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Abstract

In a previous paper (Nandedkar and Bhagavat 1970) [4] an analysis of damped oscillations in the plasma has been carried out.
In the present paper, it is shown that the steady state amplitude of sustained electronic damped oscillations in the plasma in
presence of an external d.c. electric field is greater than that in the case of the eigen-frequency damped oscillations when the
applied d.c. electric field is removed. In both the cases, the steady state amplitude exists well inside the screening sphere. The
amplitude being measured with respect to an ion at the center of the screening sphere. Ultimately an expression for the
frequency of sustained electronic damped oscillations, in the weakly ionized plasma in presence of a low damping is
developed. Further electron collision frequency term, in the low density plasma, is considered to be different in the presence
and in the absence of the applied d.c. electric field. The collision frequency being smaller in the previous case, than in the later
case. Moreover the distribution of electronic free paths is not neglected while determining the damping force constant part in
the equation of motion of the electron in the absence of the applied d.c. electric field unlike in the case when sustained damped
oscillations exist. Knowing the electron density, collision frequency and frequency of damped oscillations in the plasma in the
presence of the external d.c. electric field experimentally, the values of charge to mass ratio of an electron and classical radius
of a gas molecule viz., that of air are determined. In the end it is illustrated that, how the present model of weakly ionized
plasma leads to the similar expression for the plasma frequency due to Tonks and Langmuir (Tonks and Langmuir 1929) [5]
and to the similar expression for the complex dielectric constant of plasma basically due to Appleton and Chapman (Appleton
and Chapman 1932) [6] as the limiting cases.
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results the electronic damped oscillations of eigen-frequency

1. Introduction

fj in the steady state; whereas with an external d.c. electric
field Eq4, electronic damped oscillations of frequency f, are
detected (Bhagavat and Nandedkar 1968) [7]. Both fj and f,
type of electronic damped oscillations are shown to exist
inside the screening sphere surrounding the given ion. In
either case, the damping force is provided by electron
collisions in the plasma. The eigen-frequency damped

For General Reference to plasmas refer to Loeb 1955 [1],
Von Engle 1965 [2] and Delcroix 1965 [3].

In a previous paper (Nandedkar and Bhagavat 1970) [4] an
analysis of frequency of damped oscillations in a plasma is
carried out. In the presence of an average local electric field
(E;) due to an ion at a neighbour electron in the plasma, there
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oscillations are not sustained as such in the practice, when
the effect of relative polarization of electron-ion pairs in the
plasma, is considered. The frequency f, of the sustained
electronic damped oscillations is a function of electron
density N, in the plasma and the applied d.c. electric field
Eg4c In this analysis, it has been shown that how f, varies
with electron density N, and E4., in accordance with the
experimental results.

In the present paper a more detailed study of f, is carried out.
It is considered that the steady state amplitude R,
(Nandedkar and Bhagavat 1970) [4] of the eigen-frequency
damped oscillations in the presence of (E;) is not the same as
the steady state amplitude R, of the damped oscillations of
frequency f,. But the amplitudes R, and R, are shifted with
respect to each other in the screening sphere, R,. being
greater than R,.

Then electron-molecule collision frequency in the weakly
ionized plasma at ambient temperature T is further
considered.

While treating the electron collision frequency in the plasma
in presence of (E;) when sustained damped oscillations do
not exist, it is assumed that as (E;) has not an preferred
direction, since electron-ion pairs are randomly oriented in
the plasma, so that the average thermal velocity of an
electron at ambient temperature T which is thermal
equilibrium temperature of the plasma, is to be considered in
general with a three dimensional electron gas model.

Whereas in the case of the electron collision frequency in the
plasma in the presence of the d.c. electric field Eq., when
sustained damped oscillations exist, it is assumed that as E 4
has a preferred direction (which is the direction of
application of E4. in the plasma, so that the average thermal
velocity of the electron at thermal equilibrium temperature T,
is to be considered with a one dimensional electron gas
model.

Further an expression for f; is derived in terms E4. and R..
Then f, and fj are compared.

Afterwards the role electron collision frequency in
determining the value of damping constant in the differential
equation of motion of the electron leading to f; and f,
respectively is considered. In the case of f; when (E;) is
randomly oriented, then the distribution of free paths of the
electrons is to be considered, whereas in the case of f,, when
Eqc is present in a given direction, then the distribution of
free paths of the electrons is to be neglected, while
considering the electronic motion in the presence of
respective fields.

Then using the expression for f, derived in terms of E4. and

Ry, the value of e/ms, i.e. the ratio of charge to mass of an
electron is obtained from experimentally obtained values of
f, and N, with the known value of E4. . Further
experimentally obtained value of electron collision frequency
in the presence of E4.. is used to find the value of the
classical radius of a gas molecule, viz., that of air in the
plasma.

Ultimately in Section of the ‘Discussions and Conclusions’ it
is shown that how the present model of weakly ionized
plasma leads to the similar expression of plasma frequency
due to Tonks and Langmuir (Tonks and Langmuir 1929) [5]
and, to the similar expression for complex dielectric constant
of the plasma basically due to the Appleton and Chapman
(Appleton and Chapman 1932) [6] - as the limiting cases.

The Method of Analysis of this research-paper consists of
following sections for this article:

1. Introduction

2. Determination of R in terms of R,

3. The electron collision frequency in the plasma
4. Comparison of f; and f,

5. Behaviour of the electron collision frequency in the
determination of the values of f; / m and f;'/m,

6. Charge to mass ratio of an electron and classical radius of
a gas molecule

7. Measurement of the phase constant 3,
8. Experimental work

followed by,

9. Discussions and Conclusions

The above sections of the article are illustrated one after the
other in this article.

2. Determination of R in
Terms of R,

Consider a quasi-stationary plasma with equal densities of
electrons and ions. The plasma is in thermal equilibrium at
ambient temperature T and it is weakly ionized. Density of
electron-ion pairs in the plasma is N,. Here N, is the density
of electrons or ions in the plasma.

If R, be the average separation of an electron from an ion in
the plasma, then the volume (4173) R3 occupied by an
electron-ion pair, is given by:

4 —
S R3=N (1

where the case of spherical symmetry with respect to the ion
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in the plasma is considered. From eqn. (1), R, is given by

Ro= (3 N, @

4T

here R, is measured with respect to the center of the
screening sphere of radius, Rg, given by (Nandedkar and
Bhagavat 1970) [4]:

_ ﬁ_ eokT\1/2
Rs = Ky (Ne ez) ’ 3)
where,
2Nee2 1/2
ky = (225) )

here kpr is a factor inversely proportional to R. € is the
permittivity of free space. e is the charge of an electron or
ion. k Boltzmann constant. R, lies well inside the screening
sphere of radius Rg, i.e.

R, << V2/kp. 5)

Here R, is interpreted as the steady state separation of an
electron of the plasma from the neighbouring ion reached
when an average electric field due to the ion acts on the
electron in the presence of (i) a damping force (i.e. due to
electron collisions) against the motion of the electron
proportional to its velocity and (ii) a restoring force
proportional to the displacement of the electron, in the
vicinity of R,. The displacement of the electron in presence
of this average electric field, say (E;), inside the screening
sphere, deviates the plasma from the condition of neutrality,
so the second force mentioned comes into the picture. In this
case a low damping is considered. The ion lies at the center
of the screening sphere mentioned.

Electric potential ¢; at distance r due to the ion at the center
of the screening sphere is given by (Nandedkar and Bhagavat
1970) [4],

di= dc exp (-kpr 1), (6)

where kpr is given by eqn. (4) and @. is the Coulomb’s
potential at distance r given by

e
O = 4megr’ O

where e is the charge of the ion.

When,
r<< -, 3

then eqn. (6) gives:

©)

i.e. well inside the screening sphere, the electric potential due
to the ion is merely Columbian.

Electric field E; due to @; at distance r, using eqn. (9) is given
by,

B= - ()= 10)

4megr?

For the plasma under consideration, the average value of E;
i.e. (E;) over a sphere of radius r is given by:

f(f Er4mr? or

- r 2 H]
[ 4mr? or

(Ep

1.e.

(EI) = (i) [(4n;3)r3] = (é) m’ (11)

where it is assumed that (for instance, refer Nandedkar and
Bhagavat 1970) [4],

\/E/kD/

ND'

<<, (12)

where Nyv is the number of electrons in the screening sphere.
Whenr - R, such that,
V2/kps V2

2
—NDI << R, << k_DI’

(13)

then, (EI) — (El) .
Using eqn. (11) and (1), the value of (E;) is given by

€)= () Grramg = Ne (5 Ro- (14)

Thus within the range of distance of interest, inside the
screening sphere, the value of electric field due to the ion at
the center, varies inversely as the square of the distance and
the ultimate value of the electric field (E;) - given by eqn.
(14), is reached when R, is attained.

Now suppose a uniform d.c. electric field E4. be applied to
the plasma. Ion being much heavier as compared to the
electron, the ionic motion in comparison to the electronic
motion is neglected in the presence of E4.. Unlike the ionic
field inside the screening sphere, which decreases as the
square of the distance from the center of the sphere is
increased, Eq. remains everywhere the same inside the
screening sphere. Hence the steady state separation R,
measured with respect to the ion at the center of the
screening sphere in the presence of E4. is different than
which is in the case of (E;). In this present case of Eg4, the
damping force acts on the motion of the electron due to
electron collisions and a restoring forces acts on the electron
due to its displacement in the screening sphere. However, the
damping force in the present case is different than the one
considered in the presence of (E;). But here also, as before,
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the case of low damping is considered. In the presence of E4
and the above mentioned damping and restoring forces, the
value of R is attained by the electron.

If the conditions inside the screening sphere with (E;) and
with E4. are different, then the displacement of the electron
in the presence of E4. in the sphere is constrained in
comparison to that in the presence of (E;) . Let the
constrained displacement of the electron with respect to the
center of the screening sphere where the ion lies, be denoted
by r. in the presence of the applied d.c. electric field Eq4..
When R, and Ry, in the presence of (E;) and Eg4.
respectively are to be compared, then let the non-constrained
displacement of the electron in the presence of Eg. be
denoted by r,,. with respect to the ion at the center of the
screening sphere.

In the case when 1y, tends to zero, which means that E4. and
(E;) both tend to zero, i.e., neutral gas is formed in the limit,
then r. also tends to zero.

Any Change of the value (R, - r.) with respect to 1y, is
considered to be proportional to (R, - ) itself, l.e.,

0(Roc—Tc) a — (R

Ornc

(15)

oc rc) ,

the negative sign outside the bracket on left hand side of
eqn.(15) denotes that (R, - r.) decreases as r,. is increased.
Eqn. (15) can be rewritten as follows:

9d(Roc—rc) - _ (Roc—T¢)
Orpc Ro

) (16)

where (1/R,) is the constant of proportionality. R, is the
value with which R, is to be compared. R, is given by eqn.

Q).

Integration of eqn. (16) gives,
(Roc —T¢) = Acexp (_ r;_:)ﬂ 17

where A, is a constant of integration as mentioned before.

When

I'ne - 0, (18a)
then

re - 0. (18b)
Thus using eqns. (18a) and (18b), eqn. (17) gives,

A.=R,.. (19)

Substituting the value of A, from eqn. (19) in eqn. (17), eqn.
(17) gives:

r. = Ry [1 — exp (— ];:—C)]

0

(20)

The value of R, in terms of R, is obtained when r. and 1,
simultaneously tend to R, and then eqn. (20) gives,

Ro

ROC = m . (21)
Using eqn. (2), eqn. (21) gives,
1/3 _
Ry, = (3/4m) 1/3 22)

T l1-exp(-1)] e
Coming to eqn. (21), the value of R,/R,. is given by the
following expression, viz.,

Ro = [1 - exp(—1)] = 0.6321.

ROC

(23)

Eqn. (23) indicates that when R, and R in the presence of
(E;) and E, respectively, are compared then R, is 63.21%
smaller than R,. Here R, and R,. both exist inside the
screening sphere.

3. The Electron Collision
Frequency in the Plasma

In the present plasma model, it is assumed that electrons,
ions and neutral molecules are in thermal equilibrium at
ambient temperature T of the plasma. In the presence of an
electric field in the plasma, when the electron undergoes a
drift motion, then it encounters collisions with neutral
molecules on its way. In the weakly ionized plasma at
ambient temperature T, electron-molecule collisions are
much larger than electron-ion collisions. So only electron-
molecule collisions are considered here.

To study the electron collision frequency, the knowledge of
average thermal velocity of the electron at equilibrium
temperature T of the plasma is required.

The average thermal velocity of the electron is treated in two
cases. In the first case a three dimensional electron gas model
is considered whereas in the second case a one dimensional
electron gas model is chosen at the equilibrium temperature
T of the plasma.

Case 1:

Taking a three dimensional electron gas in the plasma at
equilibrium temperature T, the number of electrons having
velocity components between w, and we + 0w, , 0, + 005,
and @+ 0@, where w, varies from 0 to o, 8, varies from 0
to Ttand @, varies from 0 to 2TTin a system of spherical polar
coordinates, can be given by using methods of gas-kinetics
(for instance refer Max Born 1963) [16]:

l‘IJe(Wel eeﬁ ¢e) aWe aee a%e =

2
AcwZexp (- ZE28) gw, sind, 00, 00, (24)
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where A, is a constant for the given system of the electron
gas. Here m, is the mass of an electron.

The average value of the thermal velocity of the electron,

i.e., V, in the electron-gas defined by eqn. (24) is given by:

2
Jae=0J80=0Jpamo WeWe(We Be,8e) dwe 98¢ 98¢
e = o0 T 2T N
fWe=0 fee=0 f0e=0 Ye(We,0e,0e) OWe 08¢ 08¢

(25)

Using eqn. (24), eqn. (25) gives:

[ee] 2 e % :
fwe=0 fet:o fweﬂzowgexp (— msz; ) 0w, sinB, 96, 00,

Ve = 2
© ‘n' 2m mew
2 _ mewe :
fwe=0 fee=o f%zowe exp ( = ) 0w, sinB, 90, 00,
or,
© 3 mewd P
_ fwe=oweeXp(_ 2KT ) We 26
e mew3 ( )

0
fwezowgexp(_ 2KT )awe

Solving the integrals involved in eqn. (26), (for instance refer
Max Born 1963) [16], eqn. (26) gives,

Vv = (8”)1/2. 7)

Tme

Equation (27) gives, the average thermal velocity of an
electron in the plasma at equilibrium temperature T,
considering a three dimensional electron-gas model.

Case 2:

Now consider a one dimensional electron-gas in the plasma
at equilibrium temperature T. The number of electrons in
such an electron-gas, having velocity components, say
between wey, and wey + OWey, Where wey varies from 0 to oo
along x axis of a system of rectangular co-ordinates, can be
given by using methods of gas-kinetics (for instance refer
Max Born 1963) [16]:

2
_ MmeWex

Wex(Wex) OWeyx = Aoyexp ( KT )awexa (28)

where Ay is a constant for the given system of electron-gas
under consideration.

The average value of thermal velocity of an electron, i.e. v
in the electron gas defined by eqn. (28), is given by,

0

, fWex=0 WexWex(Wex) 0Wex

Ve = f‘:jexzo Yex(Wex) OWex ' (29)
Using eqn. (28), eqn. (29) gives:
2
f‘:’o —o Wex€Xp -Tefex) g ex
Vé — ex=0 ( 2KT ) (30)

2
mew
ex=0 exp(— 2kTeX> OWex

S

Solving the integrals involved in eqn. (30), (for instance refer
Max Born 1963) [16], eqn. (30) gives,

v, = (2”)1/2. 31)

TMme

Equation (31) gives, the average thermal velocity of an
electron in the plasma at equilibrium temperature T,
considering a one dimensional electron-gas model.

3.1. The Electron Collision Frequency in the
Presence of the Average Ionic Electric
Field (E;)

The average ionic electric field (E;) acting on the electron in
the plasma is not in a specific direction, but on the other hand
it is randomly oriented. Thus while considering the collisions
of the electron in the presence of the drift due to (E;) the
average thermal velocity corresponding to a three
dimensional electron-gas model, i.e. v, given by eqn. (27) is
used.

If size of the electron is much smaller than the size of a gas
molecule, then the closest distance the electron can approach
the molecule is the classical radius Ry, of the molecule. The
order of the classical radius Ry, as given by gas-kinetics, for
any type of a gas molecule is 1071% m.

Now imagine a cylinder in the plasma of length [, and radius
of cross-section of the cylinder as Ry,,. Volume occupied by
the cylinder is (mR% 1) . If N, be the number density of the
gas molecules in the plasma, then the cylinder under
consideration contains (N, TR?,l.) number of gas molecules.

In the simple picture of electron-molecule collisions, it is
assumed that, a single electron while travelling through the
cylinder, mentioned already, along length [. with the average
thermal velocity vowould make collisions with all the gas
molecules present therein. As such the number of electron
collisions would be equal to the number of gas molecules
present therein i.e. (N,,mR%,l.). These many collisions, the
electron, would make in time (. /ve). Hence the number of
collisions the electron makes with neutral molecules in one

second, which is the electron-molecule collision
frequency vg, is given by,
_ (NmmRE o)
VE = (le/ve) (32)

Here it is assumed that the number density N, of the
electrons in the plasma is very much smaller than the number
density Ny, of the gas molecules. Equation (32) can be
rewritten as follows, viz.,

vg = N, iR2 v, (33)

Substituting the value of v, from eqn. (27) in eqn. (33), eqn.
(33) gives,

8kT)1/2. (34)

TMme

Vg = NmT[an(
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Equation (34) gives electron-molecule collision frequency in
the plasma in the presence of (E;).

3.2. The Electron Collision Frequency in the
Presence of an Externally Applied d.c.
Electric Field E,;,

The externally applied d.c. electric field E4. acting on the
electron in the plasma, has a fixed one direction, say along x-
axis, which is the direction of application of the field. So, in
the determination of the electron collision frequency with gas
molecules, in the presence of the drift of the electron under
Eg4c, the average thermal velocity corresponding to a one
dimensional electron gas model, i.e. v§ given by eqn. (31) is
used.

Hence replacing v, by vg in eqn. (33), electron-molecule
collision frequency gg in the present case, is given by:

ge = N TREve. (35)
Using eqn. (31) for the value of v¢, eqn. (35) gives,
2kT \1/2
gr = NmmRE (). (36)

Equation (36) gives electron-molecule collision frequency in
the plasma in the presence of Eg4.. .

Comparing eqns. (34) and (36), it is seen that,

gr <Vg. 37

Thus, in the presence of the drift of the electron under
directed Eq4., the electron suffers less number of collisions
with gas molecules as compared to its drift under randomly
oriented field (E;).

4. Comparison of f; and f,

To study f;, consider the differential equation of motion of
the electron in the plasma, in the screening sphere with the
ion at its center, under the action of the average ionic electric
field (E;) given by eqn. (14). The following forces act on the
electron, viz.,

(i) a damping force against the motion of the election
which is proportional to its velocity given by — f; (Or/ot)
and

(i) a
displacement r given by — f, r. The displacement of the
electron in the screening sphere measured with respect
to its center in the presence of (E;) tries to disturb the

restoring force which is proportional to its

condition of neutrality. To maintain a plasma neutrality
f, comes into the picture.

The differential equation of motion of the electron of charge

e is given by

d%r

me - + f1 " "+ for = e(E;), (33)

here &°r / 8t2, or / otand r are the acceleration, velocity and
displacement of the electron at time t. The value of r
mentioned in eqn. (38) is considered in the vicinity of R,
where (E;) can be considered as a constant.

Equation (38) can be rewritten as follows:

(39

— = Vg, (40)

where vg is electron-molecule collision frequency in the
presence of (E;) given by eqn. (34).

Using eqn. (40), eqn. (39) gives:

a?r or
§+VEE+m_r=_(E) (41)
Complementary function (c.f.) of eqn. (41) is given by:
a°r or  fh
ﬁ VE E + = me r=20. (42)
In the case of low damping, when
fé VE 2
Z>> (£). (43)

then, the solution of eqn. (42), is given by:
Ief = €Xp [(—"Z—Et)] [Ceig exp(i o t)+ Deigexp(— i wj v)], (44)

where i = V-1 and Cgjgand Dgjg are finite constants of the
displacement, and

. 1 \1/2
9 _1(f
fj T o2n 2m (me) ’ (45)

where fj is the eigen-frequency of damped oscillations in the

case of low damping as indicated by eqn. (43). o; is the
angular frequency corresponding to fj .

Using eqn. (45), eqn. (41) gives:

9%r

or e
F+VEa+mj2r=m_e<EI)' (46)
Particular integrand (p.i.) of eqn. (46) is given by,
(Ej)
i = p ot (47)

)

Hence total solution of eqn. (46), using eqns. (44) and (47) is
given by,
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r=Tegt Ipi,

or,

r= [exp (—‘%Et)] [ceigexp(im]-t) + Deigexp(—imjt)] +
= & (48)
>

me o

Equation (48) denotes a damped simple harmonic motion of
the displacement of the electron with a time constant of 2/vg
over the displacement of value [(e/ m,) ((Ei) /0)]-2)] .

In the steady state, when

r - Ry, (49a)

then

t>>2/vg, (49b)

gives the boundary condition. With this boundary condition
eqn. (48), in the steady state gives:

e (E;)
R, = =&
me o

(50)

The constants Ceig and De;g are chosen such that r always lies
in the vicinity of R, , where (E;) is constant.
Substituting the value of (E;)/ R, from eqn. (14) in eqn. (50),

eqn. (50) gives:

Nee?
e (1),
Mmeé€g

and then eigen-frequency of damped oscillations is given by,

f=9 L(Neez)

b 2n 21w \megg
Thus in the presence of the average ionic electric field (E;) at
R, . the electron has an intrinsic tendency to give damped
eigen-frequency oscillations in the vicinity of R, with the

time constant of (2/vg) where vg is the electron-molecule
collision frequency in this case.

(51

1/2

(52)

Coming to eqn. (46), the electric field (E;) on the electron
can be considered as due to the relative polarization of
electron-ion pairs in the plasma with respect to free space, in
the neighbourhood of distance R,. Thus,

(Ei) =Py / €, (53)
where the polarization Py is given by,
Py=N.er. (54)
Using eqns. (53) and (54), eqn. (46) gives:
a%r ar 2. _ Nee?
E‘FVEE‘F(D]'r—meGOr. (55)

Using eqn. (51), eqn. (55) gives,

d%r ar

sz tVe; =0, (56)

which means the intrinsic damped oscillations denoted by
eqn. (48) are not sustained as such, when the steady state
approaches.

Now to study f,, suppose an external d.c. electric field E4. in
a given direction be applied to the above mentioned plasma
model. To consider the differential equation of motion of the
electron under the action of E4., the following forces acting
on the electron are to be taken into account, viz.,

(1) a damping force against the motion of the electron
which is proportional to its velocity Or/ot given by, —
f, (or/ot) and

(i) a
displacement r given by — f,r. The displacement r of the
electron in the screening sphere measured with respect
to its center in the presence of Eg4. disturbs the space
charge existing there and then to maintain overall

restoring force which is proportional to its

charge neutrality of the plasma, f, comes into the
picture which tries to restore the original conditions.

The differential equation of the motion of the electron in the
present case becomes,

92 d
oo T —H;r = e Ege. (57)
Equation (57) can be rewritten as follows:
a%r  ffor £ e
0t2 " me Ot + me r= me Egc. (58)
Here it is considered that,
f”
<= 2gg, (59)

me

where g is the electron-molecule collision frequency in the
presence of Eg4. as given by eqn. (36).

Using eqn. (59), eqn. (58) gives:

d%r ar  f," e
+2gg—+ 2 =—Eq..
me Mme

S+ 2g (60)

Solution of the complementary function of eqn. (60), is given
by:

Fef = [exp(—gEt)] [A’doexp(imot) + Bdolexp(_imot)]a (61)
in the case of low damping when ,

(f,"/me) > > g. (62)

In eqn. (61), A’do and Bgy,'are the finite constants of the
displacement of the electron, and
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=% _ L 1/2
fo =22 = —(f,"/me)"/?,

(63)
in the case of low damping mentioned by eqn. (62). f, is the
frequency of damped oscillations in the presence of E4. and
®, is the corresponding angular frequency of the damped
oscillations.

Using eqn. (63), eqn. (60) gives:

a2 a
a—t2r+2gEa—i+mf,r=mieEdc. (64)
Solution of particular integrand of eqn. (64), is given by:
Egc
Tpi = el (65)

Hence total solution of eqn. (64), using eqns. (61) and (65),
is given by:

Ir="rcf + rpf
or,

r = [exp(—get)][Ago exg(imot) + Byo'exp(—im,t)] +
€ Edc
R (66)
Equation (66) denotes a damped simple harmonic motion of
the displacement of the electron with the time constant of
(1/gg) over the displacement of value [(e/m,) (E4./®3)].

In this case, the steady state approaches, when

t>>1/gg, (67a)

and then,

r - Rge, (67b)

where R, is given by eqn. (22). With the boundary condition
given by eqns. (67a) and (67b), eqn. (66) in the steady state
gives:

R = e Eqc
°C " me w3’

(68)

Substituting the value of R, from eqn. (22) in eqn. (68), ®,
is given by the following relationship, viz.,

_ [fi-exp(-1) e %2 L1/21/6
Wo = [{ (3/4n)1/3}me Ege Ne™.

(69)

Whence the frequency of damped oscillations is given by,

T om 2w 3/4m)1/3 ) mg

1/2
fo=20=— [[{—l‘e"p(‘”}i]] EY2NYS. (70)
Experimentally f, is found to be proportional to Eééz and

N;/ 6 (Bhagavat and Nandedkar, 1968) [7], as predicted by
eqn. (70). f, is called the frequency of sustained damped
oscillations.

Now fj and f,, can be compared as follows:

Equation (52) gives eigen-frequency of damped oscillations,
viz., f; . These damped oscillations are, however, not
sustained as such in the practice. Equation (70) gives the
frequency of damped oscillations, viz., f,. These damped
oscillations are sustained in practice. The intrinsic electronic
damped oscillations characterized by frequency fj and the
sustained electronic damped oscillations characterized by
frequency f, , both have the respective steady state amplitude
that exists well inside the screening sphere. The amplitude in
either case, is measured with respect to the ion at the center
of the screening sphere. The steady state amplitude of the
intrinsic damped oscillations, Ry is 63.21% of the steady
state amplitude of the sustained damped oscillations, viz.,
Roc. However, the damping force per unit mass per unit
velocity of the electron, i.e. f; / m, which comes in the
differential equation of the motion of the electron, viz., given
by eqn. (39) determining f; , is equal to the electron collision
frequency, i.e. vg [eqn. (40)], whereas the damping force per
unit mass pre unit velocity of the electron i.e. f;/m, which
comes in the differential equation of the motion of the
electron, viz., given by eqn. (58) determining f, is equal to
twice the electron collision frequency, i.e. 2 gg [eqn. (59)].

5. Behaviour of the Electron
Collison Frequency in the
Determination of the Values
of f; / m, and f; / m,

In the case of the eigen-frequency damped oscillations f; /
m, = vg , whereas in the case of the sustained damped
oscillations f;/m, = 2gp, where v and g are given by
eqns. (34) and (36) respectively. The significance of f; / m, =
vg and f;/m, = 2gg in the respective cases, is illustrated as
follows:

5.1. Role of the Electron Collisions in the
Determination of f; / m,

Now consider the differential equation of motion of the
electron in the plasma in the presence of the damped
oscillations of eigen angular frequency wj, given by eqn. (46)

ie.
a°r a e
ﬁ+an+wjr=m_e<El)'
where,
vg=f] /m
which is given by eqn. (40). In equation (46) the
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displacement of the electron from the ion at the center of the
screening sphere is considered in the vicinity of R, where
(E;) is constant. But before attaining the steady state, the
electron is assumed to have made sufficient oscillations,
since for low damping,

of >> (vg/2)%, (71)

[refer eqns. (43) and (45) ] and during that time have collided
with neutral gas molecules so, vg in eqn. (46) comes into the
picture. Multiplying eqn. (46) by N, e, it can be written down
as follows:

aj' ot

(Neez/memj2

me 0j’
Nee2 at

MeVE .
Nee?

=Eia 72
)() (72)

where j'= d(N e r) /0t is the corresponding electron current
density.

Now consider an imaginary cube (of unit dimensions) of a
series L'p - Ci) - R;, (Inductance-capacitance-Resistance)
circuit to which a potential difference of (V;) is applied
across the parallel faces, when J” is the current flowing. The
differential equation of current in this case is given by:

. o

LPE+R%]’+

9]’ ot

o = (V). (73)
P

Comparing eqns. (72) and (73), the equivalent resistivity R'p

of the plasma is given by,

1 __ MeVE
P Nee2'

(74)

R'p can also be imagined to be coming into the picture as
explained in the following steps, in terms of the distribution
of the free paths of the electrons in the plasma.

5.1.1. Distribution of the Free Paths of the
Electrons in the Plasma

The collisions that determine the free paths of the electrons
in the plasma are random events. This being true, some free
paths would be long and others would be short. On the
basic of a random motion of the electrons, an expression
can be obtained for ‘distance distribution’ of electronic free
paths.

If one electron makes an average of v collisions per second
with neutral gas molecules in the plasma and has an average

. skT\1/2 s
thermal velocity v, = (T) at equilibrium temperature T
TMe

of the plasma, then the average number of collisions made in
a unit length of travel would be a, = vg / v, and the probable
number of collisions made by this electron in travelling a
distance 0x, would be a, 0x.. Let Nt be the total number of
electrons present in the plasma. Assume nt be the number of
electrons that have travelled a distance x, without having

collisions. The number of these electrons having collisions
between x, and X+ 0X, would be proportional to nry itself
and the length of the path, or the change in nr due to
collisions is given by

ong = - a, N OXe, (75)

where a, is the constant of proportionality and negative sign
indicates that Ont decreases as O X, increases. Eqn. (75)
gives the number of electrons having free paths between x,
and X+ 0X, , numerically.

Equation (75) can be integrated to give:

np = At exp (-ae Xe), (76)

where At is a constant of integration. At x.= 0, since there
are no collisions as such, np = Np. With this boundary
condition eqn. (76) gives,

nr = Nt exp(-ae Xe). (77)

The electron-molecule collision frequency can be related to
the electron-molecule mean free path A, by the following
procedure.

If ONt be the number of electrons having a free path of
length between X, and X, + 0X, , then the expression for the
electronic mean free path viz., A, is given by,

Nt Xe ON
)\‘e zf T Xe T.
0 Nt

(78)
As,

ONp = |0ng| = a.ng 0%, = aNpexp(—a.x.) 0%, , (79)
so eqn. (78) gives:

(80)

9o XeaeNT exp(-aeXxe) 0xe _ 1
}"e - f() Nt - a_
Thus the distribution of electronic free paths is given by eqn.
(77), using eqn. (80), as follows:

nt = Nt exp(- Xe/Ae). (81)

5.1.2. Alternative Derivation of R,

If the electrons start with zero velocity in presence of (E;)
after each collision, then the distance s, they travel in time t,
with constant acceleration f, is given by,

fet

S =
€ 2

(82)
The average velocity v.q of an electron between collisions is,

_ se __ fete

Tt 2

Ved (83)

The average drift velocity vq is the average over a large
number of such free paths of varying length and duration,
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since the electrons are distributed at random in the plasma.

The average of s, over a wide range of electronic free paths
X 1 considered with a variable time t,= X,/ v, given by the
ratio of the free path x, to the average thermal velocity v, of
the electron.

Now, the acceleration f, of the electrons in presence of

(E;) is given by, f, = e (E;)/ m,. So, eqn. (82) gives:

_ e(Ej) (Xe 2
se =20 (%) (84)
Further the average of s, i.e. (s.) is given by,
Nt _ ON
(se) = Jy " se gy (85)

where ONt / N is the proportion of the electrons having free
paths of lengths between x, and x, + 0x, as given by eqn.
(79).

Substituting the values of s, and ON/N, eqn. (85) gives:

efE) [ Xe
(Se) = Zmekevg f tha €xp (_ 7\‘_6) aXe »
0
which gives

e(E))
mev3

(se) = (86)

The average drift velocity is taken as the average distance
divided by the average time 1, between the collisions. If a
large number of collisions take place in the plasma, then T, is
given by: T, = A./Ve. So that,

(vg) = S = SR (Le)

Te me \Ve

(87)

where, (v4) is the average drift velocity of the electron in the
presence of (E;).

If vg is the collision frequency of electrons with gas
molecules, then by gas kinetics, vg is given by: Vg = V/A..
Thus eqn. (87) gives,

(88)

e(Ej)
\” = .
(vg) = 22

m
If N, is the electron density in the plasma, then the average
drift current density (jq) corresponding to (v4q) due to the
electrons is given by:

Nee?

(ja) = Nee(vq) = (E), (89)

meVE
using eqn. (88).

Thus, the equivalent resistivity Rp of the plasma, using eqn.
(89), is given by,

o @ — (meVE)
P Ga) Nee?

(90)

Eqn. (90) is the same as eqn. (74).
Thus,

fll/me:VEa

of eqn. (40) assumed in eqn. (46) means that in the
presence of the random (E;) while considering the
equivalent resistivity of the plasma, the distribution of
electronic free paths at the collisions comes into the
picture.

5.2. Role of the Electron Collisions in the
Determination of f;;m,

Consider the differential equation of motion of the electron in
the plasma in the presence of damped oscillations of angular
frequency ,, i.e. eqn. (64)

a%r

ar 2 e
szt 2gg 5 T oor = —~ Egc >

where

n

ZgE = f1 /Me.
is given by eqn. (59).

Now consider the differential equation of motion of an
electron in the plasma in the presence of an external d.c.
electric field E4. as given in a previous paper (Nandedkar
and Bhagavat, 1970 [4], i.e.

on

where, or/ 8t2, , Or / 0t and 1, are the acceleration, velocity

. . £, . .
and displacement of the electron at time t. =% is the restoring
e

force per unit displacement of the electron and g is
previously assumed value of electron-molecule collision
frequency. In the case of low damping,

fa

2
me 8% 92)
and then,
£, \1/2
0o =(2)". (93)

gives the angular frequency of damped oscillations as
assumed before.

Using eqn. (93), eqn. (91) gives:
Sa T2+ ojr = —Eq. (94)

Comparing eqns. (94) and (64), it is found that,
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2gp =22, (95)
where g is given by (Nandedkar and Bhagavat 1969) [9]:
D\ 2 /8kT\1/2
g =Np (E) (nme) 06)

here N, is the number density of gas molecules in the
plasma at equilibrium temperature T. D gives previously
assumed value of the diameter of the gas molecule. Here k is
Boltzmann constant and m, is the mass of the electron.

Comparing eqns. (36) and (96), i.c.
1/2 D

ZkT) N ( )2<8kT>1/2
mm,) mT\7 mm,/

N7 R% (
it is found that :

R, =DN?2, 97)

i.e. the actual classical radius of the gas molecule is 172
times the diameter of the gas molecule assumed previously.

In a previous paper (Nandedkar and Bhagavat 1970) [8], it is
shown that the d.c. resistivity Rp of the plasma in the
presence of E4. is given by:

me(28)
Rp ==
P Nee2 ’

(98)

where m, is the mass of an electron of charge e and N, gives
the electron density in the plasma. Here g is given by eqn.
(96).

Using eqn. (95), the modified value of the d.c. resistivity of
the plasma i.e. (Rp)min the present case is given by:

me(2gg)
Nee2

(Rp)m = 99)

where g is given by eqn. (36).

Thus,

n —
1 /Mg = 28g

of eqn. (59) means that in the presence of the unidirectional
Eg4c while treating the d.c. resistivity of the plasma, the
distribution of electronic free paths at the collisions is not
considered.

6. Charge to Mass Ratio of an
Electron and Classical
Radius of a Gas Molecule

The frequency of sustained damped oscillation f, is given by
eqn. (70) i.e.,

_ 1 [f1-exp(-D) (e \]"/? n1/2y1/6
=51 RE J (m)] Eqc Ne™ -
Using eqn. (70), the values of charge to mass ratio of an

. e . .
electron i.e. — is given by:
e

3 2
Further, eqn. (95) gives:
BE~ 8, (101)
where (Nandedkar and Bhagavat 1969) [9],
g=v/2, (102)

here v is the electron-molecule collision frequency assumed
in the beginning (Bhagavat and Nandedkar 1968) [7].

Thus,

Be=8=V/2, (103)
using eqns. (101) and (102).

If p is the pressure of the gas at which the plasma at ambient
temperature T is obtained, then simple kinetic theory of a gas
gives:

p = N, kT, (104)

where N, is the number density of gas molecules in the
plasma.

Using eqns. (104) and (36), gg is given by:

_(P\_p2z (2kT\1/2
8E = (kT) TR (‘rtme) :
From eqn. (105), the value of the classical radius of a gas
molecule i.e. Ry, is given by:

o = (22 ()

2T o]

(105)

(106)

When a r.f. wave interacts with the present plasma model in
the presence of a d.c. electric field E4., then the analysis of
the curve of the phase constant Bp of the wave versus wave

frequency f, in the vicinity of f, can be used to determine the
values of f,, v (or 2gg) and N, (Bhagavat and Nandedkar
1968) [10]. Thus knowing experimentally Ey, f,, N¢, gg, P
and T (Bhagavat and Nandedkar 1968) [7] , the values of
e/m, and R, can be determined using eqn. (100) and (106)
respectively.

7. Measurement of the Phase
Constant g,

In the present investigation, the plasma impedance is
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measured by terminating it on a slab line. The phase constant
is determined from the reflection coefficient at the boundary.
The problem of interest is the case of a finite plasma having
different media on its either side, the boundary of separation

p ———™
Incident (+)
—_— -

Zo

Reflected

Mediam (1)

toe—— Plasma ————

begin parallel to each other (Fig. 1). Here a uniform plane r.f.
wave is incident of the plasma (Bhagavat and Nandedkar,
1968 & Nandedkar and Bhagavat 1969) [10] & [9].

d

Mediam (3)

Mediam (2)

Fig. 1. Reflection and transmission of an electromagnetic wave at the boundary of the finite plasma.

Consider the standing wave pattern of the transverse
electromagnetic (T.E.M.) mode in medium (2), i.e. the
plasma (slab). The reflection coefficient at the boundary x=o0
is exp(-2 ypdp), where dj, is the length of the plasma slab

along the x- axis. The input impedance of medium (2) at x =
0, i.e. Zy—, is given by,

Zy—o = Zop coth ypdp } (107)

where Z,, is the characteristic impedance of medium (2).

Coming to medium (1), i.e. the air in a slab line in which
standing waves are formed, the output impedance of the
medium at x = 0, which is Z_,, is given by:

s'—itang
©1-is'tang’

Zy—o = 108)
where Z,= the characteristic impedance of medium (1), s’ =
Vmin / Vmax . here vy, and vy, are the minimum and
maximum values of the transverse electric voltage in the
main slab line and ¢/: 21X, / Ay, Where X, is the position of
the first minimum from the boundary x = 0 in medium (1). A,
is the r.f. wavelength in the same medium.

For the wave in transverse electromagnetic mode,

Yp Zop =Yo Zo . (109)

where v = propagation constant of the r.f. wave in medium
(1) such that y_ =if_, here B is the phase constant of the r.f.

wave in medium (1), Yp = propagation constant of the r.f.

wave in medium (2) i.e. the plasma, such that,
= +1

Yp = Op 1Bp’ (110)

here oy, = attenuation constant and Bp = phase constant of the

wave in medium (2).

Equations (107) to (109), give:

d 1-is’ tan ¢’

29p _
Yp Yo s'—itang’ (111)

where, Vp d, <0.3.
If

Bp>> o, 1>> s> and tan%p >> s'%, (112)

then imaginary part of eqn. (111) gives:

1/2
2n cot 2mXo
Lodp Ao

From experimental values of X, and A, , the phase constant

B, = (113)

Bp can be evaluated.

8. Experimental Work

The experimental set up consists of a V.H.F./U.H.F. oscillator
type NCC-12 (U.S.S.R. make), a slab line, a detector unit and
a plasma slab (Fig. 2). The slab line is type JIu-3 (U.S.S.R.
make) of 75 ohms characteristic impedance. The detector
unit consists of a capacitive probe with a magnetic coupling
to a diode type JAK-ul, III-60 and a selective amplifier [serial
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number 32, model number 794 (U.S.S.R. make).

The plasma-slab (Fig. 3) consists of two nickel electrodes
sealed in a pyrex glass tube. Near the anode two stainless
steel meshes are fitted parallel to the electrodes. The central
conductor is fixed with the help of polystyrene spacers. The
gas used, in the plasma slab is air. The slab is connected to
the main line with appropriate adapters. Discharge of air at a

2, No. 2, 2016, pp. 67-83 79

pressure of 2 x 107 torr is obtained in the plasma slab at
ambient temperature of 300 °K (where °K is Degree Kelvin).
Thermocouple gauge is used for the pressure measurement.
The low pressure is obtained with the help of a rotary oil
pump (Edwards High Vacuum Ltd., No. W 2293, UK.
make).

Selective amplifier se no. 32

Model no.794 (USSR make)

V.H.E/ Detector
— UHF Power Coaxial Diode
supply | attepuator | siab A5 K-UI, 11-60
unit: unit  unit cable line Coaxial
cable Plasma-slab
l l ‘ Probe ‘ )
-oto- O ot {o o 7=y o o—to—o1++o L
—10—O 101 © © © ot to—otto—o

To vacuum system

Fig. 2. Experimental set up for measuring the plasma load characteristics.

Stainless steel
mesh

Tungsten rod

The discharge current is varied from 5 mA to 20 mA. The
potential difference across the stainless steel meshes is varied
from 50 volts to 80 volts with the help of an external power
supply. Measurements of the reflection coefficient are made
in the frequency range 312 Mc/s to 396 Mc/s.

A .
T Ne=3.803x10'7M°

Nickel electrode z ;? | { fo 2333 MC/SC
The slab line g 6.9 ! |
Fig. 3. The plasma-slab. Pk i f(MC/SC) — 35 :
% ™ = 352 353 3% 3175 T
Table 1. Determination of e/m, and R,. . =
= 7 7.7 ' ?N.:a-szzno" M3
Egc =16 x 10° v/m ~ 7.5 | 4, 2348 MC/SC
N, Vv or 2g or 2gg f, e/m, R, B 7.3 | :
x1012 x10~7 x10°° x1011 x 107 g, : |
(m) (sc™h) (cs) (Clkgm)  (m) < | :
3.803 2,511 333 1.7202 1.0744 @ 69 1 f(MC/SC) —» !
4923 2.537 348 1.7238 1.0799 S e e —o—3s T QT T
6.776 2.537 367 1.7235 1.0799 sk i o
10.14 2.519 393 1.7279 1.0761 s i Nex6:776x10° M
é 8-0f 5 ! 5= 367 MC/sC
Table 2. Determination of e/m, and R,. . 76 | :
& 721 i 1(MCISC) > :
N.=10.14x10Z m3 < 69 oy T2
E Vorlgorze I o, R 363 364 365 366 367 366 369 370
x1072 x10~7 x10~° x10~11 x 1010 s-of ¥ e 1016 53070
(v/m) (sc™) (c/s) (C/kgm) (m) S 86+ | | to =393 MC/SC
10 2533 315 1.7761 1.0791 S gaf | !
12 2.564 340 1.7244 1.0857 € .8l : !
14 2.557 370 1.7504 1.0842 a ! .
16 2519 393 1.7279 1.0761 < :‘(; - i fMC/sC)— !
. L | L l 1
389 390 391 392 93 394 395 396

Mean value of e/m, obtained from Tables 1 and 2 = 1.7352 x 10! C/kgm.
Mean value of R,, obtained from Tables 1 and 2 = 1.0799 x 1071 m,

Fig. 4. Phase constant §_ versus frequency f at various electron densities
with the field parameter Eq4. = 16 x 102 v/m across the plasma column of
ionized air.
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Fig. 5. Phase constant 3, versus frequency f at various d.c. fields across the
plasma column of ionized air with the electron density N, = 10.14 x
102 m~3 as a parameter.

Various curves for Bp versus f are drawn (figs. 4 and 5).

From these, values of f;, N, and gy are determined for E4.
and N, as parameters, respectively. Variation of f, versus
Né/ﬁand E;éz as well as of gg with N, and E4. are shown in

figs. 6 t0 9.

395~
385~
375k Eqgc = 16107 V/M
3651

3551

1, (MC/SC) =

345

335
325 | | 1 I 1 |
124 128 1-32 1-36 1:40 144 1-48

1/6
Ne

x1072 —»

Fig. 6. Variation of f, with N;/ .

The adjoining Tables [Tables 1 and 2] record the values of
NeorEgq. , vor 2g or 2gg and f, as determined from the
curves of Bp versus f (figs. 4 and 5) for Eg4. and N, as

parameters, respectively. Last two columns of each table,
give the values of e/m, and R, as determined from eqns.
(100) and (106) respectively.

Further here,
Corrigenda to papers (Bhagavat and Nandedkar 1968) [10] &

[7], are given in [11] & [12].

395
385[
375 Ne = 1014 x 10'2M7°
1 365
by
O 355
z
<2 345
335
325
315 L | |
3-0 32 34 36 3-8 4-0 4-2
1/2 -1
Ege x10
. o o 1)2
Fig. 7. Variation of f, with E;." .
T 14
a o3 Egc =16 %107 V/M
'70 —_0—0 —C O—
T 12
w
o 11 ! | ! l I >
1 3 5 7 9 1"
Ne x 1072 (M3) —
Fig. 8. Variation of gi with N.
T 14
9 Ne = 10.% x 10'2 M2
o
- 1.2
x
o 1.1 I R T SRR SR N N B

g 10 11 12 13 14 15 16 17
Egc X10°2(V/M) —

Fig. 9. Variation of g with E4.

Whereas Corrigenda to papers (Nandedkar and Bhagavat
1969 & 1970) [9] & [8], is given in [13].

9. Discussions and Conclusions

Figures 6 and 7 indicate the variation of f, with Né/ ® and

Eééz keeping E4. and N, as constant respectively. Fig. 6
shows a linear relationship between f, and Né/ ®. This means
for a given E4. , f, is directly proportional to Né/ 6 [eqn.
(70)]. Figure (7) indicates a linear relationship between f,
and Eééz. Thus, for a given N, f, is directly proportional to
Eééz [eqn. (70)]. Hence the frequency of damped oscillations
f, is proportional to Eééz and N;/ ® as predicted by eqn. (70).

The experimental values of g are plotted against N, and E,
in figs. 8 and 9, keeping E4. and N, as constant respectively.

Electron-molecule collision frequency gg is found to be
independent of both N, and E4. . These values of g are in
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agreement with the kinetic theory data [eqn. (36)].

The mean value of the charge to mass ratio of an electron
viz., e/m,, as obtained by the analysis mentioned in this
paper, is 1.7352 x 10! C/kgm [Tables 1 and 2]. The
presently accepted value of e / m, is 1.7591 x 101! C/kgm.
The experimentally determined value of e / m, is less than
the actual value of e / m, with an error of 1.3586% which is
due to the experimental limitations.

The mean value of the classical radius of an air molecule,
viz., Ry, obtained by the analysis given here is 1.0799 x
1071%m, [Tables 1 and 2]. This is of the same order of the
classical radius of any type of a gas molecule which is 1071°
m as given by gas-kinetics.

Equation (69) shows that when E4. —» 0, then o, =2 1f, -
0, i.e. in the absence of an external d.c. electric field, the
frequency of the sustained damped oscillations tends to zero.

However, when E4. is reduced in the limit, then (E;) is
approached. (E;) is the average value of the electric field due
to the ion at the center of the screening sphere at the distance
R, = (3/4m)Y/3 NJ/3. This distance acts as the steady state
amplitude for the electronic damped oscillations of eigen -
frequency fi. The values of the eigen-frequency fj and of the
corresponding angular eigen-frequency o, are given by eqn.

(52), viz.,
f. _ L (Nee? v
b 2m\m.e, ’

_ Neez 1/2
O ={—— ,

Mme€p

and

(114)

[refer to eqn. (51)].

The expression for the plasma frequency fj, or the angular
plasma frequency @, due to Tonks and Langmuir (Tonks and

Langmuir 1929) [5] is similar to f; or wj i.e.

1/2

1 Nee2
£, > f = ;(—meso) , (115)
and
Ne 21/2
wp = 0 = (meio) . (116)

Thus the plasma frequency due to Tonks and Langmuir
(Tonks and Langmuir 1929) [5] is similar to the eigen-
frequency of damped oscillations, in the case of low damping
where electron-molecule oscillations are of main importance.
It is interesting to note that the steady state amplitude of f;

. V2
of radius — =
Ky

exists inside the screening sphere

J€oKT/Nce? [refer eqn. (3)], at the distance of R, =
(3/4m)Y/3 N3 from the center of the sphere having the
positive ion.

Now, come to the case of a complex dielectric constant of the

plasma. The complex dielectric constant of the plasma, i.e. €,

in general can be expressed as follows:

!

"
p €

€,=€ p> (117)

P

where 67; = real part of the dielectric constant of the plasma,
and 6; = imaginary part of the dielectric constant of the
plasma.

Relative values of Ez,, and E; with respect to the permittivity

€, of the free space, in the case of present plasma model
biased by a d.c. electric field, are given by (Nandedkar and
Bhagavat 1969) [9]:

ELM _ (Neez/meeo)(w%—wz)

€0 (m%—w2)2+ (2g)2w?

(118)

and

i — (Neez/meeo)(Zg)w
€ (0§-02) +(2g)%0?’

(119)

where N, = electron density in the plasma, e = charge of an
electron, m, = mass of an electron, ®, = angular frequency
of damped oscillations, w = angular frequency of the
interacting r.f. wave and g = previously assumed value of the
electron-molecule collisions in the plasma given by eqn.
(96).

Using eqn. (95), eqns. (118) and (119) give:

e’ _ (Nee?/meso)(03-0?)

Z
€o (02-0?)"+(2gp)20? ’

(120)

and

i — (Neez/meso)(ZgE)ﬁ)
€o (mg—m2)2+(2gg)2w2’

(121)

where g is the electron-molecule collision frequency in the
plasma given by eqn. (36).

In the limiting case, when,

Eqc 20 (122a)
then,
®, — 0, (122b)
[as given by eqn. (69)] and,
Nee2
moes of = o, (122¢)
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[using eqn. (116)], where o; is the angular eigen-frequency
of electronic damped oscillations in the case of low damping,
which are not sustained. o; is similar to w, i.e. the plasma
angular frequency due to Tonks and Langmuir (Tonks and
Langmuir, 1929) [5].

Further in the limit when E4. is removed, then the electric
field (E;) at distance R, due to the ion at the center of the
screening sphere, is left. Then in this limiting case, the
damping force per unit mass per unit velocity of the electron,
in the case of w, (or E4.) i.e. f; /m, [refer eqns. (58) and
(63)] and in the case of wy (or (E;)) i.e. fi / m, [refer eqns..
(39) and (45)] tend to each other, i.e.

fln/me - fll/me

or,

28g - Vg, (122d)

[as given by eqns. (59) and (40)] .

Hence in this limiting case when E4, is removed, eqns. (120)
and (121) give:

& _ wp
Z=1-rn (123)

and

& _ opE/®) (124)

€o o2 +vi
The conductivity of the plasma corresponding to eqn. (124),

viz., O, is given by:

0jgoVE _ Nee?vg

O, = 06, = (125)

w2+vE  me(w?+vE)’

using eqn. (122c).

Equations (123) and (125) give the values of relative
permittivity with respect to free space and r.f. conductivity of
the plasma in the absence of a d.c. electric field. Here the
plasma considered, is a weakly ionized medium where
electron-molecule collisions are of main importance at
thermal equilibrium temperature of the ambient.

Equations (123) and (125) are the forms of the expression for
relative permittivity with respect to free space and r.f.
conductivity of a weakly ionized plasma, similar to that
occurring in the case of the ionosphere {for instance refer
Ramo, Whinnery and Van Dauzer 1970 [14] and Ratcliffe
1959 [15]-where electrons make collisions with gas
molecules at ambient temperature ~ 300° K which are
basically due to Appleton and Chapmen (Appleton and
Chapmen 1932) [6]}.

In the plasma model proposed in this paper, electrons, ions
and neutral molecules are considered to be in thermal

equilibrium at ambient temperature T. The electrons in this
model, where density is N, and temperature is T are referred
to as ‘slow-electrons’. These slow electrons from about 1%
part of the electrons in the other group in the plasma, which
are characterized by density N, and temperature T,;, which
can be determined by the technique of Langmuir’s probe
method. The electrons having density N, and temperature
Ter, can be referred to as relatively ‘fast-electrons’ as against
the ‘slow-electrons’ which are characterized by density N,
and temperature T. Condition of overall charge neutrally in
the plasma is experimentally verified here, where electrons,
ions and neutral molecules are in thermal equilibrium at
temperature T of the ambient, in the case of positive column
of glow discharge of air.

Thus the present model of weakly ionized plasma leads, to
the similar expression for plasma frequency due to Tonks and
Langmuir (Tonks and Langmuir 1929) [5] and, to the similar
expression for the complex dielectric constant of the plasma
basically due to Appleton and Chapman (Appleton and
Chapman 1932) [6] — as the limiting cases.

Moreover the experimentally determined value, of charge to
mass ratio of an electron that is e / m, is less than the actual
value of e / m, with an error of 1.3586%, which is due to
experimental limitations. Further the value of the classical
radius of an air molecule viz., R, obtained by the analysis
given here is 1.0799 x 1071%m. This is of the same order of
the classical radius of any type of a gas molecule viz., air
which is 1071° m as given by gas-kinetics.
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