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ABSTRACT

The paper analyzes the motion of electron in plasma antenna and the distribution of electromagnetic field power
around the plasma antenna, and proposes a self-consistent model according to the structure of cylindrical monopole
plasma antenna excited by surface wave; calculation of the model is based on Maxwell-Boltzmann equation and gas
molecular dynamics theory. The calculation results show that this method can reflect the relationships between the ex-
ternal excitation power, gas pressure, discharge current and the characteristic of plasma. It is an accurate method to
predicate and calculate the parameters of plasma antenna.
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1. Introduction

In the present study of plasma antenna, the plasma an-
tenna is usually simplified as uniform distributed in its
density. Borg Harris and Rayner assumed that the electric
field and surface current of high-density plasma antenna
are distributed in the forms which are similar to those of
metal antenna. Signals are transmitted in the form of
surface wave propagating along the plasma antenna, and
this mode is similar to that of the metal antenna [1-8].

However, there are many limitations in assumptions
mentioned above. First, there exists the dual polarity dif-
fusion in the plasma, the radial density of the plasma
antenna presents non-uniform distribution, and the reso-
nance absorption also is happened on the border of an-
tenna tube, which changes the space dispersion of the
wave and the loss of wave energy. There are no analyti-
cal solutions for the electromagnetic field distribution
when the density of the plasma presents non-uniform
distribution, now, only numerical method can be used in
the study. Paper [9] analyzes the electron density distri-
bution in cylindrical monopole plasma antenna, carries
out related research when its distribution is non-uniform,
and analyzes the influence of electromagnetic field dis-
tribution on the plasma antenna parameters, etc.

Igor Alexeff, Ted Anderson, Sriram Parames Waran,
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and Eric P. Pradeep give a summary of an extensive re-
search program on plasma antennas. They have found
that plasma antennas are just as effective as metal anten-
nas. In addition, they can transmit, receive, and reflect
lower frequency signals while being transparent to higher
frequency signals. When de-energized, they electrically
disappear. Plasma noise does not appear to be a problem
[10].

Most papers available in literature deal with experi-
mental studies of plasma antennas, and few papers con-
cern theoretical investigation of their behavior and prop-
erties [11]. A self-consistent model is necessary to un-
derstand and analyze the complex processes involving
plasma antenna physics and it is helpful to conduct a
parametric investigation of the problem, and to evaluate
the optimum parameters in plasma antennas design (fre-
quency and power of pump signal, pressure and gas
composition, tube discharge geometry).

Plasma state is affected by input power and frequency
of the pump signal applied, and also by the gas pressure
and composition and other parameters are involved in the
problem. To understand how plasma changes depending
on the work conditions adopted is necessary to describe
the interaction mechanism between an electromagnetic
wave and the plasma. The phenomena can be kinetically
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modeled through solving a system of equations including
the Maxwell curl equations and the Boltzmann equation
[12].

In a preliminary study, a simple one dimensional ge-
ometry was studied in order to check the accuracy and
the self consistency of the model [13]; with some simple
assumptions it was possible to derive an analytical solu-
tion of the system used to validate the numerical results.

But the self-consistent mode mentioned above is a
simple one dimensional, there hasn’t any more accurate
model on the surface waved excited plasma antenna sys-
tem so far. In the paper, we propose a self-consistent
model according to the tube discharge geometry of
plasma antenna and make the related analysis through the
Maxwell-Boltzmann Equation and molecular dynamic
theory. All the theoretical aspects concerning electro-
magnetic wave propagation in plasma are introduced in
the model; hence it can be considered as a complete de-
scription of [14].

2. Description of Self-Consistent Model

In cylindrical monopole plasma antenna excited by sur-
face wave, as known that small signal is transmitted in
the form of surface wave on the antenna surface. The
antenna characteristic is mainly determined by the plas-
ma state inside.

As plasma antenna excited by surface wave belongs to
weak cold unmagnified plasma, the length of Debye
shielding is very short. Therefore, the influence of dis-
persion can be ignored; the plasma antenna can be mod-
eled according to the electromagnetic field distribution
characteristics in radial direction around it. The plasma
antenna also can be divided into several parts with uni-
form distribution in axial direction.

Figure 1 shows the plasma antenna excited by RF
power. RF metal coil can be approximately regarded as a
series of concentric coils. Electromagnetic energy is cou-
pled into the plasma in the radial direction while it pre-
sents uniform distribution in the circular direction.

The inductive electric field presents symmetrical dis-
tribution, and the inductive magnetic field presents axial
symmetrical distribution around the antenna. When the
plasma density is not very high, the inductive magnetic
field and the inductive electric field around the plasma
antenna present non-uniform distribution. Because the
excitation power is usually more than 200 W in the ex-
periment, so the effect of inductive magnetic field can
not be ignored.

The existence of the inductive magnetic field makes
the motion of electron become very complex, so the cal-
culation of the plasma antenna is very difficult.

In the self-consistent model, the plasma antenna can be
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Figure 1. The cylindrical monopole plasma antenna.

divided into many small cylindrical concentric parts. In
each cylindrical plane, the plasma density can be re-
garded as uniform distributed. When the plasma density
is high, the permittivity of the plasma in each part can be
calculated with the stratification and subsection model
according to its distribution along the plasma antenna,
just as Figures 2 and 3 showed.

The assumptions of the model are as follows:

1) The plasma antenna is divided into several cylin-
drical facets at certain lengths in the axial direction and a
series of concentric circles according to the distribution
characteristic. Hence, the plasma antenna can be re-
garded as uniform distributed in each part.

2) The frequency of excited RF power far outweighs
the frequency of ion oscillation in the plasma.

3) As the plasma density is high, the sheath of the
plasma antenna is far shorter than the diameter of the
antenna. Therefore, the sheath can be neglected. At the
same time, the hot movement of electrons is ignored in
the model.

4) In the coordinate system of Figure 2, the electron
can be regarded as coming into the plasma from the outer
area where |x| >a, a is the radius of plasma antenna,
so calculation area of the equation the can be expanded
to |x| — o shown in Figure 2.

5) The time factor of physical parameters is e’ , the
Fourier series of inductive electric field can be written as
(1).

E, (x,t)=Y E,sin(k,x)e (1)

where, k, =nmn/2a is the number of the wave vector in
the Fourier’s space. Through Maxwell Equation
VxE =-0B/ot then Equation (2) can be obtained.

i ) 2
B, (51) =L B, sin(kx)e @

where E, is the electric field and B, (x,?) is the in-
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Figure 2. The radial layered structure.
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Figure 3. The axial subsection structure.

ductive magnetic filed, the small specific part of plasma
antenna presents uniform distribution approximately; the
plasma can be analyzed through molecular dynamics and
relevant theories.

3. Analysis Based on Molecular Dynamics
Theory

In the low temperature plasma antenna, in each part of
the plasma antenna divided, the molecular distribution
function presents isotropic distribution. The model is
based on the distribution characteristics of the electro-
magnetic field in plasma antenna, the relationships be-
tween external electromagnetic filed and the distribution
of plasma can be obtained.

The premise of the dynamics theory is that collision
frequency of the plasma is far below frequency of elec-
tric field, so the collisions of electrons happen in a rela-
tive stable electromagnetic field. When the frequency of
transmission signal is in the scope of radio frequency, the
premise can be satisfied.

If take the inductive magnetic field into consideration,
and make hypothesis that electron distribution function
satisfies the Boltzmann Equation (3).

o Vaf e y _
R~ m(E_ +VxB )V, f=S(f) ()

Copyright © 2011 SciRes.

Because the plasma is discharged in low pressure and
high-frequency power condition, the hypothesis is as (4),

f=h+th “)

where m, denotes the quality of the electron, e denotes
the elementary charge, S(x)represents the distribution
function caused by collisions, f; is the balance distribu-
tion and f; is the disturbance distribution, and | f1| < | f0| .
From the Equations (3) and (4), the following Equations
(5) and (6) can be obtained.

of, of, e
o e T B V=

* a1 * al*
8o

where v, v , v, separately represents the velocity of
electron in the direction of x, y, z. If v, =v cosg,
v, =v sing, v.=v,, v, and v, represent the par-
allel part and vertical part of the velocity part which are
separately parallel and vertical to the direction of mag-
netic field, the direction angel in speed space is

=tan”' ( /v, ) so the Equation (7) is obtained.

()‘% v )

e e 0 0
—m—wf)-w=—;(vygw%
e e x ¥y (7)
af
5¢

where @, =eB/m, is electron cyclotron rate. If
=1 (x tv,,t), v, >0, the Equation (2) can be writ-
ten as Equation (8).

+ E
(v—io) fi" +v, f af 59
ax 6¢ m, ov, ®)
- T ek,
(v—ia))fl’—vx%—a) afl _C 8f0
Ox op m, 0v,
If
P B
F :g(fl 1)
) )
Fo=—(# =17
the (8) can be rewritten as (10)
E.
(v—iw)F" + vx—+a)ci 5%
"o o¢ m, ov,
(10)
(v-io)F +[vx—+a)ui]F+—0
o¢
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If the “mirror reflect” of electrons are happened on the
boundary of the plasma antenna, the (11) can be ob-
tained,

F*(xv)= 3 Fsin(k,x)
F(xv)= 3 F cos(k,x) (11)
E,(x)= 3 E, sin(k,x)
The disturbance distrinl;ution function can be expressed
as (12),
L 5 5 5

E,sin(k,x)J,

(k pl) (kp ) l(mi)¢i(ut:|

m'o? +(v—io)’
12)
where p, =V, /@, is electron cyclotron radius, J,, (x)
is the ﬁrst kind Bessel function; J,, ( ) is symbol of
d [J ] /dx and m,[ are the integer.
When disturbance d1str1but10n function is obtained,
then the following differential Equation (13) can be ob-
tained.

_%{(Dﬁﬁw)dfo_}—[ A7) A (e)]
:;[1/g+gk (s+g )ﬁ)(5+8*)—\/;"2(5)ﬁ)(‘9)}

(13)
. 5 e .
where Dy (&)= o ; (n€),
D, 4 WVW |:I dw’ 13/2 )+W3/2 I:) dw'f, (W'):|
- 475[\eee4n0
“ m>v’

D, =¢"D,(¢)

v, ="V, (¢)

el

v :%53/21/(3)

23—n(n)*7,°7), T, <10ev

ee

24-In(n!’T"), T, > 10ev

So the conductivity of the plasma in the Fourier space
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can be expressed as (14).

3/2 aﬁ)
Jo

2m,w

ne
B _ 0
o, =

[¢B (n,&)+iw, (n,€) }ds (14)

The interaction function of electromagnetic field is as

(15).

= %l (mB-1 J'z[ sin@]sin3¢9
; '(l). BI[4,(&)sin@]sin’ 0
a’ -i—(mﬂ—l)2
(15)

In the each divided part, the distribution of plasma pre-
sents approximately uniform, with the change of external
excitation electromagnetic field, the current and conduc-
tivity can be written as (16) and (17).

= j dt'j dr'c

ol ( jdtjdm x,1) e =) (17

C(x Xt ) E (x5t (16)

A series of equations of self-consistent model are de-
duced above, from which the physics parameters of
plasma antenna can be obtained, such as conductivity,
dielectric tensor, surface current and electromagnetic
field distribution, etc.

4. Numerical Calculation Method

If the length of plasma, frequency of transmission signal,
antenna radius, the amplitude of antenna surface current,
and the plasma density in each divided part of the plasma
antenna are known. The calculation process is as follows.

Plasma density is #, and pressure is p, the electron en-
ergy distribution function is f; (5) are the initial condi-
tion, the first step is to solve electromagnetic equations to
obtain the value of E,, and get the energy diffusion coef-
ficient Dg. Through solving the dynamic equation, get
the new distribution functions £ (). The second step is
to judge whether the f; (5) is convergence. If not, the
calculation will be continued, until a stable result is ob-
tained. The last step is to derive f; (&), and gets the
spatial distribution of electromagnetic field in small part.
When the plasma density, frequency of plasma collision,
radius of the plasma antenna are known, the finite dif-
ference method can be adopted as (13), which can be
simplified as (18),the calculation process is as Figure 4
shows,

df K\ _ ppk
de[ dg} dg(Qf) Rt =-Db (18)
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Figure 4. Flow diagram used for numerical calculation.

where p=p(5,fk’l) , Q:Q(g,fk’l) , D=D<g,fk’l)
R=R(&), k is the times of iteration, the energy & is
divided into N, parts and the interval is 4.

So, on the grid points of energy i=1,---,N, +1, it can
be expressed as (19)

&=(i-1)h (19)

Then its abbreviations and differential form can be ex-
pressed as Equation (20),

.ﬁk:fk(gi)s pi:p(gi)’ Qz’:Q(gi)’
R =R(s), D,=D(s)

d d , 1 k k k k
£|:P({_g:| = h_z[pmu (fm -/ )_PH/z (fz - J ):|

<(0r")

- %h(QMfiﬁl - QH ifl)
(20)

The number of linear equations is NV, .

(hQH —2pin ) ifl + |:2(Pi+1/2 ~Piap ) + ZhQRi :| fik
_(th +2p )f:l = 2h2Di
i=1--,N, +1

@n
Equation (21) is a coefficient diagonal matrix, which
can be solved though diagonal matrix and the process are
iterative until the convergence result is obtained, and
then iterative calculation process is over. In the iterative

calculation process, the normalization conditions of Equa-
tion (22) must be satisfied with.

> fe*h=1 (22)
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After the expression of f; is obtained, the distribution
of electromagnetic field around the plasma antenna can
be worked out.

5. Analysis and Discussion

When the gas pressure is p, the discharge current is /, @
is the frequency of the excitation field, R is the radius of
the plasma antenna, L is the length of the plasma column,
the relationship between EEDF (electron energy distribu-
tion function) and the discharge current, the gas pressure
of the plasma antenna are shown as Figures 5 and 6.

From Figures 5 and 6 it can be found that the EEDF
present the non-Maxwell distribution, in the low gas
pressure the collisions between the electron and the neu-
tral particle are reduced, so more electrons in the plasma
can keep high energy state. It can also be shown that with
the increasing of discharge current or the reducing of the
pressure in the plasma antenna, the number of the high
energy electrons are increased in the plasma antenna.

The strength of current in the RF coil reflects the exter-
nal excitation power directly, and it determines the power
that coupled into plasma antenna. As shown in Figures 7
and 8, the EEDF changes with the strength of current in the
coil. When discharge current and the number of coil are
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Figure 5. The normalized EEDF as function of the electron
energy for different RF currents and different pressures.
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Figure 6. The normalized EEDF as function of the electron
energy for different RF currents and different pressures.
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Figure 7. Influence of RF current amplitude of the plasma
antenna on the EEDF, other parameters are o = 2x x 13.56
MHz,p=15Pa,R=1cm, L =10 cm.
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Figure 8. Influence of turns number of the plasma antenna
on the EEDF, other parameters are, ® = 2z x 13.56 MHz, p
=15Pa,R=1cm, L =10 cm.

increased, the electron energy also is increased. Because
the excitation power is increased, the absorption power
of plasma is also increased. So the state of the plasma
can be controlled through changing the number of coils
and RF discharge currents in the coupling coil.

It can be seen that self-consistent model can be used in
the control and predication of the plasma antenna.

The distribution of the RF electric field in the self-
consistent model and Maxwell distribution along the an-
tenna axial direction is shown in Figures 9 and 10. It can
be seen that results of Maxwell distribution show index
attenuation distribution in the electric field, with the in-
crease of the current, the electric field only increases
correspondingly in its intensity, and the characteristic of
the Maxwell distribution of the electric field is not
changed. While the calculation results of self-consistent
model show a strong abnormal behavior, electric field is
attenuated to a tiny value rapidly, and then is increased to
a maximum value slowly and then is attenuated again,
especially with the increasing of the current, the abnor-
mal behavior is increasingly obviously. This is because
in low pressure, the average free distance of electron is

Copyright © 2011 SciRes.

E (Vicm)

axial length (cm)

Figure 9. The distribution of RF eclectic field calculated
from Maxwell distribution.

E (V/icm)

axial length (cm)

Figure 10. The distribution of RF eclectic field calculated
from the self-consistent model.

bigger than the scale of the ion movement, the electron
heating in plasma is a king of heat without collision.
When the speed of electron is approaching to the velocity
of wave, the Landau damping will be happened which
leads to the abnormal behavior of the electric field.

Figure 11 is the distribution of the electric field of the
experimental results, the Figure 12 is the calculation
results of the self-consistent model, it can be found that
the experimental results and the results of the self-con-
sistent model show the same trend of changing, and there
only exists some errors, if we improve the calculation
method of the self-consistent mode, the more precise
results will be obtained. Through the related experimen-
tal measuring the validity of the model proposed is veri-
fied.

Now the common calculation method of the plasma
antenna is to use one of the many variations of the nu-
merical electromagnetic code (NEC) method of Moments
computer packages. Several are available from http://
www.qsl.net/wbo6tpu/swindex.html. NEC is widely used
for modeling antennas and their environment. The an-
tenna structure is broken down into short wires and small
surface areas, from which the current distribution and the
radiation pattern may be found. Using a computer program,
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Figure 11. Electric field distribution of the experiment.
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Figure 12. Electric field distribution of self-consistent model.

it may readily change the conductivity of the small cur-
rent elements that comprise the antenna structure [8].

Compared with the method in the [8], the self-consis-
tent model can reflect the relationship between the exci-
tation field and the inner particle state of the plasma an-
tenna, so it is a more precise method, as known that the
plasma is a time-changing medium, the method in the [§]
only reflect the characteristic of the plasma antenna in
certain condition.

6. Conclusions

The calculation of plasma antenna is a very complicated
problem, especially when the electric field around the
plasma antenna presents non-uniform distribution. The
simulation based on FDTD software cannot reflect the
effect of particle motion inside the antenna and the ex-
ternal excitation power to the plasma. So the method
based on software has many limitations and with low
precision. But through self-consistent model method pro-
posed in the paper, and make calculation analysis of par-
ticle motion in plasma antenna, more precise results can
be obtained. The self-consistent model can be used in the
quantitative analysis and state prediction of the plasma
antenna, and it is the guidance to the plasma antenna re-
search.

Copyright © 2011 SciRes.
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