CHAPTER - I,

REVIEW OF FREVIOUS WORK,



.. ©  RADIO FREQUENCY BREAKDOWN OF GASES,

‘a) S _Witheut‘Superimpcsed Field.
Ionizatien and conseqnent breakdown of a’ gas subjected

to uniform alternating electric field differ in several impor—

tant respects from 1onizatlon and consequent breakdown by

;uniform d.c. field, When a high frequency or microwave

" electric field is applied aeross-a-gas,'charged particles in

| the volume of the gas are accelerated. Due to cosmic radia-

:tions electrons are always present in a given volume of &

‘gas and through these electrons the transfer of energy from

'the electric field to the volume of the gas starts. Since

'the messes of ions are much greater than that of electrons,
‘electrons are accelerated much more than ions‘and the energy
i,transferred'from-the applied field to the‘electrons is so
much greater than to ions, that for the most part, we can
ignore the motion of the heavier partlcles. When the direc-
tion of the field changes, the direction cf the force on the
ielectron changes and the‘electrons will oscillate within the
‘volume)of'the ges provided the walls of the container are
.sufficiently_far apart;;This is the main characteristic that
distinguishes high frequency or‘microwave'discharges from .
low frequency or d.c.- discharges. At low frequencies, the

reversal of direction of acceleration does not take place

before the electron strlkes the walls of the contalning
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vessel, The electron strildng the walls may cause the
.qulease of other electrons or impurity atoms from the

walls, thus introducipg comylicated wall surface mecha-

nisms into the situatioh.

At high frequencies and in the absence of any gas
atoms, the electrons ﬁould_ogcillate out qf_ﬁhase with
the field and no energy would be transferred. But in
presence of gﬁs_atoms'electrons accelerated by the elect-
ric field collide frequently with the gas atoms, thus
changing the phaae condition. As a resqlt, on the average,
e net transfer of energy from the field to the electfons
wiil take place, The electrons lose energy by collisions
with the gas atoms, In a favourgblevsituatioh; an electron
- may gain sufficient energy to exceed the excitation energy
level of the atom and thus 1bsefmp§t of its energy. This i'
energy subsequently beceme§ radistion when the atom returns
to its ground state. Thus the electrons 1osg'enérgy not
only by elastic collisions but also by inelastic collisions.
 The resulting energy distribuxiohs of electrons may pfoduce
sufficient number of eléctfphs having energy comparable to
ionization energy of the‘gas'gfém so’that they may lonize
the atoms, When. this happens we héveAmultip}icatiqn of
electrons and the proceés;may be a cumulative one. At the

same time the electrons may be lost by diffusion to the

~
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side walls, recombination with the positive ions, or by
gttachment to neutrai atoms or mblecules. The relati#e
values of these producfion and loss rates determine the
:value of the electron concentration and this;in turn deter-
mines the electrigalfbehaﬁiour of the system. If the elect-
ric.field be sufficiently 1atgg, the electron concentration
attains a very large value witﬁ a luminous glow in the
volumehof the gas,_caﬁsingithe bréakdown.of the~gas. The
”production and ;ossvrates are complicatgd fungtiqns'of‘the
nature end the3dgnéity of the gas, electric field magnitude
jAand frequency, and the geometry of the container. ‘

_ Discherges have been classified according to
their mode of éxcitationg_’i | |
i (1) The B, or,eiget:ostaticg'modg which ié excie
 ted by the field between two conductors, and
‘(ii) The H, or ring, mode where the discharge
current forms a(clésed path in_fﬁe gas and

the glow then appears as a luminous ring.

The mechanism of E~ and H- mode of dischaiges are
fundamentally the same and division in two types is justi-
fied only when_tﬁe wavelengfh'of_the 9xciting voltage is
large comparéd with the linear dimensions of the discharge

tube., Compaxatively_litplé study has been made of H- dis-
J charée. The réagon is probébly‘be'found 19 the difficu}ties
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experienced in making precise meagurements as the path of
the discharge current is closed and there are no electrodes
between which current and potential difference may be mee-
sured; In E- discharge the high.f?equency field can be
applied to fhe ges either by external or internal electro-
Ades. With internal electrodes, some net motion, however,
small of ions and electrons to0 the metal takes place, and

boundary layer sheaths are established. : ~

The general characterigtlcs_of the brcakdcwn
curves have been studied by man& workers. Mention hay.be
made of the work of Gutton (1928) who measured the pcten-
,tials, between external electrodes, requlred to 1nitlate
the discharge in hydrogen at 1ow pressures with oscille-~
tions of wavelengths between 3 to 5620 metres, Krichner
(1930) and others used internsl electrodes.. Thomson (1930)
examined extensively the electrodeless ring discharge. The
high frequency discharges hgwc been peviewed by Darrow
(1932, 1933) and Frencis and von Engel (1953),

Severalﬁideas are 'advanced to expléin the mechahism
of E- discharge, According to the firet it is thought to be
analogous to a d.c. glow discharge; each electrode or neérby
end walls acts as a cathode in alternate half-cycle of the

"applied field,- and produces negative glow and the cathode fall,
while the positive column fills the centre of the discharge -

tube. Townsend and Gill (1938) considered only the motion of



free electrons in the gas wnder the inﬂuehce of an alter-

nating electric field ignor:mg all wall and electrode pro-

- cesses and space charge effects. Thomson (1937) derived an

‘ elemente.ry theory of this type, regarding each eleetron as
oscillating sbout a mean positilon in the gas. In order to |
ionize the gas each electron must, at some i)oint in its path,
attain enough energy for ionization and, moreover, it must ~
hit a molecule ‘before 1% returns this energy again to the
field., If E, Cos co?: be the a_pplied.field, the energy gained

. in time "t" by an el ectro'rf from the field must be equal to or

greater than the ionization ehergy eV; ' of the gas atom,

i.es -— [E- = /gmoa?:] e\/},

 where V; "is the ionization potential of ges ‘atoms or mole-
cules and "e" and "m" are the‘_charﬁge and‘mass of an electron
respectively. Acoording to the second criterion, the distance
traveroed by the elec't:ron in time ".t;' must be either equal to
or smalle'rl_than the mean free path 7\8‘ ‘of the e'leetron in

teee ST Copet] 2t

Only electrons which start with zero initial velocity and in

zero phase of the field can perform this motion. But if there
be any initial velocity and phase - ¢ then in time "t" the



Phase mnlt change to + ¢ to attain the ionizing velocity
d.e. j Co,s(@l—, ¢)d}, : is ma.ximum and these cen only

: be & minute fraction of all the eleotrons present. From

the conditions mentioned above the author obtained an
equation for the breakdown voltage which is a function of
. pPressure and’ frequency and the breakdown voltage attains -

& minimum at a certain pressure.

Several workers observed a double minimum in the
starting potential as a funetion of pressure. Accorﬂing to
Guttons (1928), the double mininum is due to resonance phe-

. nomena in the gas. ‘G411 and Donaldson (1931) found that when
the-field is directed along the tube only one minimum appeers,
but when it is across the tube, amother nininum;_at-highervi
‘pressure, appears, Thep gave the explanetion that at high
pressure the cloud of electrons;osciilates with an amplitude

less than the width of the tubeg‘ionisation in the gas being
balanced by diffusion; As the pressure decreases, the elect-
rons gain more energy from the field due to their long free

paths, so the starting field slowly decreeses, However, the

' amplitude of oscillation of the electron cloud increases and
when it becomes approximately equal to the distance between
the wglls, the loss of ‘electrons inereasas rapidly and a
mucéh greater field is required to 'start-‘the" discharge§ this
accounts for the-minimum at.higher pressure; Measurements

of this kind wes elso made by Thomson (1937), Githens (1940),
Zouekerman (1940), Chenot (1948) and Pim (1948, 1949).



Thomson (1937) measured the starting potential for hydrogen
w1th1n the pressure range 0 25 mm, to 9.5 mm. Hg. and for
frequencies 1.8 Me/s. to 99 Mc/S. For frequencies lower:
than 2.83 Me/s. double minimum appeared. 8ithens (1940)
measured the breakdown voltage in hydrogen for a.nideArange
of frequency and'pressnre; He attempted +to correlate‘the
appearance'of minime in the curves of breakdown voltage'lg
ve. p x d ("p" being the pressure and "d" being the dis-
tance between the electrodes) with positions of the walls
of the discharge tube relative to the electrodes, He con-
cluded that the breakdown of the high frequency discharge
oceurs through three dlfferent process which he denoted by
modes, a,b,c, each of which glve rise to a minimum in‘ Vg_
ve. P x d curve. Pim (1948, 1949), using small éaps‘(di1 mm)
‘and air neasuredAbreakdown.voltage for frequencies netween |
/100 Me/s. end 300 Me/s. He also found that the breakdown -
voltage increases when the electrodes are brought closer

than a critical distance depending on freqnency.

Hale (1948) tried to explain his measurements in
argon and xenon over the range of frequencies 5 Mc/a..to
50 Mc/s, and at gas pressures 20 to SO microns by assuming
that the breskdown potentisl for high frequency field is
determined by those‘eleotrons'in the gae which succeed>in

acquiring ionizing energy in one meéan free'path; there isl



considerable divergence of the thecrefically calculated
breakdown volfage with experimentai‘results in lower fre-.
qcencies; The vslue”of the-mean free path of the electron
used was that given by kinetic theory which' ean hardly be
correct. Ag is known, the mean free path of the electran
-vvaries with the energy of ﬁhe electron and as the energy

.of the electron varies ‘between zero and ionizing‘energy;.
what is needed is en effective mean free'péth. Also the
assumption that the piobability of ionization becomes'a _
maximum when the electron scquires the ionizing energy is

not supported by experimental results because it has been
shown by Smith (1930) thax efficiency of ionization increases
. utte rapidly with.increasing electron energies slightly above
the ionizing energy. It become clear that no ‘theory can be-
adequate which considers only 1onization in the gas\caused

: by escillating electrons hitting gas molecules, while igno-~

ring all wall and electrode processes.

‘A new approach to the sélution of these problems
was made in the experiments of Gi1l ‘and von Engel (1948),
who measured the starting potential of a high freqnencycdis-
charge as a function of the wavelength of fhe'appiied field,
in gases at very.low'psessure; of the order ofﬁ1‘0'_:3 mm, Hg.
Cylindrical glass vessels were_placed between two parallel
_plates in a uniform electric field directed siongAthe cxisj

of the vessel. The'mean free-pstﬂ of the electrons at these
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pressures is much greager'thaﬁfthe 1enéthtof-the,§essels
used. It is found that.the'sterting field is independent
of the gas and the pressure, bﬁt'depend upon wavelength

© of the applled field, &nd the dimenslon- and material of :
of the vessel, although the fully developed dlscharge
shows . the spectrum of the gae. It is also observed that
for a veeeel of given lengfh "d", there is a meximum
(cut - off) wavelength beyond which no field, however,

‘large,can etart a dlscharge.

From these results Gill and von Engel deduced a -,
theory of the ;pitiation‘of‘the discharge. They showed

_ that en initial eleotron‘producedrin the vessel by some
' _chance process can be!moltiplied‘bj secondery em;seion
from the end (,élaes) wa;iefl"An electron which starts, say,
‘near one end-wall must traverse the tube in half a cycie,
and hit the opposite end-wall with a speed wh1ch is large
enough to release more than one secondary electron. The |
' gecondary eleetrons then repeat this motion exactly in
~opposite direction. ihese two;conditioﬂs - namely, that’.
‘the trensit time is equal to half a cycle and the finsl
.energy of impact greater than the critical value mentioned
above - determine not only the field. but also the phase ‘
}in which theAelectron starts. As the wavelength increases,
the phase in which an electron.ﬁﬁet eteit at one eng-wail

becomes eteedily more negetive, uhtil a eriticalovalue’.lc
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~ is reached when the secondary eleétrons; in spite of their
small initial velocity, are driven back on to the wall and
~ lost. Thus_no‘qnltiplieation or discharge can occur when |
A >N, . Llewelly-Jones and Morgan (1951) showed that
when the frequency of the applied field and pressure of the
gas are‘sufficiently high,*the'amplitu&e ofﬂmotion of the
electron cloud is smell and it can be much less than the
linear dimeqsiqns of'the dischgrgé tube. fhe breakdown
‘voltagé is theﬁ'ihdependent of thevnature~of eleétrode’sur-
face and aecondary eiectronﬂproduction at the electrode
Surfaées‘dogs not appear to play an importght part. There-
_fofe ionization can oecur by collisions between electrons

i

and mmlecules.

Applieability of similarity principle in h £, dis-;’
' charge has been studied by Llawallyn-Jones (1951, 1953) and
his cq—workers._Townaend and Williams (1958) studied the
breakdown condition in'air and hydrogen using a pair of
geometrically similar electrode systen and measurements
were made for values o;t' p xd=15m, cm. of Hg. and
frequency 5 Mc/s.~to 70 Mc/g, or,more; double minima
appeared. The first minimum was not very senéitivé to
breskdown voltage and ges preséuré as frequency is dec—
reased. The similarity‘theorem.was found to be obeyed
‘within the frequency range invésfigated.’They have con-
_cluded that the multiple minime in Vs ve. p x d ourve

at high frequencj’can bg interﬁ:eted on,the'basis of a
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single breakdown mechanismiinvolving eleetron generation

, by c¢ollision with ges molecule and loss'byldiffusion4and
 drift to the electrodes anddtp‘the walls of the discharge
tube.-» | ' ' ‘

Cooper (1947) was the first who made measurements -

in ultraohigh-frequency breakdown of air in co~axial lines
. and wave guides for gaps between 0,1 cm, and 0.3 cm. at

‘gas pressure 20 cm. to 760 cm. At the two. wavelengths

10,7 em. and 3.1 cm. the breakdown field was fbund to be
70% of the-d.c. breakdown value. Similar measurements were
made by Posin (1948) who found that for 3.0 cm. wave, break-
down voltage for a O 043 cm. gap in air under atmospherlc
conditions is suhstantially independent of pulse,duration ,
provided that duration exceeds 4 secs., The nature'of spark
‘mechanism in a ¥x=® cavity resonator at these wavelengths o
hed been studied- by Prowse and Cooper (1948). and by Bow
Prowse and Jasineki.(1949) using photographic and spectros-
copic'methods. | e | -

' In several papers Brown and his celleagues (1948,
-1949) have dlscussed the theoretical interpretation and
_experimental investigation of breakdown of gases in cylinp
drical cavities and between co-axial cylinders at a wave-
length of 9, 6 cm. The gap studied range from 0.06 0 7.6 cm,

in air at pressures 0 1 mm. o 100 mm. Hg. The theoretlcal
interpretation of the results are in.terms of a new theory
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for ultra-high~frequency breskdown, which is based on the
. criterion that at the point of breakdown ionization fate‘
equals the rate of loss due to diffusion, Other processes
of removal of electrons, such as attachment and recombinép
tion, are conslidered to be negligible for the type of
‘ discharge studied, when the gap length is small qompared -
with the wavelength, the electronic meen free path and the
amplitude of osgillation. The mechgnism of discharge of
this type have been reviewed by Bito and Antal (1973).
_The more common statistical descriptions and those by
independent particles applied so far are outlined and xcte
reference is made regarding the sphere of wvalidity of thé

approximations used by these descriptions.

Considering only the dif fusion of electrons, the
flow of electrons constitutes é,current,'and if fz be
.the current density which is equal to the product of
particle concentration "a"™ and diffusion coefficient "DV

the continuity equation for electrons is

V—Q_n‘-*—v. F——-P = O soce (101)

where "P" is a net production rate. If ,); be the ioni-’

zatioﬁ_ frequency then “P"_is egz_al to ﬂbé_ « S0, the



continuity equétion b ecomes

V|
13

=md, - V.0 - ‘- oo (142)

4om Assuming the gas between infinite parallel plates and
approach to breakdown is so slow that :%%g- can be
ignored and solving eqn. (1.2) with the aid of boundary

condition n=0atx =+ d we get the condition of

2
breakdown as

' D (_&) = 15(. XX (103)
More generally, the solution for a vessel of any geometry

in a uniform field is

L= | voe (1.4)

where /\ is a quantity known as cheracteristic diffusion
‘length. By anealogy with the first Townsend coefficient for
d.c., ionization where the electron loss is contrpllgdgby
mobility, a high frequency ionization ccefficient where

loss is controlled by diffusion, is defined as

oo e
T = = = g S eee £105)
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Values of af_ have been calculated by Herlin and Brown
(1948) and Mc Doneld and Brown (1949). They are given as
a function of E/p and 7Lb where A, 1is the wavelength.
The data are then used to>ealcu1gte breakdown voltage in
air between co-axial cylinders and results are found to

be in close agreement with the experimentelly determined
values, The ratio of the two ionization coefficients may

be written as

n_ D
£ 4

oo (1.6)
.which is a measure of the average energy of eleb%fons;
Thus, in principle, d.c. ionization coefficient n can
be determined @ from the 8.C. ionization coefficient

if the average energy of electron as a function E/p

' is known. Thi's cen be done correctly only for those
cases where the eleétron énergy distribution functions
areAeééentially the same, When the applied frequency is
greater than the frequemcy of inelastic collision and
less fhan the frequency of elastic collision,.Holstein
(1946) showed that the energy distribution of electrons
in a h.f, field is closely\the same as that of electrons i:
in a static field equel in maghitude to the xm r.ﬁ.s.
value of h.f, field., Holstein (1946) interpreted the

breakdown criterion having a general characfér,-given'in

N
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relation (1.3), with the ald of the introduction of the
direct current analogy. He then obtained a relation
between the breakdown field "E", the gap length "d" and

the gas pressure "p" as

2 2
T RTe .
} (pd) — : 900‘(107)
E £ _
e(j;)(}p)
where oL is the Townsend's firs+t ionization coefficient,

“e".is the electronic charge, To is the electron tem-

perature and “"k" is the Boltzmamm constant,

In a series of. theoreticsl papers on h.f., discharge,
Morganau eand Hartman (1948) have discussed methods for
determining the electron energy distribution and have
shown how such functions can be used in the calculation
of breakdown fields on the assumption that the only mecha-
nism for electrdn removal is recombination with positive
ions. The calculaﬁéd values are appreciably lower than
the measured values and the discripancy is explained by
the consideration that electron must also be removed by

other mechanism,

Kihara {(1952) adopting a proper molecular model
for collision processes between gas molecules and charged
particles such as ions or electrons introduced cross -

sections of molecule for elastic, exciting and ionizing
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collisions into Boltzmann theory to establish the moleculax

kinetic theory. Dividing the whole Problem into different

. parts Kihara obtained absolute expressions for mobility

| coefficient, diffusion coefiicient and electron tempera-
ture in ferms of some molecular constants and some measura-
ble parameters.‘ﬂhe precéaSes bp which theselmoleeylar\

~constants for difiérentAgases and vapodrs are to be calcu-
lated have also been provided. Starting from Boltzmann |

" distribution of charged perticles in & gas with wni form
temperature and pressure and nonuniform density and app-
lied external field, Kihara»also obtained_the well known
relation between mobility and diffusion coefficient viz. -

= At }?ele

Assuming the coefficient of elastic.scattering between gssA

szolecules ahd eléctrons or,ions'invecsely proporﬁionalﬁtq

the relative speed between the eblliding particles Kihara

' obtained an expression'for-the difference of electron
‘temperature and the gas temperature in terms of applied
electric field and freqnency. Since a few electrons with
exceptionally large energies usually take main part in

”ionization, Kihara con31dered that the'veloeity distri- ,
bution of electrons is not di sturbed by the ionizatlon



process and remains Meaxwellian, He then obtained the

-'breakdown condition as

exb (Bob/oB) = AL (1- ELB:P) ver (1.8)
cL/A |
where A, and C are two molecular constents introduced .
by Kihara, 7 is the wavelength of the applied r.f.
field, This theoretical expression is in agreement with

observations upto a certain limited range.

Taillet and Brunet (1965) in their conference paper
investigated the physical mechanism of high fre quency
dischaerges maintained by resonance. It is concluded that
when a r.f, discharge is excited with a frequency co/QTT

~ higher then the collision frequency »),, @ resonance due
té dispersive properties of the plasma can control the

steady state of the discharge and determine the value of

{

the electron density for a given geometry and frequency.

Besides the two general type of loss of electrons
in high frequency discharge namely mobility and £k diffu~
sion, there may be a third type of loss mechanism which
‘becomes.veryﬂprominent'in case of certain gases., This is
the loss by formation of negative ion., Negative ions
appear in gases under twb circumstances, (a) they may be

created in the gas largely through attachment of free
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electrons to atoms and molecules and rarely by dissocia-
tion of molecules in a polar phase by electron impact,

(b) they may be intrpduced in the gas by interaction of

fast particles of stomic mass with surfaces or by libe-
ration from hot surfaces. Attachmﬁnt of electrons causes

loss of the former as ionising ageﬁfs and leads to delayed :iu:
an undesirable electronic ionising events in asymmetricel
field.breakdown., I+t may further act to increase the rate

of loss of carriers by recombination,

This loss of electron by attachment is a very pre-
dominant factor in case of certain types of gas e.ge 0O, ,
C0, , SO, , halogens, some organic vapours etc. which
have strong affinity to attach the electrons to neutral
- atoms or molecules to form negative ion direct1y~or by
dissociation. The electron is bound to the molecule with
an energy £, which is celled the electron affinity.
The phenomenon of electron attachment to neutral atom is
a common occurance for gases whose outer electronic
shells are nearly filled, The measure of the ease with
which‘anielectron can attach to neutral atom or molecule
is given by the electron affinity energy which veries
form about 4 volts for gases like F,and O, to nearly
zero for those gases which exhibit small attachment énd

is . =-ve for those which do not., Atoms characterised by '



5105ed electronic shells are inert fo extra atomic electronso
Molecules in a » growid state are characterisea by no
resulting spin or anguler momentum, Their electrons form
elosed groups and hence.also show inertness to extra
molecular electrons. Geses such as H, , ﬁz end CO fall

into this group and show no electron attachment,

The attachment of electrons in gases was not clearly
perceived untll about 1910 when the vacuun techniques and
purification of gases led Franck and Pohl (1910) to stu@y
ion mobilities in inert gases and N, and they noted the
bresence of free electrons at higher pressures. The studies
of Townsernd (1914) and his co-workers Lattey, Tizzard (1912)
~had led to the recognitlon of the existence of free elect-
rons at lower Pressures<1n gaseso The experimental works
leading to the ultimate discerning of electron attachment
were the studies of the variation of carrier mobiiifieé in
air as’a function of pressure by A,F.Kovarick (1910) with
the Rutherford A,C, method of mobility measurements using
‘photo electrons and those of E,M,Wellisch (1915, 1916,
1917) using the same method but producing ions by cx_-paf-
ticles from P in an auxiliaiy field below a gauge foll-
owing the methédd of Franck, ‘



| Loeb (1921, 1923, 1924) in a -eries of work investi-
p gated the poslible theories of formation of negative ion
"from electron and neutral molecule- proposed by Jed, Thomson '
and by Wellisch. Mobilities of the carriers formed by photo
electrons liberated from one plate of ‘8, parallel plate con-
denser by a beam of ultra violet light, focussed on it at

- a2 glancing angle from avquartz lens, were determined at

" different pressures for air using the Rutherford a.ce method.
' The 1esu1ts in general confirmed the results of previous
observers, yielding a single class of carriers whose mobi-

- lities became abnormal below 150 .MM, pressure. The values
of these mobilities were- also found to be a function of"

the frequency of commutation in agreement with earlier fwsui
'results. The manner of introduction of- ultraviolet light
‘;1nto the chamber reduces the stray light effect and it

 was found that the asymptotic feet of the curves observed
below 200 mm, pressure were a reEl and important feature

“ of the phenomenon. The msthematical theory. of’J.J Thomson
| was adapted to fit these measurements and on the basis of
the equation so deduced the chance of ion formation "n" wag
. determined from experiment. Within the 1imits of accuracy ’
of the method, "n" was found +to ‘be equal +o0 about 2 5 x 10°
for pure and dry air. The current voltage curves computed

on the basis of the Thomson theory werelcomparedlwith the
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observed curves and marked general similarities were noticed
below 200 ﬁmo pressures., The aéymptotic feet of the computed
and observed curves lie close together, which is significant
in as su much as it is these portions of the observed curves
that yield the abnormal velues of the mobilityo_Deviations
of the observed curves from those computed at the higher
and lower Pressures are explained. Repetition of the Wellisch
experiments shows that what he termed "free eiectrohs" are the
carriers of abnormelly high mobilities observed by the ear-
lier workers. It is shown that as the electrons do not-aftach
to N, molecules, and that as the wvalues of "n" obtained in
pure O, and in N, with small quantities of. 0y, .in it
agree with the values found for air on the basis of its
_oxygen content, one mus# conclude that it is to the O,
molecules in air thet the clectrons attach. The value of "n"

\

for 0, molecules is then 5 x 101

- Most of the methods of measurements of "n", the atta-
chment probability were handicapped due to different reasons.
Begause of the very 16w”values of "n" in many gases, ;s wellt
as the difficulty of achieving groups of electrons of narrow
energy spread in gases of sufficient density for appreciable
‘attachment, no significant studies on the appearance poten-
tials of ions and energy of ion férmation with indentifica-

tion of ion species fOrmed’by mass spectrographs have been
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successful, until when Hickem and Fox (1954) applied their
retarding potential difference method to the study of
attachment of electrons to SF, combined with mass spe-

ctrograph revealing a new technique of investigation.

An electron that makes Ve 1impacts per second
and under the action of the field "E" moves /uE'a‘ cen~
timeters per @econd takes 1//U~E"seconq.s to go one @
centimeter, Starting with "n" electrons, the number dn
out of "n" that attach in going dx centimeters will
depend on “'n",wbe/,uE and on dx I-f "TW" is the pro--
portionality constant, themn dn =-“51W?>_cdx//u5.

"' is cal;Led the'probability of attachment and is the‘
reciprocal of the average number of impacts an electron
mekes to attach and AL 1is the mobility coefficient. |
Another quantii‘:y " (3 " may be Gefined as the proba-.
bilitj of attachment per cm., travel in analogy to ioniza-
tion coefficient " o " and likewise R /p is a func-
tion of E/p. Thesé two attachment coefficients are
related by h = B/ULE/aSQ . Hence another coefficient
Da mey be defined in analogy to ,); , ionization
frequency, ‘ar.ld may ‘be called the. atfachx‘nent freqqency and
it is relsted to "h" by h = -75&/15.: » Taking into
congideration this ’new mechanism, the continuity equa- '
tion for number of electrons /c./c. may be mlodii‘ied by
putting [(:354;——55,«) nj in place of | DN as

\



'the frequency of production of electrons, when the breakdown
condition in. case of high frequency discharge with Maxwell:l.e;n

3

'veloclty distribution of electron can be given by

i i‘é_____(i Q: —‘TUmJ (
B R ¥

where Ee ‘= effective field ‘ Uwa = average electron
energy ‘in eV, The quant:.tles o(/{o B/p and UW?3 are
all functions of - Ee /p ‘and depend on the energy di stri-
bution function. Different authors measured the variation ‘
of o(/P and @/P with E/p. Consldering dlfferent poss:.-‘
«-bilities of energy dissipation of electron after attachment
to the molecules and atoms and applylng continuity equation

: Harrison and Geballe {1953) obtained the expression for d.c.

cu.rrent for applied d.c. voltage "E“ as
.- L :LQ[O('/(OC" G)] exp[(o(— B)d]"" {:O;Z?'é . ‘ .,.. (109)

where "d" is the distance ‘oetween the electrodes. Variation‘
of d.c. aurrent with different electrode separation for |
-values of E/p = 60 %0 E/p 25 volts/cm. m. of Hg, were
obtained. Variatlonsg (3/1? w1th o(/p were obtained» for air,
Freon, CF3 , SF, o Measurements of variation of "h" with
. B/p were made by Bradbury and Tatel (1934) for gases SO .
N,0, H,S, NH, H,0, HC1, Cl, and aifferent mixtures of
attaching gases. Burch and Greballe (1957) measured the

1
!
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variation of @5/@ with E/b of oxygen. Measurements of cross
section of attachment of halegens Cl2 ’ BrQ_ R IQ_# for,
different energy of the eleotron by Healay (1938) ‘show a _
. miximum near 2 volts of energy of electrons for all the three
gases. Tnese are the some of;the-observations of variation of
/P with E/p. | "

‘ These measurements of variation of ﬁ&/p and Lfp
with E/p help to- eompare the breakdown voltage data observed
in hlgh frequency dlscharge of attaehing gases taking the ‘
effective high fre quency field as the applied d.c.- field, -
Herlin and Browng(1948) measured thé breskdown voltage in air
at 3000~Mc/sec.-with tne'distance varying from 0. 635'cm. to -
0.158 cm. and the pressure varying from 70 m, Hg, to 2 mm," ﬁg.
‘ Similar measurements were done by Pim (1949) at 2000 Me/sec, -
with the gap length varying from O, 08 c, to O 06 cm. and the
: pressure varying from 760 mm, Hg, to 160 mn. Hg. The discre=
pancy between these observations and theoretical plot of |
breakdown curves, obtained by taking help % of measurements
_of Healey and Reed (1941) for average eleetron energy as a
function of E/p W&S‘Of the order of 10%, HoWever, with
1ncreased purity of air - by taking every observation with
fresh air after exhausting all air of the previous observation_
the experimental curve shows much better agreement with the

theoretioalocurveo'The data of miorowave'breakdown'measurement
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in oxygen at 3000 Mc/sec. with gap length 0,635 cm. over a
range of pressures from 70 to 2 mm. Hg., often are in good
agreement with the theoretical value calculated ®k with the
help of measurements of o /p and (3/p for oxygen from the
work of Harrison and Geballe (1953) and taking the value of

D, = 3.5 x 10° p obtained from mobility messurements of
Nielsen and Bradbury (1937) and the relation for the a.c.
mobility to get fhe value of Eo given by

2 'R
E: - ee e (1,10)

TN
2 1);+CO
where Ep exp. (éCOk) is the applied field (high frequency)

end ) _ is the collision frequencys

i

b) With Superimposed D.C; Electric Field,

The effbct of a d.c. potential on the initiation of

. radio-frequency discharge was first made by Krichner (1925,
1947), He studied the r.f. potential necessary for the
initiation and maintenance of a discharge in different gases
with different frequencies., He found, that the application
of a dec. potential, plus or minus, to a r.f, discharge main-
"tained by an a.c. potenfial caused the discharge to vanish
completely. He stated the reason foi the effect is that the
displacement which the electrons responsible for ionization

can attain during one period of oscillation is of the same
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order of magnitude as, or smaller then, thé distance between
the electrodes, and that therefore thése electrons can osci-
llate between the electrodes and give rise to & cumulative
generation of ions. When a d.c. voltage of the same magni-
tude is suﬁerimposed on the a.cs voltage, during one half
of the complete cycle the voltage becoﬁes neaily equal to
zero-and the continuous oscillation of electrons for érd-
duction of ions and electrons ceases due to this efféetive
nullification of accelergting volfage and hence discharge

disappears;

Varela (1947) superimposed a d.c. field, less than ¥z
that required to initiate the discharge on a r.f. potential
in a discharge tube with tpe idea of hastening the discharge
and obtaining ‘a short deionization time, It .is hoped that
t%e,intensity of the discharge should be increased by the
direct Qurrent, but contrary to this ks it is observed that
the application of a d.c., potential greatly impeded the fors—
mation of discharge and higher radio frequency potential is
required for initiation of the discharge and also tﬁe adni-
ttance of the discharge is found to be lower than when the
bxz bias is applied. Recovery is some what rapid as has ,ﬁ
been expected. It is observed that ionization occur through # =
a snall aﬁglé at the voltage peak of the radio freguency
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cycle when the voltage is above the ionization thréshold,
$he remaining perioﬁ being‘utilised for removel of the
ions. S0 when a d;c. bias of aboﬁt the same wvalue as the
r.m.s. value of the alternating potential is applied, the
field exceeded the ionization threshold for only one period
in each cycle and the ratio of ionization time to deioniza~-
tion timeé is considerably reduced. The increase in ioniza-
tion rate due t0 higher potential during the ionization
" period is not sufficlent to'offset the increase in deioni-
zation time and so higher r.f., voltage is réquired to
initiate the discharge; the same effects are present during
the discharge and d.c. bias produéeS'ajreduction in inten-
" sity. Varela (1947) conducted experiment at a frequency of
120 Mc¢/Sec, with 5 micro.sec. pulses at a rate of 60 per sec,
-The discharge tube had Al electrodes in an.atmospheré of
about 5 cm. of hydrogen with 20% Argon. No gquantitative
| theory was formulated t0 explain these effects.

Varnerin and Brown (1950) obtained solutions for the -
energy distribution fUnctioﬁ of electrons in a gas showihg
a very close similarity between the distribution functions
under the action of a.c. and of d.c. fields. From this
similarity it is possible to compare quantitatively the
first Townsend coefficient of a gas with the a.c. loniza-

tion coefficient in hydrogen in which collision frequency



is constant at constant pressure. Taking the total

electric field,

g = Edc+ﬁ EACQDCP(‘AQJ%) ece (1011)

where E, . represents the d.c. field, E, . the r.m.s.
value of the a.c, field and ¢> its radian frequency, an
effective field is defined by
2 .2 Do 2
Fo = Elt 5o Ble e (112

where )jc is the collision frequency,.

The breakdown of a gas in a cavity-occurs when the
losses of electrons to the walls of the cavity are r;placed
by ionization in the body of the gas. Wﬁén an a.c. field
alone is applied,’electrbns are iost by diffusion. When g
small éec. sweeping field is applied, electrons are lost
both by diffusion and mobility. The mathematical formulation
of the breakdown condition is obtained by the consideration

—
of these processes. The flow of electrons [ 1is given by

o= — muE, — DV’n' ees (1.13)
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When the electrons that are lost are replaced by new ones
resulting from ionization,

_—

V-r . 75(_71 | ooo_(1o14) .

where 2); is the ionization coefficient, 'D' and M
are the diffusion and mobiiity coefficients respectively

and 'n' is the density of electrons., Then we have when
. ,

B, .  is directed along the z-axis,
2 Ede N
V __~Ci-§-_ —— )\B' o se6 1
éblabned

The solution of this equation isAsubjec'bed t0 the condi~
tion |

» - 4 o (1.16)

D > :

d.c.

where /\d defines a modified diffusion 1ength given
.C.
by the relation

_1__ + /L(Ezic (1.47)
2— — Q_. [ N 2 L J
2 = N H |
/A is the characteristic diffusion length and is given by
1 (l)2+ ((_2__._405)9— vee (1,18)
s L./ rR T
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The only difference between the breé.kdown condition in
the a.c; d.c., case and the pure a.c. case is the subs-
titution of a modified diffusion length /\ . for the
characteristic diffusion length /\ . The modified
diffusion length of a cavity i-s smaller than the charac-;
| terist_ic dif fusion length which means that d.c. sweeping

field is equivalent to reduce the cavity dimension,

When an a.c., field alone is appl‘ied‘ the effective

a.c. ionization coefficient T is given by
N T | . |
?e :DE-‘e,Z - _/\QE'?‘ i e (1019)

Varnerin end Brown (1950) then equated the value of €e

so obtained to 1 / A?_C_Eé‘ for the appropiiate ‘
value of Ep and obtained the velue of /\,_ . From
the definition of /\,. ‘the wlue of D/ u is wk
obtained from which they obtained the average electron
energy and first Townsend ionization coefficient in
hydrogen. A theoretical breskdown curve for an (E/p) = \
U goprt |

12 volts cm, has been obtained using proper

- distribution function and the modified diffusion length,
The relative increase in a.c. breakdown field with super-

imposed d.c., field for air at pressure of 38 mm, Hg. =zt

had been obtained by Brown (1956) upto B, = 200 volts/cm,
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'Yamanofo'and Okuda (1955) .made some study of high
frequency discharge with a d.c. voltage applied perpendi-‘
cular to high frequency field, The discharge tubes‘were
filled with air and & fitted with internal electrodes
made of several materials., A high frequency (77 Mc/sec.)
voltage was applied to two parallel electrodes from
outside the tube; perpendicular to the high frequency
field, a strong d.c. field was applied to0 a set of
parallel electrodes placed inside the tube. The d.c,
source had maximum voltage of 20 KV and maximum current
capacity of 20 mhA. During the experiment, the pressure
was varied from 10 mm, Hg, to 10 % m. Hg. Keeping the
high frequency field constant, the d.c., voltage current
characteristic 6urves were obtained. The system give
rise to three type of discharges a d.c. glow discharge,
in which a small amount of ionization is produced by
the h.f., field, a typical high frequency ("diffusion
region") discharge in which the d.c. electrodes act
as a double probe and collect current linmited by space
charges and an intermediate type in which the h,f. field
produces endﬁgh idns to alter substantially the cathodé
fall to the glow discharge. In absence of high frequency
field, the cathode region mechanism depends on the value
of ¥ , the Townsend's second ionization coeffieient at
the electrode. From the properties of the intermediate

type, ¥ can be calculated.
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Rasqnln (1965) studled the breskdown behaviour of air
under the influence of & direct inhomogeneous electric
field with a superimposed'alternating electric field, With
an eléctrode configuration which produces an inﬂomogeneous '
field, breskdown in air can occur even if the applied d.co
' field is much smaller than the d.c. breakdown voltage, if

_a’high‘frequency alternating field is supérimposed whose peak
| vaiue; however, is still small compared with the d;c. refe-
rence field. For this breakdown to occur, the d.c. field
must'be applied so that the eléctrbde of greater_curvature b .
is more positive than the other. A possible explenation is
' that negatiwve space charge near the inner cylinder prevents
breakdown from developing. In. this connecfion it should be
noted that the density of the negative space charge takes
s definite value dependent on the applied voltage. Under
stationary conditions, the negative space charge is‘rather
greater than that is necessary for the establishment of an
arc, If thé voltage on the electrode is changed, the space
charge cannot follow fhe voltage for an arbitrarily high
rate of change. Thus for part ofjthe time the épace charge
is less than the equilibrium value and during this time

breakdown cen occur,

Sen and Bhattacharjee (1965) measured the breakdown

voltages in the case of some mare gases (He, Ne, A) and in.
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oxygen at e constant pressure (10 mm, Hg,) when excited
simulteneously by radio frequency field (frequency 10 Mc/S,)
and a variable dec. field, It is found in all cases that
the breakdown voltage is higher when both the fields are
present then when the gases are excited by the radio fre-
quency fileld alone and thevbreakdown voltage gradually
increases with the increase of the applied d.c. fiéld. The
variation of breakdown field with d.c. field is of the same
nature in all ile of the gases studied, A theoretical exXp-
ression for the breakdown voltage in the presence of both
the r.f. fielﬁ and d.c, fields deduced from the theory of
electrical discharge by Kihara (1952) together with the
expression of equivalent length as deduced by Varnerin and
Brown (1950). Sen and Bhattacharjee (1966) also measured
the breakdown voltage in cagse of air, hydrogen, oxygen and
carbondioxide at a pressure of a few millimeters of mercury
when excited simultemneously by a radio frequency field (fre-
quency 10,3 Mc/Sec.) and a verisble d.c. field varying from
0 to 240 volts/cm., It is found that the breskdown voltaege
increases when the d.c.lfield ié small, end when'the field
is further increased it shows a maximum and then gradually
falls for all the gases studied, ?he maximum occuring at a
d.c. voltage which differs from éas'to gas, Sen and Bhatta-
cherjee (1967) have shown thaﬁ, vhen the d.c. field is small,
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the dominant factor is the loss of electrons by diffusion
as well as by mobility which causes +the breakdown voltage
t0 increase, but when the d.c. field is inereased, contri-
bution dve to d.c. ionization causes a decrease in the r.f.
breakdown voltage. Stanskii and Fridrikhov (1972) have
observed the presence of a region of instability when a2
constant electric field of 100 - 500 volts/cm, is applied
to high frequency resonant discharge in the microwave

region.

c) With Superimposed Magnetié Field.

. The breakdown of gases by high‘frequency electric
fields in presence of a constant magnetic field has been
studied by Townsend and Gill (1938) and by Brown (1940),
Townsend and Gill (1938) calculated the effect of magne-—
tic field on the h.,f. breakdown of a gas in a magnetic
field., In presence of a magnetic field of intensity "H"
the electrons move in spiral with angular frequency eH/m,
YWhen the electric force is in the direction of the mag—-
netic force, the velocity o: electrons are independent
of the magnetic force, and the mean energy gained by the
electrons from the electric field is the same as that
gained in absence of magnetic force, But if the magnetic -
force be in a direction perpendicular to the electric

force the velocity of electrons changed by a factor



1//C1—kco§¢¥j where @, = eH/m, the gclotron
frequency and T is the £ime between successive . colli-
s1ons. The dlffusion coefflclents is 8lso chenged in the
same ratlo. Hence if . and "D" are the mobility and
diffusion coefficients in absence of magnetic field and
My and D, are the corresponding values in presence

of a perpendicular magnetic field then

= _;;éf___ | . { 0
}.LH 1_'_&)'7'-9%)'2_ . ®Q o ( .2 )
and
5 R
:DH 1+w2b’t2 [ XX (1.21)

In dischargé tubes where the electric and mag-
netic fields are in the direction of the axis of the
tube, the rate of dlffu91on of electrons to the surface
of the tube is diminished by the action of the magnetic |
force and hence a smaller breakdown field is required.,
The effect is most noticeable in gases at low pressures,
If electric ang magnetic fields are perpendicular to
each 6ther, not only is diffusion reduced, but for cer—
tain values of magnetic field and applied frequehcy
resonance will occur when W = ¢, . Physically,

this means that the magnetic field reverses the direc-
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tion of electrons, without loss of energy, as the applied
" electric field reverses, so that although the magnetic
fiéld supplies no energy to the electron, it so alters its
direction that the electron can rapidly gain energﬁ from
the electric fieid, provided that the motion is not fre-
éuently interrupted by collisions with the gas molecules.

Thus at low pressure a resonance condition occurs when

5 __ e H
appuef QTN

[ N ( 1‘. 22}
giving very low breskdown fields, At high pressures the
resonance will be masked by collisions, but the losses by

- diffusion will still be reduced by the presence of magnetic
field. ' ‘

Townsend and Gill (1938) tested experimentally the
theoretical investigation by measuring the electric field
requiredAto start a discharge in dry air ih a largg spherical
bulb 13 cm, in diameter, The oscillatory field‘was applied by
means of two large parallel plates, between which the buld
was placed, which formed the condenser of a secondary cir-
cuit loosely coupled to a high frequency continuous wave
generatof. The magnetic field in a direction perpendicular
to the electric field was meintained by a current in a large
pair of Helmholtz coils. The frequency of the applied elect-
ric field was 43 Me/sec, and 30 Mc/sec. aﬁd the range of
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pressure varied from few microns_to 240 microns. The magnetic
‘field varied from O t0 30 e.m.us A decrease of starting
field was noted for values of pressure less than the minimum
without magnetic field and increase of starting field for
values of pressure greater fhan that at which the.breakdown
vqltage became“minimum when magnetic field,was applied.
Brown (1940) extended the work to the case of hydrogen and

obtained almost similar results. .

Lax, Allis and Brown (1950) carried out experiments
and explained theoretically the breakdown voltage 6f a gas
excited by a miqrowave field in presence of transverse
magnetic field. The gas used was helium containing a sméll
admixture of Hg., vapour (Heg) and they obtasined breakdown |
curves for different values of pressure. Thé breakdown vol-
tage becomes a minimum ® for a magnetic field which 1s indes
pendent of pressure of the gas, the effect of resonance
being most marked at low values of pressure.

Perritti and Veronesi (1955) measured breakdown
voltage in air using cylindrical electrodes. The frequency
of applied field was 10 Mc/éec. to 30 Mc/séc. and magnetic
- field wvaried from‘O to 800 Gauss. The pressure.of the gas
was 0.1 mm,, 0,5 mm, and 10 mm, Hg. and in ell cases they
observed a lowring of breakdown voltage in presence of

magnetic field.
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A theoretical investigation was made of the problem
of electrical breakdown in a high frequency electrodeless
discharge at low pressure in the presence of a steady
transverse magnetic field by Deb and Goswami (1964), & It
was shown that with increase in A , the ratio of cyclo-
tron frequency to the frequency of the applied field, the
breakdowh field tends to increase and the main region of
the curve is displaced towards longer wavelengths, The
effect of angle of arrival at thé end-walls of the charged
particles on the breakdown mechenism & had glso been con?

gsidered,

Bengall and Haydon (1965) studied the pre-breakdown
ionization in molecular nitrogen to establish whether the
influence of a transverse magnetic field is equi#alent to
an increase in the gas pressure from p to . Fé; P }+%§fé‘
where (O, 1is the electroﬁ cyclotron frequency, and .
is a constant, effective electron molecule collision fre-
qﬁency. When the value of E/pe " lies within the range
150 L E/p., < 250 V ens! torr! Y. has & constent value
equal to 8,3 x 10° p seci! , but when E/p < 150, 2./p
must decrease with decreasing E/pe for satisfactory agree-
ment to be maintained., The possibility of extending the cone-
cept to account for the chénges in secondary ionization and
the breskdown potential in nitrogen are also discussed., Con-

sidering the different complex situations of pre-breakdown



ionization at different range of E/pe » they obgerved that
the complex situation is not restricted to nitrogen so that
an approach to the problem of breakdown in terms of an equi-
valent increase in gas pressure is by no means simple and at
leagt for nitrogen the equivalent pfessure concept_is valid

within a limited range of E/pe values,

A high frequency single eiectrode discharge was
considered in a coaxial resonator in the presence of longi-
tudinal magnetic field by Ivanov and Gavrilova (1972), Ex-
periments which confirm the théory are discussed., Under
certainlconditionsAthe,losses due tohhigh frequency single
electrode discharge‘are.large, being governed mainly by the
secondary emission coefficient of the electrode material and i
by the ratio of frequencies w and @, = e/m, High |
frequenc& resonance discharge had also been studied by
Grallean (1974) in hydrogen in static magnetic field. It
was shown experimentally that the gas pressure, the amplitude
of the éleetromagnetic field and the angle between the direc-
.tion of the static magnetic field and the discharge axls are

the most important parameters.

Most of the works in this line were done in resonance

magnetic field such that the fregquency of the applied field

eH
and magnitude of megnetic field are such that iwpuaf: STrm

was satigfied. ﬁittle work hss been done in which the
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magnetic field is far removed from the resonance valﬁe. Sen
and Ghosh (1963) studied the breskdown in eir end nitrogen
in crossed non-resonent megnetic field applying the radio
frequency volfége of frequency 8.1 Mc/sec. -and T.15 Mc/sec,
respectively_in the pressure range of few microns of Hg. to
500 microns of Hg, They obtained a family of curves for
different steady magnetic fields whose value lie within

100 gauss. It was observed that each cufve, for a steady
crosséd magnetic field, has got a minimum breakdown voltage
at a certain pressure which shifts to hgk higher pressure
as the magnetic field is increased. An increase of breakdown
voltege was also observed on the application of transverse
magnetic field within the range of pressure for which the\
measurenent were taken., Sen and Gupta (1969).obteined the
breakdown characteristics in non-resonant magnetic field
§arying from O to 120 gauss in helium, neaon and srgon and
obtained the same results as Sen and Ghosh (1963), the
frequency of the applied h.f, field was 4.to 12 Mc/seg.
Fqllowing:the theory of Kihara (1952) for breskdown of
gases by radio frequency field and equivalent pressure
concept introduced by Blevin and Haydon (1958) with the
variation of mobility end diffusion coefficientes in a mag-
‘netic field, an expression for the breakdown voltage of

gases by r.f., field was developed by Sen and Ghosh (1963) i >
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to explain their experimental results. They also considered i i

the effect of attachment loss t0 the breakdown condition and
obtained the modification in their breakdown voltage expre—

ssion as

_ (%Y L.co(1-b) '
E. (Eo)b+———-—2/u es (1.23)

where

b = [ba—ﬁa]vﬂ: [‘0'%9758—/?] L. (1.24)

mobility coefficient,

=

breakdown voltage without consideration of

2
i

attachuwent,

E% = breskdown voltage with consideration of attachment.

Sen and Bhattacherjee (1969) calculated the values
of A /p at different E/p values from the r.f. (17.6 ¥c/s.)
breakdown measurements in air, & oxygen and carbondioxide
within the pressure range 1 to 6 mm, Hg. and in transverse
magnetic field from O to 1800 gauss. It was found that the
& /p values calculated from Brown's theory of diffusion
controlled breékdown are in better agreement with the
results obtained in the literature than those calculated
 from Kihara's theory.'Kumar, et a1 (1971) studied  the break-

down phenomenza of air in presence of parallel low intensity



nagnetic field over the pressure range 5 to 115 m. torr, the
frequency of the applied r.f. field was 55 Mc/sec. Appre=~
cigble reduction in diffusion loss of electrons beyond 80

gauss was observed.

~ Ram and Sarkar (1971) studied the r.f. (16 Mc/sec.)
breakdown characteristic of argon in presence of a low inten=
sity (0 to 180 gauss), longltudinal and a high intensity
(100 to 1500 gauss), non-resonant transverse magnetic field
over. the pressure range of 0,5 to 100 mm, Hg., In the case
of longitudinal magnetic field, breakdown potential was \
found to increase monotonously with increasing magnetic
field. But in caée of transverse magnetic field the break-
down voltage was found'%o increase upto a certain field
and then decreased slightly with increase of field above
40 mm, Hg, Sen and Jana (1977) showed the validity of
diffusion theory in radio frequency breakdown in molecular

gases in longitudinal magnetic field,



26 ' GLOW DISCHARGE CURRENT IN PRESENCE
OF MAGNETIC FIELD, |

Townsend (1912) worked out the motion of & random
av‘vafrg of electrons moving in electric and magnetic fields
in absence of space charge effects. Later work by Townsend
(1938) obtained the coefficient of diffusion and mobili-
ties of electrons in a gas in presence of electric and
magnefic fields. In a magnetic field of intensity "H" the
electrons move in spirals sbout the axes parallel to the
direction of magnetic field with angular velocity also
called gyro-frequency, (O, &iven by

Qo= 55
‘e’ and 'm' are the charge and mass of the electrons. The
coefficient of free diffusion of electrons D, per-

N
pendicular to the magnetic field is given by

Dy 271%3?1
where "D" is the normal diffusion coefficient and  1is
the mean time of flight of an electron between collisions.
This equation was verified experimentally by Bailey (1930)
who measured the laterel diffusion coefficient of a stream

of electrons in parallel electric and magnetic fields, He
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used photo electrié currents having negligible space
charge. In perpendicular electric and magnetic fields
the drift velocity and hence mobility in the field
direction is reduced and is given by '

M= o

where AL is the mobility in absence of magnetic field.

When a magnetic field acts upon a glow discharge,
various changes such as increase of equivalent pressure,
decrease in the length of the cathode dark'space, a change <"
in radial ion density in the positive column and marked
changes in current vdltage characteristics of the discharge
takes place, Thebretical interpretation of these phenomena
have béen provided by Townsend (1938), Guntherschulsze
(1924) and also by Allis and Allen (1937) who have investisi:
gated the motion of electrons in presence of an electric
field, a magnetic field and a concentrétion gradient,
Penning (1936) studied the effect of a transverse-magnetic
field upon the current voltage characteristic éurve in .a
discharge. Beckman (1948) has calculated in detail the
relations between electric field gradient, electron tem-
perature and maghetic field, and also the new electron den-
sity distribution when a cylindrical plasma is placed in a
uniform transverse maghetic field, The results agree fairly

well with measurements in H, , N, , He 4, Ne . The
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general effects of the transverse magnetic field have been
investigated by Mc Bee and Dow (1953) on an unconfinea |
glow discharge in air within the pressure range 0.3 - 10
torr, discharge current 0,05 -~ 0,25 A, with the magnetic
field varying from zero to 7000G, They found with probe rx
measurements that’ihe anode and cathode fall first dec;
rease and then increase and_the positive column and the

anode region become more luminous,

The variation of discharge current in a trans-
verse magnetic field varying from O to 300G has been stu-
died by Sen and Gupta (1971) in the positive column of a
- glow discharge in air, carbondioxide, hydrogen, helium
and neon within the pressure range of 80 to 200 m, torr,
They found that the current gradually rises with the
:increase of the magnetic field, and then attains a maxi-
mum value at a particular value of the magnetic field
ﬁhich is the same for all the gases and independent of
pressure for the same initial dischearge curpent, and
then gradually decreases. The value of‘the magnetic_field
at which the discharge current is maximum is found to be
proportional to the square root of the initial discharge
current and the maximum value of the cwrrent is inversely
proportional to the pressuré in all the gases. Utilizing

Beckman's expresgion for the axial electric field and the



redisl electron density distribution in a trensverse
'magnetic,field, a mathematical expression for the dis-~
charge current and its variation with magnetic field

has been deduced.

When the electric and magnetic fields are<in the
direction of the axis of the tube, the rate of diffusion
of electrons to the surface of the tube is diminished by
the action of the magnetic force so that the electric
force is diminished since the rate of ionization required
to balance the loss due to diffusion is diminished. The
effect is most noticeable in gases at low pressures and
.may be observed either in the positive columns of difect
current discharges, or in oscillatory discharges when the

electric force is in the direction of the axis of the tube.

. The outward flow of ions is made to balance that
of eleétrons by a readjustment of the radial electric
field., Nearly all workers have found results coﬁsistant
with this general picture, but there is disagreement on
one important point, namely whether or not the magnetic
field changes the radial distribution of ions and elect-
rons from the normal Bessel function, Cummings.and Tdnks
(1941) in a detailed theory of positive column in a lon-
gitudingl magnetic field, concluded that no change in the
radial distribution is to be expected. The radial poten-

- 4igl distribution should also be unaltered in shape but
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reduces in scale, although they calculated that in large
magnetic fields the radial electric field may become zero
or even reverse i.e., the axis may become negative with

" respect to the walls., They believe that the apparenf
axial concentration of a discharge when placed iﬁ a uni-
form magnetic field is due entirely to a concentration
being propagated from the cathode end. In the absence of
a megnetic field this would have dispersed within a short -
distance., Tonks (1941) has calculated approximately the
dispersal effect along a cylindrical column, The solution
for the radial electron and ion distribution is the sum
of a series of zero order Bessel functions. The first
term, which is the normsl distribution, is constant along
the length of the éolumn, while successive terms decrease‘
.with distance along the column at rates which are compli-
cated funstions of the fnagnetic field intensity "H" and

electron temperature.

Cummings and Tonks tested their theory by experi-
ments on fhe positive column of a mercury arc, at a pre-
ssure of 5 x 10 ° mm. Hg., and & current of 4 amperes.
The discharge tube, 60 cm, long, was placed entirely |
inside a solénoid wound in sections’through which suita-
ble currents could be passed to produce a magnetic field

of any desired configuration. The required parameters
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were measured with suitably placed probes, The tube éﬁ%
a cylindrical oxide coated cathode, divided into eight
sections. It was found that the current flowing from
the cathode was collimated into a luminous beam which
clearly showed the pattern of the cathode, The beam
chenged abruptly into a glow which filled the tube at a
distance of about 30 cm. .from the cathode. This glow was
" more intense at the axis than in the absence of a mag-
netic field, Probe measurements showed an increased
electron density at the axis which was thought to be
propagated from the cathode becau'se the distribufion

tended to be normal towards the anode.

Similar experiments were performed by Rokhlin
(1939) who observed the effect of a magnetic field on
the radiation from a mercury vapour discharge having
Pressure oo 10>  mm, Hg, and current varying from 1.5
amperes to 4,0 emperes, This method avoids the disadvanisp::e
tages of probeg, but indicated only the behaviour of fasﬁ
electrons of energy greater than the excitatibn energy
of the gas. He used two solenoids spaced a few cm, apart. _
The magnetic fieids couid.be coincident, giving an almost
uniform field between them, or bpposite giving a distorted
field having strong radial components. The image of a

diameter section was observed in a spectroscoﬁe, and the
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intensities of resonance lines (1850 K.and.2537 K) measured
by the brightness of a fluorescent probe placed in the $ube.
With coincident fields the discharge is visibly constricted
into a cord, at first rapidly amd then more slowly with
increasing "H", The cord follows the lines of magnetic
force., The 'radius' of the constriction is derived arbit-
rarily by extrapolating the linear part of the curve, and
it was cdmpared with the theoretically celculated value 3
following the method due to Stémer (1956 ). The intensity
distribution of various spectral lines leads to the same
values of this radius end slso shows that the electron
energy distribution is constant across a chord of the tube,
The relative intensity of several lines at the centre of
the dischérge attains a maximum and then deereases with
:increasing magnetic field. The maximum is due to two oppo-
sing effects, the increased concentration of electrons at

the centre, and the. decrease in their energy.

Bickerton and von Engel (1956) have made measure-
ments on the positive column in helium at low pressure,
taking great cere to eliminate end effects in tﬁe presence
of a magnetic field. They found that the radisl distribu-
tion of charges alter appreciably from the normal Bessel
functioﬁ, and cohcluded that even in a low pressure column
where Langmuir's theory normally applies, the properties

‘of column in a magnetic field of sufficient strength are
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best described by Schottky'é theory of ambipélar diffusion.
They discussed theoretically radial potential distribution
and the decrease in the gradient and electron temperature.
However, when the gas becomes highly ionized the effect of
Apartial Pressure of the .electron gas may become important
and both the gradient and the electron temperature should
then be independent of megnetic field. This'has actually been
observed earlier by Davies (1953) who used & spectroscopic
method to measure the electron temperature in the positive
column of a low préssure ceasium discharge. He fbund,‘cdht;~
rary to expectations, a slight increase in electron tempe-

rature when the magnetic field was applied,

The behaviour of the positive columh was 2lso
studied in presence of strong 1ongitudinéi magnéfic field
by Toader (1969). The gas stﬁdied were helium and neon in
the pressure range 0.5 ~ 4 mm, Hg., and the maximum applied
magﬁetic field was 3600 Gauss. Good agreement was obtained
between collision diffusion theory and experiment upto a
certain criticel magnetic field. For stronger field, the
longitudinal electric fields indicated é much higher diffu-

sion rate scross the magnetic field than that expected for
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the bihary collision fheorye.The dependeﬁce of the
critical magnetic fiéld on the kind of gas, pressure
and the tube radius were in good agreement with the
predictions made by the perturbation theory of
Kadomptsev-Nedospasov (1960) and Hoh(s (1960) theory
for a pressure range of 0.5 -~ 1,5 mm, Hg, For pre-
ssures over 1,5 mm, Hg, Hoh's theory was unacceptable,
while the agreement of the Kadamtsev-Nedospasov
theory with experiment detoriorated.
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3, ELECTRICAL CURRENT IN GAS DISCHARGES
EXCITED BY RADIO FREQUENCY ELECTRIC
FIEID,

The current flowing through an ionized medium
by the application of a smell alternating electric field
had been considered in many prohblems of microwave work
and in the analysis of ionospheric problems, For low
frequencies and high préssures, the current density .
set up by an alternating eleqtric field is given by
Lané%in (1905) mébility formula. The current remains
in phase with the applied field. But in presence of
high frequency field and low pressure, on the other hand,
the current is fepresénted by the formula characteristic
of free electrons and is in quadfature with the appiied
alternating field. The intermediate case 5etween the
two has been considered by Margenau (1946), Assuming the
energy distribution of the electrons to be Maxwellian,
Margenau (1946) obtained expressions for thgigsggity |
which has two components; one in phase with the applied
alternating field and the other in quadrature with the
field. Sodhs (1960) obteined expressions for the conduc-
tivity when a high power redio frequency wave is incident
on the plasma, He has shown that for constemt mean free

path and energy loss factor and for low frequencies the
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distribution is Druyvesteyn. The conductivity obtained by
Sodha has also two components i.e. the conductivity is
‘complex, BEverhart and Brown (1949) measured the admittance
in the microwave region by measurihg the discharge éurrent
by applying a high frequency electric field of sufficient
amplitude in helium filled in the cavity of a magnetron.

When a dischgrge current is maintained between
two parallel plates which are used to apply the high
frequency electric field of sufficient amplitude, in addi-
tion to the two coﬁponents'of currents in the plasma bet-
ween the plates, another current flows between the plates
which act as a capacitor. The capscitative current is in
quadrature with the applied high frequency field. Francis
and von Engel (1953) ha&e pointed out that the capacitative
current is much greater than the discharge current. The
current flowing through the discharge éan be estimated by
loading the circuit with a resistance or a capacity which
induces the same voltage drop as the discherge. In order
.to measure.the current it is necéssary to discriminate one
part of ges dischargé current from the capacitative current.
A gifferential method is therefore hecessary to balance out -
’the capacitative current flowing across the electrodes.,
Francis and von Engel (1953) considered the total Eurrent
and no mention, however, be made about the individual

part of the discharge current. In order to reduce the
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capacitative current they considered the electrodes as
small aé’possible. The capacitative current flowing across
the external electrodes was then balanced out by a bridge
method. The bridge became unbalanced when current was
flowing through' the ges. The unbalanced component was
proportional to the discharge current and was amplified,
rectiff;d and displayed on a oscilloscope., The wvoltage
across the electrodes was meaéured by means‘of two diodes
charging an electrogstatic voltmeter (Gill and von Engel,
1948), The calibration of fhe circuit was made by repla-
cing the gas discharge by a known impedance and observing
the dispiacement of the trace on the screén. They consi-
dered the impedance of a coll becsuse capacities of resig-

tances vary considerably in different resistances.

Penfold and Warder, Jr. (1967) reviewed a number
of methods commonly used for the measurement of radio.
frequency plasma discharge current. A common method of
currenf measurement‘which is simple in principle, is to
monitor the voltage across a capacitor or am inductive
element. A capacitor tends to suppress harmonics, while
the inductance emphasizes them, The voltage can be
determined by the usé of é high voitage probe with_an

oscilloscope readout. Penfold and Warder, Jr. measured
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thé'current by measuring the voltage drop écross a

specially constructed centre tapped inductor.

Clark, Earl and New (1970) measured the gas
discharge current separating 6ut the capacifative
eomﬁonenfs by a bridge mefhod similar in prineiple to
that employed £y Francis and von Engel (1953), They
elso measured the maintainance voltage snd phase
relation between the gds discharge current and main-
tainance voltagé from which the discharge characte-

ristic and the complex imisry impedance were obtained.,
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45 MEASUREMENTS OF PLASMA PARAMETERS
USING ELECTRIC PROBES.

The electric probes havellong been used as & fUnda;‘
mentel diagnostic technique fbr measuring the local proper- .
ties of plasma. In principle the technique of probe measure-
. ment is simple though the theory underlying the probe res-
ponse is complicated. Since Léngmuir (1923) first developed
the electric probe technique,’the probe have been used fo
measure electron densities ana temperastures in a wide
~ variety of'gasious ionized média, such as electric diséharges,
afterglows, iOniéingvshock'waves, flames, MHD, DPlasma-jet
fiows, etc. The electric probes consists of one or more
émall metallic electrodes inserted into a plasma, Two probe
configurations are commoniy employeds In the single probe
configuration one inserts a smell electrode into the plasma,
The probe is connécted to o varisble power supply which is
used to apply verious potentisls positive or negative in
relations to0 the plaémé. The current collected by the probe
is measured as a function of its appiied potential, The
epplied potential is measured with.resﬁect to scme conve-
nient reference point, this is often the cathode'ofAthe
discharge. A double probe consists of two electrodes of
equal area that come in conté;t with the plasme and the
current passing thréugh the plasma between the two.electrodes
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‘is measured as a'fupction of the epplied voltage b etween:
éhem.wSince the two eleetrodes eand the power suppiy of the
" doubl? system form en isolated closed circwit, in case of
2 double probe there is no charge drain from the plasma =
which actually oecurs-inAcaae ef7a single probe. @here

ere certein advéntages assoclated with the use of each .

of the probe systems,

The first classical probe theory due to Langmuir

| (1923) ‘assumed that the potential difference between the

probe ‘and. the plasma was confined to a space charge
'sheath' adjacent to the probe and the plasme outside

the sheath is unperturbed by the presence of the probe.

Langmuir end Mott-Smith (1924) sssumed thet (a) the dimen-

sion of the probe is much smaller than the mean free path =m

of ions and electrons, (b) the thickness of the spaee

,charge‘sheath surrounding the p:obe is small compared

with the mean free-path of ions and electrons. Thus the

sheath cen be treated as a region iﬁ_which ions and elect~

rons move &8s in vacuum unqisturbed by the collisions.

Tangmir and Mott~Smith (1926) introduced the idea of orbi-

tal motion limited current collected by & gpherical and a

cylindrical probe.. The orbital motion limited curreﬁt

‘ collected by & probe when none of the undisturbed plasma

| particles (at 1nfinity) capable of reaching the probe on

the basis of energy consideration is excluded from doing
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80 by interweming barriers of. effective potential. Thus
for orbital motion limited current the particles are §

' reaching the probe from-a reglon for which 2 R/K >0y ices
 from an infinitely thick sheaxh, where R 1is the radius
of the probe and ‘7pD is the Debye Shielding distance,
Their -calculations were for e sheath of finite dimension,
end the limit for an infinite sheath was taken as a

-gpecial case.

If the electrons have Maxwellian distribution the
number of eléctrone sfrikiﬁg the probe per unit area per
‘second is given by - '

De %‘; NG = LmPexp C$e) ... (1028)°
where U is the mean velogify of the electrons, T. is
the electron ‘temperature; Ve | is the probe potential and
n, 1is the electron concentration, lengmiir assumed that
the number hitting an absorbing grobe would éééentially be
the same. This clearly refers to the sifuat;on where. the
mean free path is large compered with the size of the A
probe, Thus electrons tra.vél from region much further
away than . the boundary of the sheath without maklng a

collision. Thus with en absorblng probe the current to

the probe is given by

= ] exp (—% | e (1.26)
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where I; is the saturatibn-current and is given by

] —2—- G'UA e ""n eAP(__E'rj;gi/Q‘ - Y (102‘7)

: AP being the .effective area of the probe, Hence

LO%eI C?O'n/s’t eKV# ' - ' e (102% )
and

The logerithim of the probe current plotted against
probe potential gives a straight line whose slope -

givesTe

Iaa,ngmuir and Mott-Smith (1926) have caleulated the
orbitel motion limited current for charged particles
having both monoenergetic and Maxwellian velocity dist-
ribution, Lemfrembois and Parker (1973) ‘have re-examined
'the orbital-motion limited current regime, and rederived
the results given above on the basis of energy conside-
rations alocne, Their results appiy to probes not only to
circular cylinders.and spheres, but to eny convex three-
dimensional shapes. For é given probe, even if the consi-
derations in a plasma do-not correspond to the orbital-
motion-limited regime, the results are still important
because they provide am upper limit for :‘the current
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collected by & probe under-eqllisionless conditions, This
is because the number of charged particles which are able
to reach the probe are reduced by the potentiai{barriers
which occure at finite values of R/Ay o

Bohm (1949), cbnsideriﬁg negligible ionizetion in
the sheath, small electric field at the plasma edge and
neglecting energy distribution of ions, i.e. for mono-
energetic ions, have shown that the positivé ions require
a certa;n minimum energy before the sheath can be. formed.
Also the ion current depends on the electron temperature
ahd not on the ion temperature, because thg electron temw-
perature determines the strength of the electric field |
which draws the ions towards the sheath. Allen, Boyd and
Reynolds (1957) starting with the equations of Bohm et &l
(1949), which are the same as the equation later used by
' Bernstein and Rabinowttz (1959) heve shown that in the .
limit T: /Tc = O and in the case of an ion-attaching
spheriéal probe, the ions move in a radially inward direc#
tion., The veloéi‘ty of ions .arises solely from the energy
they acquire in the potential field of the probe, Radial
motion model of colligi.onless"ion collection introduced -
by Allen et 21 (1959) represents the correct limit for
A' T, /T.—> O  for a spherical probe, both for the monoener-
. getic ion approiimation dreated by .Bernstein' and Rabinowltz
(1959) and ,Maxwéllian jon distribﬁtion'cbnsidered, by
Lafremboise (1966).Chen (1965). derived an equation for
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the cylindrieal probe using the radial motioh assumption
and from it computed & set 6f cylindrical probe charsc-

teristics.

Wasserstrom, Su and Probstein (1965) considered the
effect of 1on-neutra1 collisions on ion current collection
by spherical and cylindrical probes, This was later followed
by Chou, Talbot and Willis (1966),\Self end Shin (19%8) and
Bienkowski and Chang (1968); The kinetic theor& appfoach of
'Chou,-Talbot and Willis is the most rigorous one. The cal-
culations required in the Chou-Talbot-Willis analysis make
this enalysis difficult to use. Starting with general ex-
:prQSsion>6f Chou-Talbot-Willis an approximate forms of the
results for spherical probe have'bgen obtained by Talbot
and Chou (1969), An even simpler approach was used by
Schultz gnd Brown (1955), Sutten (1969) and later by
Thornton (1971) gave. some additional justification for

the procedure.

The effect of electrén-neutral collisions, on elect-
ron saturation current to eylindrical and spherical probes
in a stationery plasma has been examined by Peterson (1971)
using the Talbot-Chou (19§9) approach, In the electron
retarding fegién of the probe characteristic, which is
generally used to infer the electron temperature, the

effect of electron neutral collisions on the pmobe current



is not well umderstood; There is evidence, both theoretical
end experimentsl, that the mak classicel I =m,eBAyexh( S¥)
behaviour is sufficiently altered by collisions that the
method for obtaining T, from the slope of the plot of
lo%eI . versus - probe potential V, no longer holds.
Kirchhoff et al (1971) have concluded on the basis of both
theofy and experimént that & double probe is less sensi-
‘tive then a singlé probe to colligional effects, and hence

- & double probe msy often be used to determine electron
tenperature under condifibne in which single piobé may'

.glve spurious results.

~ The preseﬁce of a,mégnetic field further compli-~
cates probe-data interpretation. The complications int- -
roduced are\twb-folds.First, particles are constréined by
.the magnetic field to move at different rates along and
' acrOSs the field lines, The problem thus becomes an anos-
tropic one. Secondly charged parficles can travel only a
distance of the order of their Larmor radii /{° Lie without
making a collision and when el ther {ﬂLe or qé is of
the order of B or 1ess collisions come into play even
when the relevant mean free path A, 1is large compared
"to R,

Tﬁe simplest and most étraight forward case arises

-when d° (%*Tn‘ew}) " the gyro-or Larmor radii of eler

-electrons and ions, are both larger than the probe radius
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_and the Debye 1ength.‘¢he-current voltage.eharacteristics
of the probe are identical in this case to the collision
- less magnetig field or collisional zero-magnetie field
solutions, Bickerton (1954) have shomn that the inverse
gradieht of semi-log plof of electron current in presence
of magnetic field ie pProportional to eleetrdn temperature
(as in zero magnetic field) in the region of high negative
probe potential, Ldentical results have been obfained by
Sugewara (1966) in a weakly ionized neon discharge under
moderate -magnetic field and similar conclusion was made
theoretically by Sanmartin (1970).

Since the probe is of finite gize, it draws some
of its currents along and some across the magnetic field
lines. The ion current to the probe is not effected by
the magnetic field, since Y| > 7 _ However, the
slowest electrons of the electron velocity distribution -
are influenced by the megnetic field when they move per- '
pendleularly t0 the lines of force to the probe..Thus ’
the electron current will be decreased in particular ‘f
when V., 1is either positive or slightly negative with
’ respect to space even if v _> R, A . Hence the
ratio electron-to-ion saturation curremt is decreased
- even at x low maénetic'iields. ﬁiekertan and von Engel

(1956) measured the density of electrons by measuring the
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/
relative changes in the saturation ion current to the pmobe

for various magnetic fields;( 600 geuss), and using them
together with the values of plasms concentration found the

electron saturation current in zero magnefic field..

Gonsidering the classical diffusion coefficient
of electrons D¢11=De=—1—o¢§7& . and DéJ.——{%C—z
where Dg; and D,  eare the diffusion coefficients
along and perpendicular to the magnetic field lines and T
is the mean collision time, Chen (1965) obtained an appro-
ximate expression for the electron saturation current to

the probe in presence of a magnetie'field of moderate

———(4_'7’161)/\) 4 /DeL

The resulting anisotropy for electron flux gives rise to.

strength as

three very interesting phenomenaé-

a) -Electron ;afuration cﬁrrentAis decreased below its
| saturation value in the sbsence 6£la‘£1e1d; Experi- -
ments of Sugawara (1970) later predicted the dec~
rease using kinetic theory aprroach for a fully
ionized collisionless gas. '
b) ‘In the vicinity of plasma potential, near the probe
- surface,- an-overshoot-of potential is predicted. As
a consequencé of the.overshoot the usual sharp knee
in“the current voltage characteristics of the probe

at space potentlial becomes blurre&;_
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e) . The veriation in the cross section of the probe along
the magpetic field becpmes unimportant ‘for electron
collection because of channeling effect of the lines -

‘0f force,

A swarm of electrons in an electric field ma&
have mean energy (or temperature) far in excess of the
fhermal value aessociated with thé gas molequles even in a
weakffield. There is, in many case, some doubt whether the
use of Maxweliian velocity distribution is permissible and
evén'to represent a good approximation for the velqéify dist-
ribution of electrons. In some probiems of ionosphere and in
many problems of plasma physics we require a piasmajwhich is
quiscent, stationary, homogeneous, iiee of electric field
‘and currents and in which the free electrons and ions have
Mazwellien distribution of energy. But the conventional
methods of prbdﬂginé plasmas are not free of electric fields

 and currents which complicate the analysis.,

. Phelps, Fundingsland and Brown (1951) used field
free plasma t0 determine the ratio of the real and'imagi-
nery components of plasma ¢onductivity,‘They,considered
a afterglow plasma in the cavity of a continuous wave
: tunable ﬁagnetron and measured the change in the cavity .
inﬁnp;n impedance_duevto presence. of free electrons by
qéing a standing wave detector which is sensitive only
for a'period of a few microseconds during fhe afterglow,
The afterglow plasma has steep potential gradients at the '

boundary and nonstetionary.
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The bush-cathode method of producing a stationary
field-free plasme was used by Persson (1962) and obtained
anosotropies in the electron velocity distribution, From-
hold and Biondi (1968) considered the plasma in an encléser
with absorbing boundaries and calculated the spatial density
distribution, -

Ekbote, Schott and Whitfield (1970) have inwestigated
theoretically and experimentally the source of plasma which
is quiscent, iomogeneous, stationery and free of electric
field and current. The plasmas was produced by a discharge in
a region between two concentric cylihders. The inner cylin-
der which was the anode had perforpations, Quiscent diffu-
sion plasma,:free of electric field and currents, was
formed in its interior having densities bweteen 10% 4o 1o

10ﬂcm.—3 and electron temperature 0.3 to 0.5 eV,

A gpherical source of plasma of diameter 69 Cle
free of electric field and current was designed by de Hoog
and Schott (1970). The electric field in the plasma was
less than 10 mV/cm, The density of electrons were between
-10ca and 101o cm 2 while the temperature were between 10°
and 3 x 10° °K., The radigl variation of plasma density
was less than 10% over about two thirds of the plasma

4

— 0 —
radius in argon at gas pressures between 10 and 10 To:r.

-~
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~ Brodskii and Voronehev (1970) produced a current-
free ceséium Plasme by the irradiation of mixtures of
ceasium and mercury vapours by the.resonant line of -
mercury A = 2537 3. The’ionization of the ceasium
vapour occured\pn inpact of the second type of excited
mercury atoms with ceasium atoms..It was shown that the
transfbrmation coéfficientfoilthe rédiatiqn energy of

-] . .
2537 A source into ionization energy was close to unity.



B, .  SCOPE AND OBJECT OF THE PRESENT WORK,
Though varioué.properties'of glow discharge have
" been studied by maﬁy,authors, yet there are certain pro-
blems which require more exhaustive theoretical and
experimental treatment, The present work undertekes to

| investigate some of fhese Problems.

e Dielectric Breakdown of Gases in Crossed
-Radio Frequency and D,C. Electric Fields.

It was observed by Varela (1947) and Kirchner
(1947) that tﬁe\breékdown potential of a gas excited by
é radio fféquency'field_increases when a d.c, field is
1 superimpoeed across the discharge tube. It was expected,
however, that the presence of the d.c. fleld would hasten
ionization and a smaller breakdown(voitage would be nece-
ssery, but the resu}ts were contrary to what was expected.
Varnerin end Brown (1950) calculated theoretically the
distribution function 6f electrbns in an ionized geas in
presence of both redio freéuency and dece. fields and they
suggested that.when r.f, field alone is present, the ele-
ctrons are lost mainly by diffusion, but when in additiqn
a d.o. field is applied, the electroms are lost by mobility

also. This incremse in loss can be compensated by the
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increese in generafion of electrons and Qohséquently the
.velue of the radio frequency breakdown voltage increases.
' The theory was verified by Varnerin and Brown (1950) in
: cgsé of eir at a pressure of 3 38 torr. where a d.c.

field upto 200 volt per cm, was applied.

In a series of peper Sen and Bhattaeharﬁee (1965,
1966 and 1967) have shown, for different gases, that when
a veriable d.c, field is simultaneously applied parallel
t0 r.f. exciting field, the Tofe breakdown.potential‘inc-
reases and shows & maximum when the d.c. field is conti-

'\nuoﬁsly:increased keeping the ges pressure constant,

In order to extend the work further end to inves-
tigate whether_é.d.c. pétential csn cause a change in f.f.
breakdown pofe’n‘bia.l when the d.c. field is applied per-
pendicular to r.f, field, it has been proposed to study
the veriation of r.f. breakdown potential with pressure in
Presence of various values of d.c, field transverse to r.f;
field. When the applied d.c. field is not of appreciable
value toicontribute significantly to ionization, then,
-according to analysis given by Varnerin and Brown (1950)
the effect of transverse dec. fleld is expected to increase
the drift of electrons along the direction of d.c. field
‘end consequently loss of'eiectrons will increase. To com-

_pensate fhis loss, a highef rate of production of electrons



-7 -

is necessary to cause the breskdown and this will remain
true for all gas pressure, The expression for effective
diffusion length proposed by Vernerin and Brown (1950)
will remain identical for all. pressure valuee and hence
:-the nature of variation of breskdown potential with pre-
-ssure is expected-to remein unaltefed cempared t0 when
‘there is no d.c. field except that at all pressure the r.f.
‘ breskdown field-ﬁill be larger in presence of d.c., field
' than when absent. The object of this part of work is thus -
to see whether the breakdown phenomena will follow this
’procese and whether the experimental results agree -with
the theory developed.

2. - Radio Frequency Electric Field Breakdown of
Gases in Presence of lMagnetic Field.

(i) ‘The breskdown of a gas excited by a radio-

: frequeﬁcy-ioltage in the presence of a magnetic field, .

. either longitudinal'of transveree, has been studied pre-
viously. Mention may be made of the works of Dax et al
(1950) and Perritti end Veronesi (1955) . Brown (1956)

had also discussed gome, of the microwave breakdown‘mee-
surements in the presence of a magnetic field;‘sen-and
Ghosh (1963),'werking in the present laboratory, obtained
the breakiown potential of some molecular gases using r.f.

voltage in presence of small transverse magnetic field.



..'.72;..

The diffusion theory of electrical breakiown of
- gases as a function of gﬁs‘pressure is found to be consig-
tent with the experimental observations for microwave and
radio frequency field. It is worth-while to investigate
whether the ébove‘breakqun conditions with variation of
ge.s pressure remain vaiid in case yhere a magnetic. field,
'transversé to electric field, ie applied, The meéhanisms
regponsible for the loss of electrons and the gain of
electrons in the gas are‘affected'by the presence of mag-
'nefic field. So, it is proposed to study the variation of
ref. breakdown potential of gases with gas-pressﬁre at
different velues of magnetic field and attempts may be
- méde to expla;n the results by modifying the diffusioh
litheory of electrical bréakdown'of gases at high frequency
'with the expected changes in the different paremeters in

presence of magnetic field.,

(ii) : Wnile studying the high frequency breakdown
-potential of gases in the presence of a magnetic fleld in

| this laboratory, it has been noticed that ét sdme speclific
range of gas preésure'and intensity of magnetic field, the
discharge once established can be extinguished'either bj
increasing the electric field or by decreasing the magnetic

 field., A similar obéervgtion was made previously in a very



low-pressure discharge (Francis, 1960) where the pressure.
of the gas was about 10 ° torr end the magnetic field
" used was-below 100 Gauss. No explanation either quanti-

‘tative or qualitative wae given for the observatione.
t -

To invegtigate in detail this phenomensa and to
study the variation of r.f. breakdown potential with
change in magnetic field, transverse toﬁelectric field,
for a wide range of magnetic field values (zero to a few
K.gauss) at different gas pressures, the present work hge.

been undertaken.:

In crossed electric (r.f.) and megnetie field
configuration, the motion of charged ﬁarticles, vize
electrons, is composed of cyclotron motion sﬁperpoeed
over an elliptical motion. Diffusion- rate in perpendi-
cular directions of magnetic field is reduced. The rate
of ionization is also effected in presence of megnetic |
. field'as pointed out by Grey Morgan (1965) while obtain-
_-ing the effect of’magnetic field on Tewnsend's first ioni-
zation coefficient. S0 the ‘breakdown potential is expec-\
ted to be a functlon of magnetic field. Considering ‘the
equivalent pressure concept of Blevin and Haydon (1958)
in presence'of magnetic field, the variation of 5reakdown‘
‘}potential with magnetic field is expected to be of identi~
cal in nature with the variation of breakdown potential

. with gas pressure.
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For high velue of mégnetic|fie1d,iit is possible <
that in an activa diséha:ge'under certein favoursble cone
-dition'the,losé of electrons by diffusion may not be com-
pensated By the rate of ppbduction of electrons by colli-
sion. So the discharge will not be sustained under such
¢onditiops unlegs geain of energy is increased.by inerea~
sing the strength'of the applied electric field. Again
when the magnetie field'stréngth is very high, a much
smaller electric field intensity may also create suffi-
cient number of electrons to initiate the discharge. Strong
-magnetic.fiéld méy keep almost all the eiectrons confined
within the cavity without cresting apprecisble density
gra&ient of particles as their numbers will. be Qery small
due to poor production by'ionization-in weak electric |
field. So the diffusion loss may be almost negligible.

This discharge may be maintained by increasing the elect-
ric field until charged particle concentration becomes so
large that appreciable density gradient of charged par-
‘ticles occurs when diffusion loss of electrons will out-
pace production by collisions and the discharge will go off,
Grey Morgan (1965) ﬁas shown theOreticaily that for a very
_1éw pressure discharge, the discharge should go off when
the qyélofron diameter of an average electron equals the -

”

dimension of the vessel.
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So the main ob;)ect of the present part of work w111
be to investigate in detail, the effects of the strong mag-
netic/ field on different mechanisms responsible for the gas
breakdomn end to verify from the experimental results the |
'physical processes in eic’iting, and extinguiching the dig-

- charge. The extent of quentitative agreement bet‘ween_expe-
rimental resul ts and theories devcloped both from dbasie
equgtion of motion of electromns in presence‘of cros sed
-.electric and megnetic fieid, and also by using the equi-
velent pressure concept in presence of magnetic field will .
help in understand'ing.th.e processes invoived in the disg-
v'charge and also the range of validify of equivalent pressﬁre
concept of high walues of H/p, the ratio of magnetic field

' to gas pressure .

36 Direet Current Glow Discharge in Longitudinal
Magnetic Field. '

When a steady uniform positive column of a
low pres‘sﬁre discharge is c.cted upon. by a 1cngitudi‘nal'
magnetic fleld, the charged particles, having velocity
components in all directions, spiral sbout the magnetic
- lines of force. Because of their small masses, only the
. electrons are appreciably.atfecte‘d by the magnetic field.
The spirelling parallel to the axis of the tube between
collisions reduces the radisl diffusion of the electrons



and thus a smeller radial electric field is reQuired %0 .
raintain the equality'beteeen thevnumbers of ions and |

: electrons arriving at the non~conduct1ng tube wall., Since
their radial velocities are the same, the radial flow of
both charges will decrease. A longitudinal magnetic field
should thus\reduce the electron femperature and the elect- '

ric field in the column. L,

Detailed calculations regarding the motion of ele~
ctrons in presence of both the electric and magnetic field
have been carried out by Allis and Allen (1937), Tonks and
A11is (1937) end Huxley (1937), A detailed experirental
measurements of electron'temperature, radial electron
density and the axial field by the probe methcd in case
of glow discharge in helium in presence of 1ongitudina1
magnetic field has been carried out by Bickerton and
von Engel (1956). The experimental results,‘in general,
are'in agreement with ihe theoretical predicticn'cf low-
ering of electron temperature end axial electric field

. and inerease of radial concentration of electrone.

Toader (1969) studied the behayiour of the posi-
tive column of a d.c. glow discharge in neon and helrum
and observed that the sxial electric field decrease with
the increase of'magnetic field end the effect ﬁecomes
prominant with‘the lowering of ges pressure,



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 properties of the dark space except to
inhibit the radial motion of those electrons which are
scattered by hitting ges molecules. The theory of the
anode féll proposed by von Engel shows that a longitudi-
nel magnetic field will have little effect on anode fall,
Also it has been shown by Penning, Moubis and Jurriaanse
(1946) that there is a light variation in cathode and
anode fall of the drder of 2.5 volts for change of 4isg-
charge current of 10 mA, so that for chenge of discharge
current less than 1 mA., both cathode and anodé fall may

be taken as practically constant.

The -discharge currént is a function of electron
concentration and the axisl electric field and correspon-
ding electron energy. Wheh e glow discharge column is x
pleced in a longitudinal magnetic field, increase of
- electron concentration will temnd to increége the discharge
current end decrease of axisal electric field and electron
energy will tend to decrease the discharge current. It is
expected that these two opposing effects will compete with
each other and at csrtain wvalue o0f the magnetic field the
optimum value of the discharge current will flow.\Thus the N
object of this study is to see whether the above physical
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\ process be fbllowed-by measuring the variation of discharge
current in presence of longitudinal magnetic field and to
ascertain the mechanisms responsible for the flow of d.c.
glow discharge current in presence of longitudinal megnetic
field. The theory will be . developed by taking into consi-
deration of the vériations, in presence of longitudinal
magnetic field, of the different parameters controlling

the total d.c. glow discharge current and compared with
the experimentai‘resultse |

4, Electric Current in Discharge Column Excited
by Radio Frequency Electric Field,

3

In absence of any bulk motion of the mate-
rial medium,the current in the material medium is composed
of the following parts,(i) True current (1ii) Polarisation
current (1ii) Vacuum displacement current. When a cavity
fiiled with gas is placed between two electrodes connec-
ted to a source of alternating electric field, in absence
of any free charge carrier, the polarisation and displace~
ment current zx together w&%h account for the total current,
If the electric field'is of sufficient strength to create a
self sustained'discharge column in the cavity, then a
current will also flow due to motion of true charges. So

the current note¢ in an ameter connected in series with
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the electrodes,when the dischearge is 'on;ﬁ%he sum of

, current flowing due to real motion of'thé'chérge and

the capacitative curreht conmposed of polarigzation and
displacement current. From this current if the current,
that is recorded when there is no discharge i,e. no free
charge; is substracted then we gét the current that flows
due to actual motion of charged particles of the discharge

column and it is termed as discharge current. -

The current flowing through an ionized medium by .
the appiicatibn of smali'altgrnating electric field had h=ze
beenlconsidered in manj problems of interaction of i oro=-
waves with plasma and in the analysis of ionospheric pro-
blems. For low frequencies of epplied field and high gas
preséure the alternating current is practically in phase 1€
with the applied fm field as shown by Lan%én (1905), But / ]
for very high frequencies of the applied field and low gus
pressﬁre, the current ig in qnadréxure with the applied

field. The,intermediate’between the twb_extremesfhad been

, considered"by Margenau (1946). Assuming Maxwell's distri-

bution, the curiént density obtained by'Margenag yielded

two components: one in phase with the applied alternating

field and the other in quadrature with it. Sodha (1960)

obtained akkmrmatimgxfkeXdxank the gipressiOn for the

plasma conductivity and found it to be a complex quantity.

)



Brown (1949) measured the complex admittance by measuring
the discharge current appiying a microwave ele ctrié field
‘of sufficient amplitude in the cavity of a magnetron field

with helium.

Frencis and von Engel (1953) have pointed out
that the capacitative currénf is much greater in magnitude
then the discharge current. They provided an experimental
technique to measure the total discharge current balancing
out, by a bridge method, the current flowing across the |
external electrodes without discharge when high frequency
‘field is applied. Penfold and Warder dr. (1967) reviewed
é,numbér of mefhod-s co@only used for the measurement of

discherge current, -

To measure the resl part of the plasxﬁa conductivity,
it is neéessary t0 collect the real charges ‘tﬁa‘bﬂ are acéu-
mul abed at tne end walls and hence use of internsl elect- -
rodes is necessary. But the two metal electrodes immersed
into & plasma excited _bﬁr high frequency field may prodgcé
capacitative current nméh higher then when the medium was
neutral @s. So simple balsncing out of capacitative
" current in this situation by using identical cavity s

-without discharge will give much higher value of dis~

charge current. and consequently the error in measurenents.



Moreover, if the gas pressure be high énd frequency ,of
the épplied field be such that thé'ratio of electron
neutral collision frequency to applied field frequency
is very high then the discharge current will be préc—
tipally in phase with 'the applied field. A'thorough
investigation may be made about the nature of this
_ discharge current to find the true current voltage re-
lation for high fregquency gps discharge and also to
verify the existing theoriéé on the variation of real
pert of the plasma condudfivity with different external
parameters like applied electric field, gas pressure etc.
So the main objective of this part of the work is to
design end fabricate proper fast>e1ecfronic circuitry %
to measure the real part of the discharge current
after eliminating the ecapacitative current when the
discharge is 'on', The‘current voltage curves at diffe-
rent ges pressures expected. to yield the informations
regarding the varistion of real part‘of plasma conduc-
tivity with plasma parameters. The measurement may be
extended at finding the change of capacitetive current
in active plasme medium formed between the electrodes

enclosed in the wx&E® cavity.



Se Measurements in Field-Free Plasma Using B

Blectrical Prcbes,

The electrical probes has long been used
as g fundamental diagnostic technique for measﬁring the
loeal properties of a plasma. A large number of authors
studied, both theoretically and experimentally different
aspects of measurements..The first classical theory on
probe measurement was due to Langmuif (1923) who assumed
that the potential difference between the'probe aﬁd the
Plasma was confined t0 a space charge 'sheath' adjacent
to the probe and the plasma-outside the sheath is un-
perturbed by the presence of probe, Assuming Maxwellian
distribution of the electrons and totally absorbing probe,
an expression for the probe current is obtained for elecf~
‘rons andAsaturaﬁed ion current which yx%#t yielded the

values of electron temperature and electron density.

Wesserstrom, Su and Probstein (1965) considered
fhe ionpneutrai collisions on ion current collection by
spherical and cylindrical probes which was later followed
by Chou, Talbot and Willis (1966), Self and Shih (1968)
and‘Bienkowski and Chang (1968), The effect of electron
neutral collisions, on eléctron saturation current to
cylindrical and spherical probes in a stationary plasma

has been examined by Peterson (1971) using the Talbot~



Chou (1969) approach. In the electron retarding region of
the probe characteristie, vhich is generally used to infer
the electron temperature, the effect of electron-neutral

collisions on the probé current is not well understood.

The presence of a megnetic field further compli-
cates probe date interpretation. The complications intro-
duced are two-fold. First, perticles are constrained by
the magnetic field to move at different rates along and
across the field lines so that particles motions become
anigotropic. Secondly, charged particleé can travel only
a distance of the order of their Larmor radii even when
the relevant meén free path is 1arge\eompared to Larmor
radil, The simplest and most stright forward case arises
when lLarmor radii of electrons and ions are both larger
than the probe radius and the Debye length when current
voltage characteristic of the probe follows collisional
zero magnetic field soiutions. f Bickerton (1954) have
shown that the inverse gradient of semi-log plot of
electrons current im presence of magnetic.field is pro-
portional to0 electron temperature as in zero magnetic
field for high negative probe potential, The identical
results have been obtaimed by Sugawara (1966) in a
weakly ioﬁized neon discharge under moderate magnetic
field and similar conclusion was made theoretically by

Senmartin (1970).
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A&g; A swarm Of electrons in an electric field
may have mean energy (of temperature) far in excess
of the thermal value éssociated with the gas moleculés
even in s weak field.. There is, in many case, some
doubt whether the use of Mazwellian velocity distri-
bution is permissible and even to represent a good
approximaiion. In some problems of ionisphere and in
many problems of plasma physics, & plasma is regquired
ﬁhich is quiscent; stationary, homogeneous, free of
electric field and currents and in which the free elect-
rons and ions heve Maxwellian distribution of energy.
But the conventlonal methods of producing Plasmas are
not free of electrlc fields and currents which compli-

cate the analysis,.

Phelps;‘Fundingéland and Brown (1951) used
field free plasma,qbfained from a afterglow to deter-
- mine the ratio of real and imaginary components of
Plasma conduétivity. The bushoca#hode method of pro-
ducing a stationary iieldefreg plasma used by Perébn )
(1962) has anisotropies in the electron velocify dis-

tribution.

Ekbote, Schott and Whitfield (1970) have inves-
tigated theoretically and experimentally the source of

blasma which is quiscent, homogeneous, staxionary,'free ,
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S of electrin field and currents, The plasma was produced
by a discharge in a region between two concentric le

A-: cylinders. Quiseent diffusion plasma, free of electric
field and currents, was formed having densities between
108_,'*&0-1011 eme> and electron temperature'between.0.3
t0 0,5 eV, A.spherical’source'of plasma free of‘electric
field and current-was'designed'by de Hoog and Schott
(1970) . Brodski end_VOronehev (1970) produced a-current-
free ceasium plasma by the irradiation of mixtures of
‘ceasium and mercury vapours by the resonant line of

" mereury, ‘

When the electrons are allowed to diffuse out by
"making holes at the electrodes from a plasma columns,

E maintained by en external electric field,_to an‘identi- |
oal gas colﬁmn:but without eny electric field, the
‘charged perticles will rapidly looee their inltial‘
energy by collisions with the neutrals and will be lost:
by processes like recombination end other loss mechanisms.
Hence both the deneity and temperature of the electrons,
at the identical gs atinosphere, will be far 'less in field

free condition than when exciting external field is present.

| In a cylindri’cal cavity with axial exciting
electric field, if a longitudinal magnetic field is ,
applied simultaneously to plasma columns w1th and without
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exciting field, both the election density and temperature
are expected to be effected in the‘presence of the ﬁag-
netic field., For the /plasma column maintained by sn exxci-
ting electric field, presence of longitudinal magnetic
field will make diffusion loss to decrease and so density
' of electrons increases. But s the effective mean free
‘path decreases, the energy geined by the electrons from *+*
the externsl field decreases and hence electron tempera-
ture decreases, But fbr the plasma column without any
source for supblying energy, the presence of magnetic
field will confine more fast going away eleetrons inside
the cavity due to eyclotron rotation and 80 the electron
temperature will increase with increase of electric field,
Due'yo this confinement of large riumber of electrons, the
- total collisions suffered by electrons in a finite time
wili increase with increésing maegnetic field and hence .
larger number of electrons will be lost by recombination
and -other processes reducing the number density of elect-

TONS 6

Probe measurements may be extended to study
these two types of plasmas simultaneously under similar
other'parametric conditions and both in\presence\and in

absence . of magnetic fileld. The experimental results on



electron témperaxuré and density may be compared to
ascertain the mechanlems operating in the plasmas

and whether the above mentioned physical processes

are valid., With this object the present part of the
work is aimed at measuring the electron temperature
end density and their variations in presence of mag-
netic field for discharge column produced in identical
columns and seme gas conditions, but one with exciting
field preseant and other wi thout any external source of
‘energy. A comparison of results of the present investi-
gation may be made with the results of previous workers
to test the validity of extending the theory of probe -
measﬁrements in obtaining the p}asma pafameters for a

" wide variety externel parametric co:qditions and parti-

éularly in field free plasma.
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