV; E-EHJ.E_. 
k' rxEEH EH 

E eV;'E_:;EH 
=EH-.k rxEfi.'-

where rx is the proportionality between the 
electron temperature · and the electric field, 
for constant pressure. It .is thus possible to 
calculate viH/v; for different values of the 
magnetic field and pressure: In· case of a cy
lindrical tube 

where ~ is the distance between the electrodes 
and Rw is the radius of the discharge tube. 
Putting the value of hand R 1/A=2.078.cm- 1

. 

It is thus possible to calculate theoretically 
the ratio Cf.CH from eq. (7) and the results 
are entered in the sixth columns of Tables 
J, II and III for the three pressures and for 
various values of the magnetic field. It is 
thus evident that the theoretical results though 

. not exactly equal to experimental values are 
very close specially for low values of magnetic 
field used. This can be taken as a justification 
of ~ur assu~ption that the electron . density 
profile is given by 

n=n0J0(r/A), 

in absence of the field and by 

(r{viH E} 1
1

2
) 

nH=nolo A V7 EH . ' 

when the the longitudinal magnetic field is 
present. The last column in all the three 
tables gives the ratio nRfn as calculated from 
the above relations. The results· further show 
that magnetic field does not change the radial 
dist'ribution of ions and electrons from the· 
normal · Bessel function. Cummings and 
Tonks 10

) also came to the same' conclusion_ 
from a detailed theoretical analysis. 

. We can thus bring_ out the difference in 
the behaviour of a swanp of electrons. and 
their associated properties in transverse and 
longitudinal magnetic fields. In case of· a 
transverse field and following the theory' of 

. Beckman4 l we note that the axial- field and 
electron temperature increase whereas the 
radial electron density decreases and as reported 
in our previous paper (Sen and Gupta 5l) 
the dis-charge current shows a maximum at a 
certain value of the magne.tic field which is 
dependent upon the pressure. In case of a 
longitudinal · magnetic field the axial electric 
field and electron temperature decrease whereas 
the radial electron density increases and. the 
di.scharge ' current gradually. increases and 
finally assumes a constant value. In both the· 
cases however, the radial · distributi6n of 
electrons is governed by the normal Bessel 
function. 

It is further noted that though the measure-· 
ments reported here . have been made for a 

· magnetic field upto 1600 ·gauss, the 'observed 
change in current and voltage is significant 
upto a field of 800 gauss and beyond that 
l;>oth assume a constant value. The case of 
anomalous diffusion will depend not only 
upon the magnetic fiel4 H, but on the ratio 
of H/ P where P is the pressure. In our present 
investigation for the values of H/P used no 
evidence of anomalous diffusion has been 
observed. 

·' 

'· 
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Abstract. The breakdown of a gas excited by a radio frequency voltage of fre
quency 5·6 MHz has been studied in a cylindrical discharge tube 7·2 em long and 
2•9 cin in dia and fitted with two internal electrodes at a distance of 2·5 em in 
hydrogen, oxygen and air within the pressure range of a few microns to 2 torr in 
the presence of a longitudinal magnetic field varying from zero to 800 G. Experi
mental results indicate that the breakdown is diffusion controlled and the values of 
(a/P) at diff~rent E/P values calculations obtained by Brown as well as by Kihara's 
theory have been compared with (a/P) values obtained in the literature. It is 
con~luded that the diffusio:1 theory is also valid when the frequency of the exciting 
voltage is s:aled dow_l to radio frequency provided the collision frequency is much 
higher than the exciting frequency. The change of diffusion ler.gth in the presence 
of longitudinal magnetic field has been obtained from measured E/P values 
and comparison with theoretic.al values ir.dicates that the1e is quar.titative agJee
ment for small (H/P) values where His the mag:r..etic field. The calculated values 
of pressure at which the breakdown voltage shows a minimum in the presence of 
m:tg:netic field is in v~ry good agreement with experimental values. It is. con
cluded that in the presence of magnetic field also the! oss of electror.s takes place 
p~edominantly by the process of diffusion. 

Keywords. Breakdown of gas; diffusion; radiofrequency. · 

1. Introduction 

The study of the breakdown of a gas excited by high frequency electromagnetic 
field has shown that the breakdown voltage depends upon the pressure of the gas, 
the dimension of the discharge tube and the frequency of excitation. The domi
nant factors responsible for the loss of electrons are diffusion and mobility and 
if the gas is electron attaching, the loss also takes place by electron attachment. 
It has been observed that when the pressure of the gas is of the order of a few 
millitorr and the length of the discharge tube is large as compared with the mean 
free path of the electrons in the gas, both the mobility and diffusion are the domi
nant factors by which electrons are removed. On the other ha:p.d, when the gas 
pressure is high and the exciting frequency of the applied voltage lies in the micro. 
wave region, the electrons are bst mainly by diffusion. The theoretical method 
of calculating the breakdown voltage of a gas excited by high frequc:ncy voltages 
at high pressure has been developed by Herlin and Brown (1948) where the 
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dominant factor for electron removal process has been assumed to be diffusion. 
Starting from a Jp.olecular model,.-Kihara (1952) developed a theoretical method 
to calculate the breakdown voltage of a gas-under high frequency excitation taking 
into consideration the loss due to mobl.Iity -and diffusion. In- a series of papers 
from this laboratory (Sen and Ghosh 1963; Sen and Bhattacharjee 1965, 1966, 
1967) the experimental results have indicated that when the pressure is of the 
order ·of a few inillitorr and the frequency of excitation of the order of a few MHz, 
the major electron removal processes are diffusion and mobility. 

· To test the limitations of the diffusion theory, it is propo.sed here to undertake 
some experiments on the breakdown voltages of gases where the frequency of the 
exciting voltage is of the order of a few MHz and the pressure of the gas is of the 
order of a few tori-. To study the effect of ·attachment, breakdown measurements 
hav~ been made in some electron attaching gases such as air and oxygen. The 
object of the present investigation is to find out whether the loss mechanism 
remains the same when the frequency of the exciting voltage is scaled down from 
microwave to radio frequencies keeping the pressure in the range of a few torr. 

. The breakdown of a gas excited by a radio frequency field in presence · of a 
magnetic field has been studied previously by Lax eta/ (1950) who performed 
experiments on the breakdown voltage of helium containing a small admixture of 
mercury vapour and obtained breakdown curves for different values of the pres
sure. Ferritti and Veronesi (1955) performed experiments for frequencies ranging · 
from 10 to 30 MHz in air, the magnetic field varying from 0-600 G and·obser~ed a 
lowering of breakdown voltage in the presence of magnetic field. Sen and 
Bhattacherjee (1969) performed experiments in the case of ail', hydrogen, oxygen 
and carbon dioxide in the presence of a magnetic field from 300-1800 G. 

Brown (1956) has explained the change of breakdown voltage obs~rved in 
presence of magnetic field by assuming that the diffusion length .in 'the presence 
of a magnetic field is· altered according to the equation. 

A 2 = A2 [t + wB2] 
H Vc2 

where A and Aa are respectively the diffusion. lengths in the apsence and in the 
presence of magnetic field. w8 is the electron cyclottc-n ftequency and Vc is the 
collision frequency. To make a further test of diffusion theory in 'the presence 
of a magnetic field, it is also proposed to verify the above equation of Brown 
from the experimental results obtained in the present ·set .of experiments. The 
results are expS!cted to prove the validity of the diffusion· theory in the presence 
and absence of the applied magnetic field. 

2. Experimental arrangement 

The method of measurement of -breakdown voltage was the same as was used 
earlier (Sen and Ghosh 1963). The discharge tube of 7 · 2 em long, cylindrical, 
and fitted with two internal electrodes with.a separation distance of 2 · 5 em and dis
charge tube was i · 9 em in dia. The tadio ftequency voltage was ·supplied from a 
tuned grid tuned plate oscillator, the frequency of the oscillator being variable from 
3 · 5-11 MHz and the -output of the oscillator could be continuously varied from 
0-550 volts. ·'The r.m.s. output voltage was measured with a vacuum tube voltmeter. 
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The pressute of the gas was measuted with a calibtated Mcleod gauge. . The magnetic 
field was provided by an electromagnet, the lines of force wer:e parallel to the 
length of the discharge tube which was placed entirely within the polepieces 
of the electromagnet. The magnetic field was measured with a calibrated fluxmeter. 
Keeping the magnetic field at a constant vaiue, the pressure was varied and the 
breakdown voltage measured for various vah.ies of gas pressure. The experiments 
were repeated and the results were found tb be reproducible within ± 1%. 
· Pure and dry air was passed through phos'phorus pentoxide to remove traces of. 
watel" vapour. Hydrogen was prepared by ·electrolysing warm concentrated 
solution of barium hydroxide in a hard glass U-tube fitted with nickel electrodes 
in which hydrogen gas was liberated at the cathode. The gas was dried by-passing 
it over broken pieces of potassium hydroxide and then over purified phosphorus 
pentoxide. Pure oxygen was evolved at the anode in the electrolysis of barium 
hydroxide solution and was passed through pure concentrated sulphuric acid 
before collection in the discharge tube. 

3. Results and discussion 

The breakdown voltages for hydrogen, oxygen and· air have been plotted for . 
different values of pressure (0·1 to 2·4 tou) with and without magnetic field (110 g 
to 795 g) in figures 1, 2 and 3 respectively. 1t is observed that the breakdown 
voltage is always smaller in the presence of the magnetic field than in its absence 
for all va~ues of pr~ssure and the pressure at which the breakdown volta&e becomes 
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minimum always· shifts to lower pressure with the increase of the magnetic field. 
To provide a meaningful interpretation, it is proposed to examine the results in 
the light of the prevalent theories (Brown 1959; Kihara 1952). In order to deter 
mine which process is predominant in electron removal under· the present experi-. 
mental set up the following points have been considered: 

(i) According to . Brown for the diffusion theory to be valid the dimensions of 
the discharge tube must be small compart:d to wavelength of the exciting power. 
As the wavelength is of the order of 51·2 em and the length of the discharge 
tube is 7 · 2 em and 2 · 6 em dia. this condition is satisfied. 

(ii) The maximum mean free path of the gases used here is 0 · 6 em at a pressure 
of 0·1 torr (Townsend 1947) which . is much smaller than either the length or radius 
of the tube. 

(iii) The amplitude of electron oscillation when calculated from the equation 
eEo 

X= -----o--=--=-
mw [w2 + v2]112 

where E 0, the field intensity, .is O· 02 em at a pressure of 1 torr and wlli be smaller 
at higher pressures. · 

(iv) The collision frequency is v,fl•. where v, is the random velocity and >-. is 
the mean free path and is of the order of 109 collisions/sec and is much greater 
than the exciting frequency even at a pressure of 1 torr. 

Under the above conditions, it is apparent that the electrons make many oscil
lations of small amplitude, because the motion is restricted by collisions and the 
cloud of electrons appear stationary (there being no drift motion), spreading out
war~s only by diffusion. Hence loss due to drift cal}. be neglected. New charged 
partides are formed due to ionizing collisions and loss due to diffusion predomi
.nates. In case of electron attaching gases, the loss due to attachments should also 
be taken into considuation .. 

As stated ,above, under the present experimental set up and range of· pressure 
investigated the electron suffers many collisions per oscillation of the field. Brown 
pointed out that as pressure increases,. mean free path decreases and the enetgy 
gain per mean free path is proportional to mean free path at constant E. In order 

·to cause breakdown, the field must increase in inverse proportion with the mean · 
free path or in direct proportion with pressure. Thus at high pressure where 
the electrons make many collisions per oscillation their behaviour is much the same 
as in the case of d.c. field. The value of (a/P) where ~ is the ionization cqeffi
cient can then be calculated from the experimental valut-s of E/P from the Town
send's relation 

a/P = A 0 exp [-B 0/(E/P)] (1) 

where A 0 and B 0 are the values of constants for a particular gas . 
. Kihara (1952) has treated the phenomenon of electrical discharge by adopting 

· a proper molecular model for collision processes. Assuming a model for the 
cross section of the molecule for elastic, exciting and ionization collisions with a 
Maxwellian distribution of electron velocities which is nearly valid for the case of 
molecular gases studied here, he has deduced that 

(2) 

( .... 
( 
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. where a is a molecular constant equivalent to collisio.n cross sec.tion, A is another 
constant having Jhe dimension _of cm3 S-1 , N is. the number density of the. gas 
atom, K is the BoltzmaQ. constant, pis ~nother molecular constant ha"ing the dimen
sion of ems. The· vahltS of these molecular constan~s have been prqvided by 
Kihara (1952). · 

The values of (a/P) have been calculated from eq. (1) using the experimental 
values of (E/P) obtained in the present investigation for hydrogen. The values 
of (a/P) have also been calculated from eq. {2) for corresponding values of (E/P) 
using the numerical values of the constants given by Kihara. . The results for 
hydrogen have been plotted in figure 4 and for purposes of comparison, the 
published experimental values of (a/P) from literature are also plotted in the figure. 
In the case of electron attaching gases such as air an~ oxygen, the loss due to 
attachment is also taken into consideration and the ionization coefficient (a/ P) 
have been calculated from the expression 

· a a. ( Bo) p = p + Ao exp.- EjP . (3) 

Similarly from Kihara's theory it can be shown that when attachment is taken 
. into consideration 

· . 3a KT. [ mc,2] 
v -:-:-·_v. = N. ·ci· m exp - 2KT. 

. ' 

and hence 

~ = a. 1_!. (!!..) ·(3~)1 ' 2 . [- mc,z ( ~) (~~p)l/2] 
· P P + P C1 p exp 2e-- E/P · 
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The values of (a./P) for air and_ oxygen for different (E/P) values have been obtained 
from (Brown 1959) and (a/P) values have been calculated from eq. (3) using experi
mental values of (E/P) obtained and also from eq. (4) and then plotted in figures 
5 and · 6 for oxygen and .air respectively together with values obtained from 
literature. 
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It is thus evident that in the case of' all the gases studied here the values of (a/P) 
calculated from breakdown voltage are in fairly good agreement with the values 
of ( a/P) obtained from literature for (E/P) values studied here. · Further the 
results calculated from Brown's expression are in better. agreement than those 
alculated from Kihara's theory. 'This may be due to uncertainties in the values 

of molecular constants introduced ,by Kihara. We can further conclude that 
under the present experimental conditions and where the electrons make a large 
number of collision per oscillation, diffusion is the dominating factor for the 
loss of electrons and the breakdown process is identical with the d.c. breakdown 
mechanism. · 

4. Effect of magnetic field 

In the above discussion we have concluded. that under ·the present experimental 
set up and for the values of pressure and the frequency of the applied radio fre
quency field used, diffusion· is the! main electron removal process. However, the 
effect of an external magnetic field is to modify the breakdown mechanism to the 
same extent as the process of diffusion. As the diffusion perpendicular to the 
magnetic field is reduced, the breakdown field will show a reduction in value. 
'The mean square displacement travelled by an electron is proportional to diffusion 
constant and Brown has shown that the effective diffusion length An appropriate 
to infinite parallel plate is given by 

(5) 

where w8 is the cyclotron frequency = (eH)/m and v0 is the collision frequency 
at the pressure considered. In a recent communication (Sen and Jana 1976) w~. 
l_lave measured the collision frequency of the electrons in hydrogen, oxygen and 
air by the radio frequency conductivity method and the value at a pressure of 
1 torr for hydrogen is 1·74 x 109, for oxygen 3·58 x 109 and for_air 3·222 x 109. 
In order to verify whether Brown's expression for the modified diffusion length 
is valid the values of An/A have been calculated for each gas separately for diffe
rent values of H/P from 50-500 G torr-1 • 'To see whether these are consistent 
with the experimental values, An/A has also been calculated from values of E and 
En obtained experimentally. If has bee·n shown that the discharge is diffusion 
controlled and the breakdown criteria is given by · 

v/D _.: 1/A2 or (ap.E)/D = 1/A2 where wis the mobility as p.fD = ej(KT,), where 
T, is the electron temperature · 

(
a.)eEP 1 
P KT, = A2 • 

From 'Townsend's equation a/P = Aoexp(-B0/(E/P)) and 

KT. = _!::__ · !! = r · (!!) Von Engel (1955) 
e yR P P 

where r = L/v R and L is the mean free path of the electron in the gas at a pres
sure of 1 torr and R ~ 2m/ M where m is the mass of the electron and M is the mass 
of the ion. 
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Hence 

( 
·B. p) · p2 1 

A0 exp _-,--!_ · ~ =-
E r A 2 

or 

(6) 

When magnetic field is present if En is the breakdown field for the same value of P 

En/P = ~ Bo ·(7) 
log [A 0P2 An2/r] 

Hence 

~ _ [ . BoP(E-:-En)J112 

A - exp EEn . (8) 

From the. experimental values cif E and En values of An/A .for all the three ·gases 
have been obtained from eq. (8) and entered in table ··1 for 1f/P varying betweeri ·so 
and 500 gauss torr-( · 

From a comparison of the theoretical and experimental values, it is evident 
that the values are more or less consistent with cne another ·and lends additiona 
support to the assumption that the loss of electrons under the present experimental 
set up is governed mainly by diffusion. 

We further note that maximising eq. (6) with respect to ·pres.sure; the pressure 
at which the breakdown voltage becomes a minimum, is given by 

p _ 2Emln 
min- Bo 

and in the ·presence of magnetic field 

. 2 {EiJ)mln · 
. 2 =Bo 

(Pn)m!h [1 + C2 ~)~J 

(9) 

:(10) 

where (Pn)m1n is the pressure at which the breakdown voltage becomes (En)m1n 

. and Cis the collision frequency at a pressure of 1 torr, from eqs (9) and (10); 

-Table 1. Theoretical and experimental values ·or Ali/A ·ror 'different (HIP) values 

Hydrogen Oxygen Air 
(HIP) An An HIP An An HIP AH AH 
Gauss if ·x A A 11 4 
torr-1 (Theory) (Expt.) Gausst (Theory) (Expt.) Gauss ~(Theory) 1(Expt). 

torr1 torr-1 

78·57 1·008 1·038 61·1 1·002 1·031 90·90 1·l16 . 1·260 

89·80 1·010 1·140 111 - 1'·006 1·053 11l·l ·1·169 1=i61 

181·8 1·042 1·212 160·6 1·008 1"•060, 200 1·481 1·382 

250·0 1 ~077 1·293 222 1·014 1·108 250 1·682 1·793 

350·0 1·186 1·301 2b5·7 1·024 1·079 333·3 2·077 1·892 

533·3 1·317 1·342 333·3 1'·034. 1·134 371·8 2·263 1·982 
~ .. - . """-"' 
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Table 2. Theoretical and experimental values of (PH)mln from equatim. (11). 

Hydrogen 
Magnetic field 

(Gauss) (PH)m!n (PH)m!n 
(calc) Expt. 
torr torr 

1·268 1·25 

1·0792 1·09 

Indeterminate 0·75 

Oxygen 

(PH)mln 
Calc. 
torr 

1·062 

0·9899 

0·6534 

(PH)m!n 
Expt. 
torr 

1·05 

0·95 

0·66 

(PH)mln 
Calc. 
torr 

0·9661 

0·6972 

·Air 

(PH)m!n 
Expt. 
torr 

0·99 

0·73 

uq 

200 

400 

595 Indetermi::-.ate 0·45 Indetermir.a te 0 · 60 

P (EH)m!n ± (p•. (EHl~in _ 4 2j 2)112 
min E mm £•. WB C 

(p ) min m1n 
Hmin= 2 (II) 

·The values of (PH)m1n thus calculated for the three. gases for dHferent values of 
the magnetic field are given in table 2. 

5. Conclusions 

It is thus concluded that when the frequency of excitation is much smaller than the 
collision frequency, the major factor responsible for electron removal is the process 
-of diffusion and this is also the dominating factor when the magnetic field is 
applied. The mechanism of breakdown becomes almost identical with d.c. 
breakdown of gases and the experimental results are in agreement with theoretical 
values calculated on the basis of these assumptions. It is further noted that eq. 
(11) becomes invalid for values of magnetic field greater than 400 gauss which 
shows that deductions are valid for low values of magnetic field, and also corrobo
rated by the values of A.Hf/1 as shown in table I. 
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