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PART I

THEORY
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1. INTRODUCTION

A plasma is an ionized gas composed of electrons and ions with an effec-
tively zero net charge: density, and is sometimes called the fourth state of
matter, An interest in the problems of antennas in plasma stems from the
use of antennas aboard rockets and satellites that travel through the iono-
sphere. Generally, the antenna is employed (i) as a probe to determine
certain properties (usuélly the electron density) of the surrounding medium,
(ii) as a communication link with the ground base, and for (iii) as a detec-
tor of the noise field from the sun and other radio stars. In all these
applications, the most important characteristic: of the antenna is its imped-
ance, defined as the ratio of the terminal voltage éndAinput current at the
antenna feed. The determination of the antenna impedance is generally a
very difficult pr;blem even wheﬁ the antenna is in free space. Rigorously,
one has to solve a diffraction problem between the transmission lines (or
the waveguide feed) and the antenna. However, the problem is commonly sim-
plified by considering separately the feed and the antenna. In discussing
the feed, the antenna is replaced by its terminal impedance, while in solving
the antenna problem, the feed is considered as an idealized voltage or
current generator. Such an approach is well justified by experiments for
many antenna problems in free space. However, the validity of this approach
for antennas in plasma has not been seriously studied. Fortunately, in
many applications such as aperture antennas in space vehicles, or a mono-
pole mounted on the anode in a laboratory plasma tube, the Feed of the
antenna is actually not in plasma but in free space. Therefore, idealizing
the feed for antenna problems in plasma does not seem to constitute a

serious limitation.



The first step in solving the antenna problem in plasma is to choose
a suitéﬁle mathematical model for the plasma itself. Commonly, the dynamics
of the plasma may be described either by kinetic theory or fluid models.*
In general, the former is expected to be very complicated since it con-
tains the information about the entire system. The latter have their
limited validity, but are simpler mathematically and, furthermore, their
solution yields directly macroscopic quantities of physical interest.
Therefore, in the study of antenna problems, the fluid models are commonly
employed. There are two serious limitations associated with the fluid
models, however, First, one cannot account for the nonlinear effect. To
a first approximation, this effect may be neglected if the signal electric

field is very small compared to the plasma field?56 When an antenna in

plasma is used as a transmitter, the near field is relatively strong even
for amcﬂeémmamount of power and the nonlinearity in the surrounding plasma
is inevitable. Second, the particle aspect of the plasma is ignored;
consequently, the treatment of the plasma as a continuous medium in the
fluid models may fail in the description of phenomena involvinga very small
scale of distance, such as the radiation of a very short dipole in plasma.
Once the medium is described, another difficulty arises when the

antenna is brought into the plasma. The presence of the antenna disturbs
the homogeneity of the plasma, and there exists a region of highly non-
uniform ele§tron dénsity around the antennd's surface, known as '"ion sheath."
The form of the ion'sheath may be explained as follows: The rapidly moving
electrons in the plasma are more easily captured by the conductors than

the heavy ions. Consequently, the antenna surface is at a negative potential

%
Two most common types of fluid models are the cold and warm
plasma models.



with respect to the plasma potential# and attracts an excess of ions in a
region measured a few Debye wavelengths away from the surface. The details
of the sheath structure are quite complicated and may play a decisive role
in the determination of the antenna impedance. Thus, in working with the
sheath problems, one should be very cautious because some over-simplified
models for the sheath may lead to some dubious results for the impedance
In certain laboratory plasma experiments, however, one may remove the
sheath by applying a positive D.C. bias to the antenna so as to bring its
potential back to the plasma potenital, a situation known as "sheath
collapse," Under a sheath collapse condition, the plasma is reasonably
uniform up to the surface of the antenna.

In addition to the potential difference between the antenna and plasma,
as described above, there are other causes which can render the plasma in-
homogeneous in the neighborhood of the antenna, such as the motion of space
vehicles, the influence of the earth's magnetic field, etc.

The physical problem of antennas in plasma, as described above, is
extremely complicated and, needless to say, is very difficult to solve.

In the past ten years, numerous papers and reports have been published on
this subject, and some basic understanding has been gained. It has become
evident that there exists a great need for carrying out a comprehensive
survey of the literature with a view to sorting out the pertinent infor-
mation in a systematic manner and making it readily available to future
workers in this area. This is the motivation for this review.

The report consists of three parts. The_fifst one deals with the
theoretical aspects of the antenna impedance in plasma, while in the second
part, the important experimental results and their comparisons with theory

are summarized.

“Also known as space potential.’



Finally, an extensive and classified bibliography is included in the third
part.

As far as the theoretical analysis is concerned, a variety of differ-
ent antennas has been treated in the literature. They include cylindrical
antennas, biconical antennas, strip.antennas, aperture antennés, open-ended
waveguides and horns. In the present report, we will discuss the cylindrical
antennas only. The reason for such a choice is two-fold. First, the cylin-
drical antenna is one of the most frequently used antennasin experiment and
practice, and also, is the subject of most extensive discussion in the liter-
ature. Second, the behavior of the cylindrical antenna in free space is
well understood, and various techniques for handling the mathematical problem
have been successfully developed. Therefore, in the treatment of the cylin-
drical antenna in plasma, it should perhaps be easy to separate the effect
of the plasma from that of a specific antenna configuration.

The geometry of the cylindrical antenna to be considered is shown in
Figure 1.1. Some explanations with regard to its parameters are in order.

| (L) Léngth: We will treat both the extreme cases(i.e., infinitely long
and infinitesimally small) and the finite céﬁe. For the finite antennas, we
will give, whenever available, results for both relatively long and relatively
short ones.

(ii) Radius: The radius is always assumed to be-small as compared with
a certain characteristic wave length* in the plasma. Thus, we do not treat the
thick- antenna problem.

(iii) Feed: In the rigorous boundary value approach, the model.qf slice
generator (i.e., §-source excitation) is always used. However, in the compu-
tation of the admittance, a small gap at the feed is allowed in order to

avoid the infinite value of the admittance.

hThis will be specified explicitly in each case.
15



Figure 1.1 Cylindrical antenna in plasma



(iv) Orientation (of the antenna axis with respect to the applied
static magnetic field): Except for some special cases, practically all
theoretical results obtained for the cylindrical antenna in an anisotropic
plasma have been for the case of parallel orientation. Therefore, unless
specified otherwise, parallel orientation (66 = 0) is implied throughout this
first part of the report.

To describe the plasma, we will use the linearized fluid moédels, namely,
(i) isotropic cold plasma, (ii) uniaxial (cold) plasma, (iii) anisotropic cold
plasma, (iv) isotropic warm plasma, and (v) anisotropic warm plasma. When
availéble, results will be given for each of the above five cases. The plasma

medium is always assumed of infinite extent and homogeneous. Therefore,

problems where reflections from boundaries -and discontinuities cannot be ignored
are not considered here. Also, the sheath problem will not be discussed in the
first part because no completely satisfactory theory is available.

The organization of this part of the report is as follows: Section 2 is
a brief description of the cold and warm plasma models. It is intended to
serve as a reminder of the basic equations and notations. The next two sections
consider the two extreme cases, namely, thé Hertz dipole and the infinitely long
antenna. The finite problem is treated in Section 5 as a boundary value problem,
and in Section 6, by the induced e.m.f. method with a triangular current. In
the main contents of this report emphasis is placed on the final results, their
comparison and physical implications, but not on mathematical manipulation.

The reader is referred to the original papers for the derivation of the formula
- and the procedures of computations.

It should also be remarked that a few formulas which appeared in this
report have been rearranged from their original form, and many graphs were
recomputed by using different parameters. Therefore, any error in this process
is the responsibility of the present authors.

7



2. PLASMA MODELS AND RADIATION CONDITION

The basic equations of the fluid models for describing plasma may be
derived by taking the moments of the Boltzmann equation in addition to the
usual Maxwell's equations., However, a closed set of equations can not be
obtained in this manner. Therefore, some "reasonable" assumptions must be
introduced in order to close the set of moment equations. These assumptions
are the basis of various fluid models. For the purpose of thepresent report, it
is sufficient to mention briefly only the cold and warm plasma models. In
both these two models, the plasma is commonly regarded as a gas of free
electrons, which is imbedded in an electrically neutralizing background of,
immobile ions. A static (D.C.) magnetic field go = 2 Bo is applied to the

plasma, and consequently the plasma is anisotropic. At each point in the

e
w o>

plasma, the state of the electron gas is described by a velocity vector v,
and a perturbed pressure scalar p (pressure deviation from its mean), in
additioﬁ to the usual (E,ﬁ) fields. The basic assumptions and equations in
the cold and warm plasma models are given below.

57

(A) Cold Plasma Model:5 The first two linearized (valid for small

signal) moment equations are used, and the pressure term is discarded due to
the assumption of low thermal energy of the electrons. If the effect of the
convection current in the plasma is included in the flux term, the Maxwell's

equations for the time-harmonic field [with exp(jwt) time variation] become

VxE -Jwi E (2.1a)

VxHs= jw€07°f+3 (2.1b)

% ’ >
We do not consider the drifting plasma, therefore v is of the same order
as p.



where ?zis the relative dielectric tensor
Ky 3K, 0

S R LV (2.1c)

C, . .V
x= (D), vy=(2, U=1-42 = 1-5-

N.e™ 1/2 , eBo
) @ plasma frequency, wc = —— = c¢yclotron
: frequency

<
u

collision frequency

b=
(]

average electron density

magnitude of the charge of an electron

e

mass of an electron

m

Furthermore, the perturbed velocity vector 3 is related to the field by
. - > >
jumv = -e(E + Vv x Bo) - MV (2.1d)

which is the linearized second moment equation (or the linearized equation of

motion).
To cbtain the dispersion relation for the modal plane wave

> > > > 'Tz_*
(EH) = (E_,H )e Jeer

(2.2)

9



-
we may set J = 0 and eliminate ﬁ from (2.1). The result is

[kxkx + kf‘; ?]EO(?) a0 (2.3)

For non-trivial solution, it requires

fl
o

det [kxkx + kg X] (2.1)

which is the well-known dispersion relation in an anisotropic cold plasma.

The computation of (2.4) by a simple graphical method was described by Deschamps565
and its use in the radiation problem was reviewed by Deschamp§6uénd Felsen}

Typical dispersion surfaces* as functions of X and Y2 are sketched in Figure 1. 2.
This type of display has been used extensively in the literature, and will be
referred to as a CMA diagram (after Clemmow, Mullaly and Allis). For a.given
plasma (i.e, given w_ and wc), the variation of the f?equency w corresponds to

a locus of a straight line passing the origin on CMA diagram. In this report,

and wherever possible, we will present our data based on the parameters

specified on the three straight lines shown in Figure 1.2 corresponding to

the cases (wc/wp) = 1.5, 1, 0.5, and the:dvrows indicate the directions of

increasing w. The critical frequencies which separate the various regions are

plasma frequency: wp, (x = 1)
cyclotron frequency: W, (Y = 1)
—_— (2.5)
. _ 2 2 2
upper hybrid frequency: wu = /bp +.wc, (X = 1-Y7)

w o= +w /2 + /w2+(w /2)2, (X = 14Y)
ot c ) c
2 2
W o= -0 /2 + Y+ (w /2)°, (X = 1-Y)
- c P c

% . -
A plot of |§| as a function of 6, the angle between k and the static
magnetic field.

10
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Generally, at the above five critical frequencies the antenna impedance
as a function of w blows up or displays discontinuity in its slope, and
therefore deserves special attention.

There are two special cases of the cold plasma model which have been
frequently employed in the analysis of antenna problems. The first, when
the static magnetic field is null (Bo = 0), is the isotropic plasma. The

relative dielectric tensor is reduced to

K= (k) T (2.6)
where I is an identity tensor. The second special case arises when Bo’

and hence Y, is very large. Then one may set Kx approximately equal to

zero, and X in (2.1c) becomes

K_L 0] 0
K= |0 K, 0 (2.7)
0 0] K“
In the limit Bo + o g further simplification may be cbtained with the
result
1 0 0
XK= Jo 1 o (2.8)

0 0 Ky
Both cases described in (2.7) and (2.8) are known as uniaxial plasmas. In
the present report, we will always use (2.7). The uniakial plasma may be
further classified as elliptical uniaxial plasma for K” > 0, and hyperbolic
for K, < 0,

i

(B) Warm Plasma Model:89 The first two moment equations are again

used ; however, the compressibility of plasma (inversely proportional to the

electron temperature T) is taken into consideration by allowing a scalar p

12



in the linearized equation of motion, namely

-
jon = e+ xB) - mi - & W (2.9)
Q

To compensate the additional unknown p in (2.9), an equation of state is

assumed such that
-
juwp = —uQmNOV'V (2.10)
where u is the speed of sound in the electron gas, and is related to the

/2

temperature T by u = (31<T/m):L where K is the Boltzman constant. In

addition to (2.9) and (2.10), one has the usual Maxwell's equations

VxE —jwuoﬁ , (2.11a)

VxH

jue B - N v + 7 (2.11b)
which completes the set of basic equations for the warm plasma model. It
may be noted that due to the additional pressure term in (2.9), v is no
longer directly proportional to E, and consequently it is not convenient
to eliminate the convection current term in (2.llb) by introducing a
re;ative dielectric tensof as in the cold plasma model.

For problems of radiation from a time-harmonic current source in an
unbounded, lossless plasma described by either cold or warm plasma models,

the solutions to the basic equations described above arenot unique. The

uniqueness of solution may be assured only if one imposes on the solution

>

a further constraint, known as radiation condition. In the isotropic
medium the radiagion condition is that provided by Sommerfeld, which
requires that the phase of the radiated field be progressing outwardly
from the source. However, in an anisotropic medium the directions of phase
progress and energy transmitted are generally different, and consequently,
it is no longer physically plausible to use the Sommerfeld's '"phase"

13



criterion. In past years, at least three different radiation conditions
were proposed for problems of radiation in anisotropic media. They are
briefly summarized below:

(i) Introduction of loss: In a slightly lossy medium the radiated

field must be evanescent far away from the source, and the lossless medium

is regarded as a limiting case when the loss approaches zero. The introduction
of loss in a medium can be achieved by either of the following two ways:

(a) considering a physical loss mechanism in the medium, such as introducing
the collision in plasma; (b) introducing a growing factor in the source
frequenqy?sgi.e. let w > w38, where § > 0 [for exp(+jwt) time conventionl].

(ii) Energy criterion: It is required that each constituent of the

radiated field should have a power flow outwardly directed from the source +33

(iii) Causality: Consider the steady-state radiation as a limiting
case of transient radiation as an infinitely long time has elapsed after
the switch-on of the source. Then the causality requires that there is no

radiated field before the source is switched on.559

14



3. RADIATICN RESISTANCE OF A HERTZ DIPOLE

The Hertz dipole is not physically realistic j nevertheless, it was
considered most extensively in the literature. The main reasons are:
(i) mathematical simplicity, (ii) an arbitrary electric source can always
be considered as a superpésitibn of Hertz dipoles, and (iii) the behavior
of a Hertz dipole is usually a good indication of that of a very short dipole.
The current density on a Hertz dipole oriented»parallel to go may be

specified by
32 = 2 1(2n)6(7) (3.1)

It should be noted that (3.1) is sometimes used as an approximation to describe
a very short dipole having a current moment I(2h). In that case, I may
be interpreted as the current and (2h) as the length of the dipole.. To
find the radiation resistance, we need to compute the radiated poWer and
then divide it by 12
. . . . > : * 115
For a given current distribution J(v), Deschamps and Kesler have
shown that the radiated power in plasma (isotropic or anisotropic, cold or
i

warm) may be expressed as

-*(1)
P =3 ‘ (k) }(k)l x> (3.2)
(l) |

i
U)

whér@:Eﬁf) Is the i'th sheet of the (real) dispersion surface of the medium

and 6(1)(f) is the elective field vector in the normalized modal wave with
i A : . L ; » ' . =

wave vector k; J{k) is the Fourier transform (with transform variable k)

of the current. For the special case of a Hertz dipole, described by (3.1),

the radiation resistance is given by

15



. 2
6“’(12’)-2’ 22
(2m/h)

Rrad = ? fLs(i) (3.3)

w

The values of Rrad for various plasma models are summarized below.

(A) Isotropic Cold Plasma

The plasma behavés the same as a dielectric with relative dielectric

constant (1-X), and the radiation resistance is then given by

o k M2/IX, x<1
(i o 2

_ (3.4)
Rrad -

0 9 X>1

where no = Vuo/eo is the free space impedance, and ko = quoeo is the free
space wave number, For X > 1 (i.e., w<wp) there is no (real) dispersion

surfaée 6( 1)

o and consequently no radiation is possible from a Hertz .dipole.

(B) Uniaxial Plasma

Forthe elliptical case,the resistance can be obtained by a simple scaling

procedure to the corresponding value in free space. The result is

n
0 2 . s
Ro.q © 57 (k) YKy . X < 1 (elliptical) (3.5)

>

In the limit Y > « (3.5) becomes exactly the same as the R oa in free space

d

and is independent of the plasma parameter X. For the hyperbolic case, the

radiation resistance computed from (3.2) is infinitely large. In order to

see how Rrad approaches infinity, Seshadri”Ol examined a short dipole with

an assumed._triangular current distribution. As the dipole length (2h)

.

L w
approaches zero, Lis result is-

* o . . . 23 .
This or. .yery similar results. have also been obtained by Balmain, Blalr,42

Galejs1Sl and Wang and Bell.506

16



n

R .= lim [=——

————1, X > 1 (hyperbolic): (3.6)
rad hoo 2kthL

which goes to infinity as (l/koh). The infinite radiation resistance is not
physically realistic. This indicates that the hyperbolic uniaxial plasma
model fails to describe the radiation from a Hertz dipole. However, many
attempts have been made, while staying within the uniaxial model, to explain
this anomalous behavior and further suggest methods for removing it. Some
of these methods are briefly mentioned below:

9,434 and others

(i) Sufficiently smooth current distribution: In the

hyperbolic medium one sheet (éxtraordinary sheet) of the dispersion surface
resembles a hyperboloid and is infinitely extended [sée Figure 1.2]. From
(3.3) it is seen that Rrad becomes infinite since the integration is to be

carried out over the entire dispersion surface. One way to obtain a finite

radiated power is to allow a finite dimension of the antenna with a sufficiently

smooth current distribution so that }(K) in (3.1) decreases fast enough for
large ﬁ. In particular for a linear antenna, Deschamps560 has shown that the
condition for obtaining a finite radiation resistance is that the derivative
of 3(z) be square integrable.

(ii) Introduction of loss: In any realistic plasma, the collision loss

inevitably exists. Therefore, it is interesting to examine to what extent
the paradox* described above exists in a slightly lossy hyperbolic plasma.
Waineo and Mittraw2 have computed the radiation power P(r=ro) due to a short
. dipole through a sphere of radius v, centered at the dipole. They found that
P(r=ro) is. indeed proportional to h“l for small rs as predicated in (3.6);
however, P(r=ro) becomes proportional to h—2 for large T Therefore as

far as the communication ability is concerned, a longer antenna with a given

E
Note from (3.4) that the shorter the antenna, the larger is the radiation
resistance.
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current at its terminal does transmit more power at a large distance in a
slightly lossy hyperbolic plasma.

(iii) Transient View: The field radiated by a point source in a hyper-

bolic uniaxial plasma is known to be infinite over the surface of a symmetrical
bicone C_ defined by the cone angle (referred to the dipole axis)

0 = sin T (&) (3.7)
VX

The infinite resistance may be associated with the infinite field intensity
on C_. In order to examine how this infinite field builds up, Lee and
Mittra272 have considered the radiation problem by a transient dipole. It
was found that the cone C_  is always in the dark region, i.e,, the main
signal reaches there only after an infinite lapse of time after the switch-
on of the source. With a finite loss, however small, the field cannot grow
‘to extremely large values, since the collision time will always be smaller
than the time required for the signal to reach the cone C_ . Consequently,

the infinite Rra computed based on steady state analysis is not realizable

d

(even when staying in the uniaxial model).

(C) Anisotropic Cold Plasma

The expression for the radiation resistance of a Hertz dipole with an
-
arbitrary orientation with respect to BO in an anisotropic cold plasma was

2U5,2u6

first given by Kogelnick in an integral form. Extensive results have

been computed by Weil and Walsh510 based on numerical integrations. In
Figures 1.3-1.5, we present some typical values of the radiation resistance
[normalized with respect to its free space value RO = 20(koh)2] as a function
of w. Take Figure 1.3 as an example. For (source) frequency lower than

w , R is infinite due to the infinitely extended dispersion surface

c rad
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(hyperbolic region). As w increases, R becomes identically zero for

rad

wc<w<w+ since in this range no propagating wave can exist in plasma. For

m+<w<wp, Rrad increases very rapidly as the plasma frequency is approached.

It becomes infinite again for w in the range wp<w<wu. As w further increases,

the plasma becomes "transparent" and Rra tends to its free space value.

d
Similar interpretations can be applied to Figures 1.4 and 1.5.
In Figures 1.3-1.5, we have alsc plotted the values of Rrad when the
->
inclination angle of the dipole (with respect to Bo) So o /2. For.an

arbitrarily oriented dipolé the radiation resistance is

a2 . 2
R = cos eoRrad(O) + sin SoRrad(ﬂ/Q) (3.8)

rad(eo)

Note from Figures 1.3-1.5 that for a frequency slightly higher than w_
the orientation effect is almost not cbservable, since the plasma becomes
almost isotropic.

(D) Isotropic Warm Plasma

For a given current source radiating in an isotropic warm plasma, the

fields (E,ﬁ,;,p) may be decomposed into completely uncoupled electromagnetic

and acoustic modes, each satisfying a conventional wave equation with wave
numberskon—X5 and (c/u)kon—X, respectively. The radiation resistance of

a point source is found to be76’188’483

R +R_, X <1
a
Rrad = . (3.9a)
0 s X>1
where
no 2
R = — (k h)” vV1-X (3.9b)
e om o)
3
R == () XR (3.9¢)
a 2 'u e

22



Observe that Re, the component due to the electromagnetic mode, is precisely
the same as (3.4); while Ra is the additional contribution due to the
excitation dfanacoustic wave in the warm plasma. From (3.9¢), it is noted
that Ra increases as u (proportional to /T) decreases, indicating that the
lower the temperature of the plasma, the more power is radiated in the
acoustic mode., This paradoxical conclusion is again due to the unrealistic
assumption of point source And the fact that the dispersion surface of the
acoustic sheet is extremely large compared to that of the electromagnetic
sheet, [cf. Eq. (3.2)]. In fact, if a finite source is considered with a

sufficiently smooth current the above conclusion may be completely reversed.
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4. IMPEDANCE OF AN INFINITELY LONG ANTENNA

The other extreme of a cylindrical antenna is the infinitely long ocne,
which has also been treated extensively in the literature. The excitation of
the antenna is generally regarded as a unit voltage source applied across a
very small gap |z| < § on the outside surface of the antenna [Figure 1.1 with

h + ], The applied electric field may then be approximated by

E:(Zapplied)(p’z) - 6'(Z), at p = at (Ll'.l)

where 6(z) is a delta function and (a+) means lim€+0(a+€) and €>0. The
induced current on the antenna can be expressed as a superposition of modal
waves guided along the infinite cylinder, and therefore is in the form of

an inverse Fourier integral. The (input) admittance of the antenna is defined

by

Y. = I(8) (4.2)

since the input voltage is of unit amplitude.

(A) Isotropic Cold Plasma

For X < 1, a proper scaling of the well-known result for f?n in free

566-570 . . .
space gives the approximate expression
© . (1) 1 . . 2A (-0.9)
Yoo sty T lmml nZﬁ(l.QBA)}}’ (4.3)

A<<A<<1,

In the above formula, we have used the following notation

no=n /K, A= K ke, &= K kS (u.1)

This result is also valid112 when a small collision is included, i.e., when

K" = 1-(X/U). 1In that case, the square root /R7 should be taken such that

|
ImJK_“ < 0.
2l



For X > 1, it may be shown that an is given by the expression

- —2jkoa(X-l) [w Kl(Ya)cosaé
Y. = dao (4.5)
in Zo o YKO(Ya)
1/2

where Yy = [a2+k§(x-l)] , and KO and Kl are the modifiedlBessel functions
of the second kind. Note that Y;;is purely inductive for a lossless plasma.
Some typical values of Y:n as a function of w computed by numerical
integration are presented in Figure l.G?OlThe antenna radius is 1 cm when the
plasma frequency is 1 MHz. The plasma is slightly lossy so that there is a
very small but non-zero conductance when X > 1. When the frequency is about
oo

the plasma frequency, Yin approaches its free space'valué rapidly.

(B) Uniaxial Plasma

For an elliptical uniaxial plasma, it may be shown that the Input
admittance of an antenna of length (2h), radius a and feed gap (28), may be

obtained from the following scaling formula

Yplasma(koh’koa’koa) N JKI Yfree space(JKI koh’ JE; koa’ JK: koé)

(4.6)

where is the admittance in the free space. Thus, the admittance

Yfree space

of an infinitely long antenna in elliptical uniaxial plasma is again given

by (4.3) with the parameters redefined as follows

no=n /K
Ao /K; k a
° (4.7)
A= /'K‘_[koa
H = /K kh

“The notation H will be used later in Section 5.
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Figure 1.6 Admittance of an infinitely long antenna in free space,
isotropic cold plasma and isotropic warm plasma vs. frequency

(after Milleraoo)
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Some typical values are shown in Figure 1l.7a. As will be shown later,
the simple expressions in (4.,7) also yield very good approximate results
for an infinitely long antenna in an anisotropic cold plasma (including the
of f-diagonal term,in=?) for certain parameter ranges.
In the hyperbolic uniaxial plasma, we cannot apply a scaling procedure
to (4.3) to obtain the input admittance. This is because the modal wave in the
hyperbolic-plasma is a backward wave along p-direction, and the Hankel
functions of the first kind instead of the second kind have to be used in

)
w

the formulation of the current. The approximate expression for the

admittance of an infinitely long antenna is found to be268

Y°i°n = {-‘—f}ﬁ Kn%+ 0'25 m(”l.l;GA} + j{—' Ené}’ 1>>A>>A (4.8)
where
n = nO/JlTL' , K, >0
A= VK ka, Ky <0 (4.9)
A= VK k6
H = Jq k h

o o,
we

It is interesting to note that the conductance in (4.8) is practically
‘the same as the expression which one would obtain from (4.3) and tu.G)

by analytic continuation. However, the susceptance in (4.8) is not simply
related to the susceptance in elliptical plasma. Some typical values of

Y:n computed from (4.8) and (4.9) are shown in Figure 1.8a.

F3 '
All the radiation conditions described in Section 2 lead to the same result.

te o,
fek

Note the approximation /2

Kk a= /K e ka= /K k a
Il "o 1l o} N "o

since V=K, k a<<l.
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It may be noted that the input conductance approaches infinity as the
feedgap § - 0 due to the logarithmic term in (4.8). This difficulty is
traced to the uﬁrealistic assumption of a delta source in (4.1), and thus
can be circumvented by allowing a not-too-small value of 6. Chen and
Seshadri7l have indicated that the input conductance remains finite in the
limit § = 0 if a thin sheath (free space) is included in the analysis.

The effect of truncating an infinite antenna on the input admittance
is shown in Figures 1.7b and 1.8b. Details are reserved for Section 5
where the effect of reflections from the terminals will be discussed.
Furthermore, as Y increases to a large valué all the curves in Figures
1.7 and 1.8 approach constant values. This behavior is obvious from (L.6)-
(4.9) since K, appfoaches tnity for large Y.

(C) Anisotropic Cold Plasma

When én infinite cylindrical antenna is immersed in an isotropic or
uniaxial plasma, the tangential magnetic field component on its surface is
H¢, and therefore produces on%y a longitudinal current. However, if the
plasma is described by the model of anisotrépic cold plasma, both H¢ and
Hi exist, and therefore produce not only longitudinal but also e¢ircumferential
cﬁrrent components. Unfortunately there is no detailed study of the
circumferential current; hence,the importance of this current component
to thg radiation characteristics of the antenna is uﬁknown.

The longitudinal current wave excited by the source in (4.1) was
computed numerically for certain cases.271 When K; > 0, the magnitude of
the current decays slowly with distance from the source (due to radiation
loss), and its phase is nearly linear in the distance from the source with a
wave number slightly greater than /KI ko for thin antennas. When K, < 0,

there is no propagating wave. Consequently, the magnitude of the current
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decays rapidly from the source; however, its rate of decay does not seem to
be simply related to K . For clarity, the lines of constant K, inthe CMA diagram
are sketched in Figure 1.9.

The admittance of an infinitely long antenna has been computed by "
Miller.299 Two typical results are presented in Figures 1.10 and 1.11, where
the frequency is again the variable. The radius of the antenna is 1 cm when
plasma frequency is 1.5 MHz in Figure 1.10 and 1 MHz in Figure 1.11. Consider
Figure 1.10 as an example. At the low frequency end below w,» the values of
Y?%should be the continuation of those in the uniaxial model and will be ex~
amined in more detail later. In the range W, <w < w, which corresponds to the
shaded region in Figure 1.9, the conductance G is very small. This may be at-
tributed to the rapidly decaying current. For w > w , the admittance approaches
its free space value rapidly.

In connection with the results in Figures 1.10 and 1.11, it is very inter-
esting to compare them with the results based on a uniaxial model. In the low
frequency end w < W, in Figure 1.10, the results computed from (4.8) and (4.9)
by using a hyperbolic uniaxial model are also plotted as (3st) ‘and (x % x).  The
conductance checks with Miller's numerical results very well. The susceptance,
however, starts to deviate from Miller's result as frequency decreases. Miller
has indicated that at low frequencies the value of the susceptance is very small
and his numerical method may not have an accuracy better than lO%.299

In Figure 1.11, we use (4.8) and (4.9) [of the hyperbolic uniaxial plasma]
in the frequency range W < wp. Deviation of the susceptance from Miller's
results is less pronounced for frequencies above w, . For frequencies higher
than wp, we use (4.3) and (4.7) of the elliptical uniaxial plasma all the way.
The agreement with Miller's resiltsis 'so remarkably well that we do not need to

repeat them in Figure 1.11.

31



Figure 1.9 Lines of constant K,. In the shaded region

K, is negative (after Deschampslls)
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The curves with crosses are computed from (4.8) and (4.9)

plasma vs. frequency with mc/ wp = 0.5 (after Miller2

using a hyperbolic uniaxial plasma model.
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plasma vs. frequency with wc/ wp = 1.5 (after Miller

using a hyperbolic uniaxial plasma model
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It is especially interesting to note that in thei@ngetnc <w< w, the dis-
persion surface in the anisotropic cold plasma model is of hyperbolic type#
[see Figure 1.2]. Nevertheless we continue to use the formula (4.3) and
(4.7) and the result seems to justify such an analytical continuation pro-
cedure.

The above discussion leads to the conclusion that the admittance of an
infinitely long antenna in an anisotropic cold plasma is roughly independent
of the off-diagonal term KX in the dielectric tensor for parameters in the
non-shaded regions of Figure 1.9 (i.e., when K > 0). In these regions, one
may use (4.3) and (4.7), or (4.8) and (4.9) to obtain an approximated evalu-
ation of the admittance.

(D) Isotropic Warm Plasma

When a boundary value problem is treated by using a warm plasma model,
an additional boundary condition at the plasma-conductor (or vacuum) inter-
face is needed for a unique solution. Many authors used the so-called rigid
boundary condition which requires the elastic reflection of the electrons at

the interface, viz,
vy = 0 (4.10)

where v is the normal component of the velocity vector V. The limited
physical significance of (4.10) is well-known, and has been discussed by
many authors.go Here we would like to further point out56l that the rigid
boundary condition also makes it difficult to recover completely cold plasma
solution in the limit of zero temperature (or eéuiﬁalently as the acoustic
velocity u » 0). This is because (4.10) is rélaxed in the cold plasma model.

Inthe cold plasma model, v 1s directly proportional to E , and therefore is

generally not zero at the interface.

*Note that the dispersion surfaces in this region foughly resemble a two-
sheeted hyperbolecids, and are different from those in the region X > 1 and
Y > 1. See reference 268,
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A new feature of the warm plasma model is the excitation of a
surface wave along the exterior oflthe infinite antenna, in addition to
the usual space wave. For X < 1, the propagation constant kS of the
surface wave is found to be close to the wave number of the acoustic mode

in an unbounded plasma, ViZ§96

k o~
S

cle

1-X (4.11)

provided that X is not close to unity. In Figure 1.12, we plot the phase
velocity of this surface wave as computed from the exact dispersion relation®2®

Note that kS is not zero at plasma frequency. For X > 1, ks decreases with

frequency. In the limit when the radius a - « and X =+ «,

w

Jo (4.12)

=
[92]
H

The introduction of a vacuum sheath modifies slightly the propagation
constant ks_given in (4.11) for X < 1. However, in the range X > 1, ks
varies considerably with the thickness of the sheath.

The input admittance of an infinite antenna in an isotropic warm
plasma is presented in Figure l.G?OOPor X < 1, its value is almost identical
to that computed based on an isotropic cold plasma model. This result is
somewhat surprising in view of the following fact. Seshadriuoo has computed
the radiated power from an infinite antenna in an‘isotfopic warm plasma.

He found that the contribution from the electromagnetic mode is practically
the same as that in a cold plasma, while there is an additional contribution
from the longitudinal acoustic mode in a warm plasma. For w = wp, the‘
radiated power in acoustic modes is even greater than that in electromagnetic

modes. Except for w>>wp, the ' contribution from the acoustic mode is

generally comparable to that from the electromagnetic mode. Therefore,
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from Seshadri's result, one expects a more significant modification in
the admittance due to the presence of acoustic waves than those computed
by Miller,soO

For X > 1, the value of Y?ncomputed on the basis of the warm plasma model
differs appreciably from that based on the cold plasmd modé [Figiwe 1.6].
The value of G in the latter model is very small aﬁd is entirely due to
the collision loss. In the warm plasma model, however, G is considerably
larger and is perhaps due to the excitation of the surface wave discussed
earlier.

If a vacuum sheath is included in the analysis, the input admittances

computed from warm and cold plasma models agree closely for all X.302
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5. IMPEDANCE OF A FINITE ANTENNA I: BOUNDARY VALUE PROBLEM

For a cylindrical antenna in an isotropic medium, there are usually
two methods to attack the impedance problem, namely, the integral equation
and the multiple reflection approaches. In the former, an integral
equation for the unknown current distribution is set up from the Green's
function of the medium and the source condition [i.e.,>Equation (4.1,
then the current is solved for by iterations gr other numerical methods.562
This approach is suitable for short antennas. In the multiple reflection
approach,563 the finite antenna is regarded as a truncated version of an
infinitely long one, and the terminations at’%he'eﬁdeéf'%he'antenna
cause multiple reflections of the current wave. Since asymptotic fechniques
are used in calculating the multiple refléctions, this appfoéch gives
accurate results only for relatively long antennas (say, koh >1).

Neither one of the above two approaches can be ap?lied to antennas
in a general anisotropic plasma without consiaerable difficulties° This
is briefly explained below.

In the integral equation approach, the first difficﬁlty arises from
the fact that the Green's function in a general anisotropic plasma can
not be found in a closed form. Furthermore, in a hyperbolic plasma, the
Green's function is singular not only at the source point but also at
other places. Therefore, how to regularize those singular points in the
kernel of the integrél equation is another difficult task. - Thirdly, the
current in general has two components, longitudinal}and azimuthal, and
therefore, one may have to solve two coupled integral equations. The last
but not the least difficulty for a tubular antenna is that the integral

equation approach includes both inside and outside currents on the antenna.
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In hyperbolic plasma or in warm plasma, the inside current may play an
important role to the solution from the integral equations, even for a
thin antenna. More detailed explanation about this point will be given
later.

If the multiple reflection approach is used for an antenna problem in
an anisotropic plasma, the major difficulty lies in the calculation of
the reflection from the terminals. Furthermore, a key fact which contributes
to the success of the multiple reflection approach in the isotropic medium

is that the reflected and the incident current waves vary along the

Yo
«w

longitudinal direction according to the same universal function. It is
because of this that the multiple reflections can be summed up in a closed
form (Neumann series).+ Whether the current waves in an anisotropic
plasma also have such a property remains a crucial question.

Due to these difficulties, the finite rigorous solutions for antenna
problems in plasma have been obtained only for several special cases,
as presented below.

(A) Isotropic Cold Plasma

For X < 1, we give here two well-known formulas, one is suitable fora
short dipole and the otherfora relatively long antenna. For vKy, koh << 1,
an approximate expression for the input admittance derived from the integral

. 237 . .
equation is given by

il 3 2
Y 27H H H
t =) - 2H j[ 3 ( 3 ) }a (5.1)
H[2KV£(!) 2] {6)&1——— -9 o) 2H :‘

A << H 1

b -1 %4k
The leading term is (1 kz) T rikz

See, for example, reference 571,
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In the above formula we have used the notations defined in (4.4). Fora
relatively long antenna, one approximate expression is obtained by con-

sidering the multiple reflections between the two ends of the antenna;

the result isS63’ 571
Y =m+2_13_g_2_§_1:1.)__ H> 1> A (52)
in in = 1-RU(2H) ° )
where
-nf 2 -2
_ o T A=2 -3
R = —= (1+12s20 +2.40490)
Qo ==2 fn A - 1.15 - 4T
(5.3)
UCH) = %; e-jH[P(é) _ 055772 _ lé3ll8 + OLQSQ + 3é9969]
PT(H) P (H) P(H) P (H)
P(H) = £n [—2jH/(l.78A)2]

In (5.2),'Y:; is the admittance of an infinitely long antehna in the same
medium, as given in (4.3). The notatiensH and A are again defined as in
(4.u).

For X < 1, no convenient analytical formula is available. However,
since the current wave on an infinitely long antenna decays exponentially
away from the feed, the termination effect at the two ends of the antenna
is relatively unimportant. Hence, provided the antenna is not too short,
its input admittance should be very close to that given in (4.5).

(B) Uniaxial Plasma

For elliptical plasma, the scaling procedure leads to (5.1) for a
short antenna, and (5.2) for long ones with Y?n as given In (4.3) and

n, A, A, and H as defined in (4.7). The formula in (5.1) is practically
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the same as the one derivable from the quasi-static approximation and
will be detailed in the next section. For relatively long antenna,
some typical results of Yin computed from (5.2) as a function of Y are
presented in Figure 1.7b.

The finite antenna in hyperbolic uniaxiali plasma was recently
considered by Lee.268 He indicated that the classical Hallén type integral
equation approach is not suitable since it does not describe the actual

physical situation closely. The current I(t)(z) used in the integral

equation formulation generally consists of two components

1Oy = 180Gy 4 12) (5.1)

(in)(z)’

where 1 and I(z) are the currents on the inner and outer surfaces,
respectively. If the antenna is situated in the free space or the
elliptical plasma, the antenna radius is generally small enough so that

all the waveguide modes inside the antenna tube are far below cutoff,

and therefore I(in)(z) does not contribute significantly to the total
current I(t)(z), However, the situation is completely reversed for an
antenna in a hyperbolic plasma where the waveguide modes do not suffer

any cutoff due to the infinitely extended dispersion surface. Consequently,
the wave propagating inside the cylindrical antenna may play an important
role for the solution of I(t)(z) from the classical integral equation.

In the actual physical situation, however, this is not quite so. Either
the antenna is made of a solid rod, or a tube whose radius is so thin that the
plasma practically cannot penetrate into the interior of the tube freely.

In the latter case, to be precise we need to solve the problem of an

antenna in an inhomogeneous medium, which of course is quite difficult.

The solid antenna in a hyperbolic plasma was recently treated by
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considering the multiple reflections between the two terminals of the
antenna, This result for the input admittance is given by (5.2) with

the following notations:

-2
2
_+ 1l T -2 _ A
R———21T (1+—-—129 ) [1 ——12] (5.5)

Q, U(H), and P(H) are given in (5.3)
n,A,A, and H are defined in (4.9).

It is interesting to note that except for a minus sign the reflection
coefficient R at the €0lid end of the antenna is practically (since A << 1)
the same as that in (5.3) for a hollow-tube antenna in an elliptical
plasma, as far as the current on the outer surface of the antenna is
concerned. Some typical values for the admittance of a finite antenna in

a hyperbolic uniaxial plasma are presénted in Figure 1.8a.

(C) Isotropic Warm Plasma

The problem of a finite tubular antenna in an isotropic warm plasma
can be formulated in terms of two coupled integral equations and has been
solved by Wunsch525 through numerical techniques for the case when the
source frequency is greater than the plasma frequency, i.e., X < 1.

If X is not close to unity, the current distribution along an
(acoustically) thin antenna is slowly varying, similar to that in a
cold plasma. Therefore, for an (acoustically) short antenna,“ the
current is well;approximated by a triangular distribution. However, for
X close to unity, the current is oscillating. The oscillating period of the
current wave is of :the samelprderwas that of the surface wave guided along an
infinite cylindér as discussed in Section 4D,

“In the examples computed by Wunsch,525 h = (l/H)AP where Ap = (2m) /(w/u).
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The input admittance of an antenna with parameters* S%E = %ﬂ-x 10—35
§-= Ei-in a warm plasma with (c/u) = 103, is presented in Figure 1.13
and Figure 1.1l4. Note that, provided X is not close to unity, results
obtained by Wunsch are approximately the same as those resulting from
the induced e.m.f. method with assumed triangular distribution for the
current. As will be discussed in the next section, these results bear
a limited physical meaning due to the inherent difficulty in the warm
plasma model.

It should also be mentioned that tﬁe solution obtained by Wunsch525
is that of integral equations similar to Hallen's integral equation in
free space. Therefore itsrcurrent includes both the inner and outer
componenté on the tubular antemna. It is known that there is always a

o ole

“ W i
‘propagating mode inside a tube filled with warm plasma no matter how
small the tube radius is. Therefore the inner current should contribute

more than a negligible part to the total current, and therefore Wunsch's

solution is perhaps not a good approximation for a solid antenna.

Y.

“For wp g 27 X 106, h is about 0.7 meter. Also h = (2'25//§_)AP

o ola
ww

Also known as Trivalpiece mode.
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6. IMPEDANCE OF A FINITE ANTENNA II: TRIANGULAR CURRENT DISTRIBUTION

The rigorous solution of*antenna impedance in plasma as described in
the previous section is very difficult, and useful results have been
obtained only for a few special cases, by using approximations. Among
the various approximate methods for calculating the impedance of a linear
cylindrical antenna in plasma, the most commonly used is the induced e.m.f.

method ; namely,the input impedance is computed from

7 = -

in fEZJ ds (6.1)

H
o wh*

where J is the assumed longitudinal current density, and Io is the current
at a reference poiﬁt on the antenna. The key to the succéss of this method
lies in the guessing of the '"right" current J(z). Unfortunately, very
little information, either from experiments or theory, is available for
helping us in this guessing.

For an electrically short and thin antenna in free space, the choice
of a simple triangular distribution for the current, i.e.,

S(p-
J(z) = 1_(1- 1§Jo ”E%Bél , |z] <n (6.2)

is generally considered a good one. Many authors continue to use (6.1)
for "short" antennas in plasma, and have obtained some qualitatively good
results when compared with experiments. However, there are several
difficulties and questions in connection with the use of (6.1) and (6.2)
for antennas in plasmas:

(i) Sometimes it is difficult to determine how "short" physically
an antenna is to be an electrically short antenna in plasma. In warm plasma,

for example, there are two wavelengths, that associate with the electromagnetic

L6



wave and that with the acoustic wave. An antenna which is very short in
terms of the electromagnetic wavelength may appear extremely long to the
acoustic wave. As another example, consider the isotropic plasma with

w < wp. Since there is no wave propagation there is no wavelength to compare
to the antenna length.

(i) In the case of warm plasma, the induced source on the conducting
surface of the antenna consists of both current and force. How the force
on the antenna affects the validity of the induéed e.m.f. method is an
important, yet unanswered question.

(iii) In an anisotropic plasma, the current in general has not only
longitudinal but also azimuthal components. The effect of the azimuthal
current is not included.in (6.1).

Despite the above drawbacks, the impedance computations from (6.1)
and (6.2) have been carried out in various plasma models and have been
cited most extensively in the literature for discussions and comparisons
with experiments. In the following, we present results for anisotropic
cold plasma and isotropic warm plasma models.

(A) Anisotropic Cold Plasma

The radiation resistance Rra of an infinitesimally thin and short

d

dipole with assumed triangular‘distribution has been computed by Seshadriuo2

and his results are plotted in %igures 1.15and 1.16., These two figures may
be compared with Figures 1.3 and 1.5, where a Hertz dipole was considered.
The major difference between the two sets of figures is that Rrad of a

Hertz dipole is always infinite in the hyperbolic region, while that df

a finite short dipole is finite. As pointed out in Section 3, the finite

R g Of @ dipole inthe hyperbolic region is due to the fact that the assumed

triangular distribution in (6.1) is sufficiently smooth. However, it is
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where the upper row for X > 1 and the lower one for X < 1. It is not
surprising that the second term in (6.4) is identical to (6.3). The absence
of the small resistive term (no/6ﬂ)(/Kl koh)2 in (6.3) is due to the ap-
proximation ko + 0 involved in the quasi-static method.

Furthermore, we observe that (6.3) agrees with the dominant term of
the imaginary part in (5.1), which was obtained for a short dipole in el-
liptical uniaxial plasma using rigorous approach.

Numerical computations of (6.3) for some typical parameters are presented
in Figures 1.17, 1.18 and 1.19 where both lossless and lossy plasmas are
considered. In the lossless case, the resistance is zero whenever the dis-
persion surfaces are bounded. The finite resistance elsewhere results from
a negative argument in the logarithmic term. The reactance blows up at wu
and has two zeros, one at wc and the other at a frequency low enough to make
Re Kn(v?;h//?; a) = 1. As w approaches 0, both the resistance and reactance
become infinite, while at very high frequencies they retain their free space
values, as expected. The introduction of collision loss tends to smooth the
impedance curves, and sometime modify them significantly.

Under quasi-static approximations, Balmain has also computed Zin from

(6.1) and (6.2) when the dipole is inclined by an angle 60 with respect to

the z-~axis, the direction of the static magnetic field. His result i523
n K h
o t
Z. = s [N —— - 1] (6.5)
in ]ﬂ(Ktkoh) Kza
. 2, 2
Kt = J%l(K“ sin 60+KLpos Go)
(6.6)

Ky /Ky

[
/& sin26 +K cos26
' ’ o) -.L O

1 Ry

~
()
il
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also interesting to note that the infinite value of Rra at the upper

4
hybrid frequency w, = Vwi+w§ can not be gotten rid of even with a
triangular current.

The real part of the input impedance Zin computed from (6.1) and

(6.2) is believed to be the same as Rra computed by Seshadr*iu02 [Figure

d
1.15and Figure 1.16]. Information about the imaginary part ofAZin, however,
is not available.

A simple and usefu; expression for Zin can be obtained from (6.1)
and (6.2) if the quasi-static approximation is used. In the quasi-static
approximation, the frequency w (or ko) is allowed to approach zero
but the elements of the dielectric temsor X are kept fixed. In such a

62,151,506

limiting case, Balmain23 and others have obtained

Z, = [Ln - 13, h >> a (6.3)
Sk h) Ky a

(n_/vK;) VKi h

which is independené of the off-diagonal term Kx in the dielectric tensor.
By considering the radiation of a point source in anisotropic cold plasma,
Mittra and Deschamps311 have shown that the very near field is independent
of KX. This finding seems to support that the absence of Kx in (6.35 ig’
not a serious limitation of the quasi-static method.

An interesting point to be mentioned is that if one uses 'a uniaxial
plasma model (elliptical or hyperbolic), the computation of the impedance

from (6.1) and (6.2) gives

oo )
MR Ry k) -
6T (n /VK,) ¢ K h'l
Zin - _< > _ j’ (@] ‘L m " s (60”‘)
ﬂ(‘/{(: kOh) K“ aj
. 0 J
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where KJC and K£ may be regarded as the tranverse and the longitudinal scaling
factors, respectively. It should be pointed out that (6.5) cannot be obtained
by using a uniaxial model. Thus, even though the quasi-static and uniaxial
approximations give practically the same results for a short dipole with
parallel orientation, they do not agree in general,

(B) Isotropic Warm Plasma

As mentioned earlier, in a warm plasma the computation of Zin from (6.1)
does not. include the pressure term on the antenna surface, and therefore the
validity of the induced e.m.f. method is questionable. In this section, we
will furthermore demonstrate that the result obtained from (6.1) and (6.2)
is not a stable ocne, and thefefore has limited physical meaning.

For a given current such as that in (6.2) radiating in warm plasma, the
céntributions from the electromagnetic wave and the acoustic wave can be
completely separated. Thus, the impedance of a thin antenna (li>>a) computed

from (6.1) and (6.2) is found to be

Z. =2 + 2 (6.7)
in e P

where Z_ is the contribution from the electromagnetic wave and is precisely
the same as that given in (6.3); while Zp is that from the acoustic wave

and 1s given by2q

Tt

0 2 »
e e lRRUSILEAUS RO

Zp =1 (6.8)
nx
-3 TR Io(jkpa)Ko(jkpa) . X>1,
\_ o
h>>a
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where kP = (w/u)vl-X = (C/u)VK||kO, the acoustic wave number. JO,YO,IO
and Ko are Bessel functions.

In order to study the inFfluence of the acoustic wave on antenna radiation,

let us consider

Re(Z +Z ) 3
e P -1+ [EEK_____] [ _é{] 72k a) (6.9)
ReZe (l—X)3/2 kob_ o'p

which is a ratio of the resistance of a short antenna in warm and cold plasmas.
Concentrate on the second term of the right-hand side of (6.9). The first
factor indicates that the radiation is greatly. enhanced by the presence of

the acoustic wave when X = 1. The second factor gives the anomalous behavior
that the shorter the antenna the larger the radiation resistance in a warm
plasma., This is due to the extremely large dispersion surface of the acoustic
wave, as has been explained in Section 3D in association with (3.9). The
third factor is the most interesting one. Since in many situations, except

perhaps X = 1, we may approximate the Bessel function by

2 L2 2 i
Jo(kpa) S wkpa cos (kpa -3 X 41, kpa>>l (6.10)

which is a rapidly oscillating function, then if the radius of the antenna a

is changed by a small fraction

T _lauy _1 A, xX#$1 (6.11)
ha = ~ ﬁ(c) ©
2k 1-X

the ratio given in (6.9) varies from unity to an extremely large number. In
other words, the acoustic wave can contribute from zero to nearly 100% of

e s . . s -4 -5 . .
the total radiation just by a variation of 10 Ao or 10 Ao in radius!
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Similar conclusions can also be reached due to the variation of a fraction
of a degree in temperature of a plasma of several thousand degrees. This,
of course, is not physically plausible and is due to the inherent difficulty

in the warm plasma model.
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7. CONCLUSTIONS

Rigorous solutions for the impedance of cylindrical antennas in
linear cold or warm plasma have been obtained with either of the following
assumptions: First, that certain plasma parameters approach their limiting
values, i.e. when the plasma becomes isotropic or uniaxially anisotropics
second, when the antenna becomes infinitesimally small or infinitely long.
Even though the applicability of these solutions to practical situations is
limited, they do shed some light on the influence of anisotropy of the medium
on the impedance of the antenna.

Because rigorous solutions are, in general, difficult to obtain, resort
is made to approximations. Oftentimes, these approximations are based on our
knowledge about antennas in freespace, but their applicability to the
problems of antennas in plasma has not always been fully established. For
a " short " dipole, the induced emf method with an assumed triangular current
distribution is generally accepted as a reasonable one and has ylelded results
that compare favorably with experiments for certain ranges of cold plasma
parameters. Nevertheless, it is difficult to state precisely what the range
of applicability is, for example,to tell how small an antenna must be to be
regarded as a " short dipole " in a plasma.

The role played by acoustic waves in the antenna impedance has not
been satisfactorily elucidated. Because the acoustic wavelength is extremely
small compared to the electromagnetic wavelength, the results obtained so far
for the impedance of short dipoles are inconeclusive in the sense that the
contribution predicted for the acoustic wave to radiation may vary from very

small to very large values when very small changes in the antenna dimensions
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(10-% A ) or in the plasma temperature ( a few degrees ) are assumed.

Conceivably, the impedance of an antenna in plasma should be quite
sensitive to its immediate surrounding. Thus, the effect of the sheath
enclosing the antenna is a vital probiem that needs to be solved. Moreover,
for transmitting antennas nonlinearities have to be taken into account and
very little work has been done in this area.

As a concluding remark, we would like to point\out that in the past
ten years  great attention has been given to the problems of antennas in
plasma and almost all the idealized problems which are reasonably manageable
from a mathematical point of view have been worked out. Some basic under-
standing has been gained, but the complete physical problem is far from
being completely solved. Future research should be directed towards more
realistic modeling of problems and the use of computers to solve the resulting
complicated equations numerically, rather than introducing too many idealized

assumptionsin order to carry out elegant mathematical exercises.
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PART 1II

MEASUREMENTS

by

M. J. Al-Hakkak
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1. INTRODUCTION

As in the early stage of the study of any physical problem the
importance of the experimental work cannot be overemphasized, there has
been relatively very little experimental work on the antenna properties
in plasma as compared with the enormous theoretical counterpart. This is
because  good experimental work,whether in the ionosphere or in laboratory
plasma, is even more difficult than theoretical analysis and is also quite
expensive. Insofar as the available experimental data are concerned,
they have, at best, only shown qualitative agreement with theoretical
predictions. This is not surprising, however, if one considers the following
reasons: First, the plasma models used in theoretical analyses (unbounded,
homogeneocus , etc.) do not exactly represent the physical situation.

Second, there is not 'yet: a .complete set of reliable theories which can be
used for the interpretation of the measurements. Third, accurate and
complete diagnosis of the plasma parameters is extremely difficult,
Despite all of these difficulties the experimental work has supplied to us
much vital information about the behavior of antenna impedance in plasma.
In this part of the report, we will summarize those important measurements
made in the ionosphere and in laboratory plasma and their comparison with
theory.

SiﬁcethesheaTh,effect is inevitable in any experiment concerning
antennas in plasma and since theoretical consideration of this effect has
not been considered in the first part of this.report, a brief description
of the sheath problem relevant to experiments is included. Also, because
most of the measurement has been done in the ionosphere, a brief survey

of ionospheric parameters is pertinent.
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2. IMPEDANCE MEASUREMENTS IN THE IONOSPHERE

A high percentage of the impédanée measurements have been done in
the ionosphere, a natural source of plasma, and they were mainly meant for
the determination of medium properties---the electron density in particular.
Antennas in the icnosphere may also have other uses: o measure fields, as
in radio astronomy applications, or as transmitters of radio signals.

When used as receivers, knowledge of their impedance is important in order
to calibrate the measurements. As transmitters, they pose another
problem nonlinear effects and high temperature due to the high field
strength associated with the near field. In fact, the possibility of
plasma breakdown places a limit on the Strength of the transmitter and
thus restricts the usefulness of high power transmission. A serious
experimental study of antenna impedance properties for such uses has not
been found in the literature.

For measurements in the ionosphere, rockets have to be launched
carrying probing antennas and measuring and recording instruments. Any
launched rocket travels along the familiar parabolic path reaching a
maximum altitude in the ionosphere termed the "apogee." Since the ascent
and descent paths traverse different regions of the ionosphere, measurements
at the same altitude usually differ in the two cases. This indicates that
the ilonosphere is not horizontally uniform. The measurements are recorded
against a time scale. By knowing the time after leaving the ground, the
position of the rocket in the ionosphere can be determined rather accurately,
and the results may then be reduced to describe the variation of the
ionospheric parameters against altitude.

The electron density in the ionosphere ranges from lO3 to about 106
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electrons per cms, corresponding to plasma frequencies of 280 KHz to

8.0 MHz, respectively. It increases rapidly to a maximum at an altitude

of 300 km and drops slowly to lO2 or lO3 at a few earth radii. The geo-
magnetic field strength depends on both altitude and latitude. At the
earth's surface it is about 0.6 gauss (fL = 1.7 MHz) 'near the poles and about
0.3 gauss in the equatorial regions. At an altitude of 500 km, it reduces
to about 0.4 and 0.2 gauss respectively. The collision effect is often
neglected in interpreting antenna impedance in the ionosphere. The
collision frequency decays rapidly from about 100 MHz at 50 km altitude

to about 1 KHz at 150 km.

(A) Plasma Resonances

As we have seen in part I, the theory predicts that antenna behavior
is complicated whenever any of the various plasma resonances is exc¢ited.
In addition to the fundamental resonances wp, W, and w ionospheric
measurements revealed resoﬁance effects at still other frequencies, the
harmonics of the cyclotron frequency. The launching of the Canadian
ionospheric topside sounder satellite, Alouette I, on September 29, 1962,
ushered in a new era of ionospheric measurements. Topside sounders were
designed to explore the ionosphere from above by measuring the time delay
between transmitted R.F. pulses and their received echoes as a function
of frequency. Ionograms obtained by these sounders showed not onlylthe
presence of expected echo traces but also the existence of immediately
returned signals at certain characteristic frequencies and often decaying
slowly in time. Figure 2.la is a sketch of a typical ionpgram‘showiné

the virtual (range) of the echoes versus sounding frequency.lSO" The

spikes,278 splashes,542 or resonanceslso"r)43 were associated with the
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properties of the magnetoionic medium in the vicinity of the satellite,

and were identified103’278

as corresponding to the local wp, W, W, and
the harmonics of wh. Later, up to 19 cyclotron harmonics have been observed.
A l@?oratory experiment closely related to the Alouette gyro-resonance
phenomena has been conducted By Crawford, et al.Suu. A typical result is
shown in Figure 2.1b where the cyclotron harmonics are clearly evident.

The interpretation of the fundamental resonances and their effect
on antenna impedance has been extensively surveyed in part I of this
report. The cyclotron harmonics, however, received relatively little
attention in the literature. Théir occurrence was first interpreted as
due to phase bunching of the electrons as they gyrate around the earth's
magnetic field.39 It was later explained on the basis of electrostatic
oscillation130 it was concluded fhat the condition for the long persistence
of these local oscillations was that the group velocity should be very
small compared to the phase velocity. There has been no truly comprehensive
treatment of the problem of excitation and reception of these resonant
frequencies by satellite antennas and, moreover, almost all expefiments
concerned with the antenna impedance have avoided measurements at the
frequencies of the cyclotron harmonics.

(B) The Ion Sheath

The most important factor affecting antenna impedance measurements
is that any material body immersed in plasma disturbs it. The reason for
this is that electrons move much faster than ions; they are absorbed at
the surface of the conductor which then takes a negative potential and
becomes surrounded by an excess of positive ions. This is the sheath.

Its nature depends on the body material (conductqr or insulator) and on

the body geometry. Its existence renders the surrounding medium inhomogeneous
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and hence its effect on the antenna impedance should be taken into account.
The physical processes at the sheath boundaries are complicated and a
rigorous formulation of the boundary conditions for an antenna in plasma
is, in general, a formidable task. Theoreticians who are more concerned
with the electromagnetic theory than the relevant plasma physics of the
boundary condition often resort to simplified boundary conditions. The
approaches usually considered are reviewed by Bachynschill and summarized
below:

(i) The sheath region is neglected entirely and the antenna is
assumed to be in direct contact with the plasma with a rigid boundary

conditionL.LO2

This assumption is obviously not realistic, although analysis
using this assumption may yield useful qualitative results in some idealized
cases.

(ii) The sheath is represented by a dielectric layer included between
the antenna and the plasma, corresponding toa simplified model of an
insulated an’cenna.’+05

(iii) The "rigidity" boundary condition for a warm plasma is made in
which the sheath is visualized as a hypothetical double barrier formed
from infinitely heavy positive and negative ions, which prevents the
penetration of electrons into the metal.127 Other attempts represented
the sheath by an electron depletion layer or vacuum adjacent to the
sheath edgeulu, Many ionospheric measurements of the aﬂtenna impedance
are interpreted with this assumption. Therefore a brief theoretical analysis
of this approach will be presented below. However, since it is known that

charged particles cross the transition region and are absorbed by the

antenna; this boundary condition is. physically restrictive.
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(iv) Under a "sheath collapseé" condition, to be discussed later,
the electron density is assumed uniform up to te antenna surface. The
boundary condition assumes that there is a continuous flux of electrons
to the surface and, in an idealized case, the surface is imagined to be
completely absorptive such that no electrons are emitted. In some cases,
impedance measurements under this boundary condition yield satisfactory
results.

While the sheath has been gxtensively studied by physicists and
solutions for potential profiles, ion currents, energy distributions and
space potentials of boundaries for plane, cylindrical, and spherical
geometries have been developed, these results have not been seriously
used for direct application to antenna problems because inhomogeneous
layers complicate the problem considerably. Most papers assume a homogeneous
sheath.

RF Sheath

Consider a long cylindrical antenna* of radius a and embedded in an
isotropic plasma. -As a first-order approximation, the sheath is represented
by a uniform depletion layer of thickness ro and dielectric constant 1,
sandwiched between the antenna and a uniform plasma. A simple analysiszl7
prcceeds as follows: First, the antenna potential+ V is computed from a
knowledge of the electron density N and temperature T of the plasma.
Second, this potential is used to derive the sheath thickness by solving
the following transcendental equation

atr
O °

a (2.1)

2¢e V = Ne(r2 + 2ar )dn
o o o

A direct application of this analysis will be made in the discussion of
antenna impedance measurements in the ionosphere,

+The potential at radius a+rO is taken to be zero and called the space or

lasma potential.
P P 67



Among the effects of the ionosphere, thermal and photoemission effects
change the actual potential of the vehicle in an uncertain manner and an

actual measurement of this potential is necessary. This is usually done

51,101,226

by means of Langmuir probes. Measurements indicate that the
vehicle potential is, generally, less that -1 Volt. Solutions to Equation
(2J3517 are shown in Figure 2.2a. Once the sﬂeath radius is determined,
the capacitance of the sheath may be easily found to be

2ﬂ~€b h

C =
=

r (2.2)
n O+a
a

The measured input impedance is then taken as the series combination of
CS and the capacitance of the antenna in a homogenous plasma medium.
Since the sheath thickness v, depends on the potential V, it Willi
increase if the antenna is biased negatively with respect to the vehicle
and vice versa. If the antenna voltage varies slowly, for example, when
a small signal with a frequency much below plasma frequency is applied,

the sheath thickness will vary accordingly. This in-phase variation

yields a conductance which was found to be315
G = 21TahNe2
S ommer (2.3)

where k is the Boltzmann's constant. From(2.,2)and(2.3)it may be seen
that for small sheath thickness CS « N and GS « N,

At radio frequencies close to the plasma frequency of higher, the
sheath cannot follow the voltage variafion well and electrons at the sheath
edge will have an irregular oscillation around the edge. An approximate
time-average sheath thickness may be found by describing electrons'motion
and solving the resulting nonlinear differential equation517. Figure 2.2b

shows the dependence of the effective sheath radius r = a + v on frequency
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and strength EO. The parameter B is defined by B = eEo/mw2a Typical
values of sheath thickness range between 1-10 cm. The simple illustration
of the uniform sheath is usually not wrealistic for moving antennas in the
ionosphere. Asymmetries are introduced in two ways: First, the motion
of the wvehicle or the rocket with a velocity greater than the mean thermal
velocity of the ions and less than'the mean electron thermal velocity.
results in a net collection of ions primarily on the forward surfaces of
the vehicle and in a deficiency of ions behind. This is termed the "rvam"
sheath. It modifies the normal sheath and results in a complicated dis-
tribution of charged-particle concentration around the vehicll.e.ll’572
Second, the motion across the earth's magnetic field of long antennas on
satellites orbiting at a high velocity ¥ may produce an appreciable
potential gradieht (;fx % * L) along the antennas. This potential gradient
results in that the tip of one antenna attains a positive potential and
thus collects electrons and exhibits the smallest sheath radius. The
rest of the antenna system is below the flbatingrpotential and collects
ions, as shown in Figure 2.3;573 This is known as the v x B sheath.
The effect of these two sheaths is usually disregarded in the interpre-
tation of antenna impedance measurements.in the ilonosphere,

A phenomenon of the sheath often made use of is the ''sheath collapse'.
This may be achieved when a dc bias just sufficient to bring the potential
of the antenna to zero is applied. This point can be identified
approximately from an examination of the de¢ current-voltage characteristics.
Under a collapsed sheath condition the electron denéity is taken as
uniform up to the surface, and this surface is assumed absorptive.25’127

In general, cool and clean metal surfaces do not give off electrons and

the above assumption is adequate for many practical purposes. Sheath
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Figure 2.3 The v x B sheath (after Osborme et al. )
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collapse is usually easy to achieve in the laboratory but not so easy
in the ionosphere due to the lack of ‘a stable reference potential and
effects of the vehicle motion.

(C) Other Ionospheric Effects

The ionosphere is a very complicated medium, even the above consider-
ations are regarded insufficiently accurate in some cases. The sheath
problem, in particular, is still not complete and no definite conclusion
has been found. Many phenomena are often idealized or ignored in order
to simplify the formulation and analysis of the antenna problem. Among
these is the absence of a stable reference potential‘183 other than the
plasma itself, and complications result from the local perturbations in
plasma properties causedvby the probe and vehicle. Photoelectric emission
effect is usually ignored, but in full sunlight it may produce currents
of the order of 3 x lO—lS,amp/cm2 from metallic surfaces. This current
is in the same directionas a positive ion current to the surface. When the
electron density is low it may exceed the random electron current and then
produces a positive potential at the vehicle. Ina realsituation, other
complicating processes should be kept in mind: outgassing of rockets or
payload components,ablation off the vehicle, contamination from rocket
exhaust, presence of electrostatic or electromagnetic fields, shock
wave disturbances, meteor and cosmic ray bombardment, etc.

(D) Measurements at High Frequencies

Since about 1957 a great deal of work has been done toward developing
a reliable probe for the measurements of the ionospheric parémeters,’the

218,215,178 ,

electron density in particular. Early rocket flights
employed an RF impedance probe. This is a dipolé antenna operated at

frequencies well above the local plasma frequency and hence the dipole
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is considered electrically short. The input impedance of 'such an antenna

is known to have a dominant capacitive reactance term with small radiation
resistance. When put in plasma, the change in capacitance is taken to be

a direct measure of the local electron density, 1.e.

80.6 N

£2 (2.4)

Ac = -

where f is the signal frequency in KHz and N is the local electron density

214,221
o]

per cm3. Results based on this idea were not satisfactory, £

course, since the effect of many other parameters was ignored. The :
strongest of these is the effect of the sheath. Later measurementsSl’226
with reduced RF voltages and regulated dc bias voltage ylelded electron
density results which were closer to those obtained by the propagation
method.lg and others The sheath capacitance could be approximately
determined after an actual measurement of antenna potential using a
Langmulr probe mounted flush with the surface. As a first order approxi-
mation, the measured capacitance istsken as the parallel combination of

the antenna and sheath capacitances, and in this way the electron density
may be calculated. In some cases where the sheath thickness is very small,
the sheath capacitance is consequently small and the measured value may
well be taken as the sheath capacitance itself.51 The measurement is then
a direct indication of the electron dénsity. However, in the lowest part
of the ionosphere, where the collision frequency effect cannot be ignored,
‘the change in the resistive part of the measured impedance had to be taken
into account simultaneoﬁsly. An appreciable change of resistance was,

by the way, observed even in the high ionosphere where the collision

effect is negligible and the observation stimulated the study of possible

excitation of electroacoustic waves by the antenna. The electron density
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may then be found from21’237

: 2
w2 £ AX + (AR)® /AX (2.5)

R+ [AX + (AR)?/AX]

where XO is the free space reactance. However, probes so far have not
provided good measurements of collision frequency because of the sensitivity
problems in the weakly ilonized lower region of the ionosphere where col~

lisions are important.

(E) Measurements at Low Frequencies

At extremely low frequencies (very high X and Y), a dipole antenna
may in fact be considered a symmetrical Langmuir probe, and the input
impedance is purely resistive (Equation(2.3). At slightly higher fre-
quencies, it becomes necessary to consider the charge balance between
the probe and the sheath resulting in the sheath capacitance (Equation(2.2)).
Measurement at low frequencies demonstrates the dominant role of the sheath
and its usefulness in determining the electron density. From a rocket
flight in the D region, measured admittance values for a shorf dipole at
16.5 KHz were compared with values calculated on the basis of Equatiohs (2.2)
and (2.3)315 as shown in Figure 2.4. The agreement is qualitatively very
good. Results from another flight in the E region using three orthogonal
dipoles and operating at three distinct frequencies 175, 204 and 250 KHz,,L}75
also indicated the importance of the sheath characteristics at low fre-
quencies. However, die to large fluctuations in the results caused by
spinning of the rocket and hence fluctuating antennas orientation, a qlear
quantitative effect on the sheath could not be deduced. In general, low
frequency probes could be used as useful means to measure electron density

and possibly the temperature of the ionosphere.
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(F) Measurements at. Intermediate Frequencies

At frequencies where the various plaéma resonances may be excited,the
impedance characteristics are more complicated and the effect of the antenna
orientation is more pronounced. According to the theory (Figures 1.17, 1.18
and 1.19), the input admittance of a short dipole in a lossless magnetoplasma
and oriented parallel to the dc magnetic field has a real part only in
regions 3, 7 and 8 (Figure 2.9b). The imaginary part is infinite on the
line x = 1 - Y2, capacitive -in regions 1, 2,6, 7, and 8 and inauctive in
regions 3, 4 and 5. Moreover, as the orientation angle © [Equations 66.5)
and (6.6), part I] is increased from 0 to 900 the conductance, in general,

23,224

increases while the susceptance decreases. The rocket spinning effect

51,337

usually appears in the form of cyclic chaﬁges in the data. Several

51,438,439,337,316,185 to demonstrate the

measurements have been carried out
properties mentioned above. The sheath has been a problem in all these
measurements although not serious in some. In the following, only data
obtained under sheath collapse condition or sheath corrected data will be
mentioned,

Resonance at the upper-hybrid frequency has been clearly observed by

some experimentalists.336°439

So has been the resonance at cyclotron fre-
quency,337 particularly by the Topside Sounder, Alouette II, Resonance

at the plasma frequency, however, has been less easy to detect by linear
antennas. The most systematic set of measurements by a dipole antenna,

438,439 From two flights, one at low

perhaps, was reported by Stone et al.
altitudes (up to 137 km) and the other at high altitudes (up to 1068 km),
two sets of measurements were obtained using short dipoles 2.6 m long.

The rocket trajectories identified by different frequencies are shown in

Figure 2.5. Figure 2.6 shows the collected data for both the resistance
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X

Figure 2.5 Trajectories of impedance measurements in the ionosphere

corresponding to the data in figures 2.6(a) and (b) (after

7
Stone et al.u3 ,439)
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and the reactance. It may be noticed that at the lower frequencies,
peaks in the reactance near X = 1, as predicted by the theory, are not
easy to identify. Moreover, the peaks in the resistance were noticed to
be substantially lower than theoretical values based on the quasi-static
approximation. This expected disqrepancy may be attributed partly to
uncertainties in the effects of collisions, inhomogeneitiesin the sur-
rounding medium and orientation of the antenna with the geomagnetic field.
At high altitudes, where collisions may be neglected, the measurement
revealed better qualitative agreement with the theory, although at X = 1
the observation is not consistent. It was thought'that the rate of
sampling used in the. measurement was too slow to definitely establish this
point.439

The importance of finding the plasma frequency for determining electron
density:in the ionosphere and the partial failure of linear antenna im-
pedance measurement tec¢hniques to achieve this purpose led to the development
of new tools which have sharp responses at the plasma resonances. Some of
these tools are briefly discussed below:

. 545 .
1. Resonance Probe: It was found by experiment that the RF impedance

between two electrodes immersed in a plasma exhibits a minimum at a
frequency_“wr which appeared o be,at first,the éame as the plasma frequency
cbtained from probe measurements of electron density. A later experiment446
studied the variation with frequency of fhe incremental dc component of the
current of a simple Langmuir probe when modulated with an RF voltage. A
peak was observed at a frequency which was also believed to be the plasma
frequency. This interesting result stimulated an extensive study of

54,101,168, and others

this phenomenon and a conclusion was reached that

the frequency of this resonance, sometimes called ''sheath resonance,”
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depends on. the thickness of the sheath and is related to the plasma

frequency by169

W
w, = —Ek— (2.6)
1+ R/kA

for a spherical probe of radius R. The electronic Debye’ length is AD‘
and k is an empirical constant for the RF sheath thickness expressed in
Debye lengths. A further study showed that a "dumbbell probe'", which
consists of two spheres on the tips of a dipole of length 2£, has the
same resonant frequency if £ >> T where r is the sheath thickness.
The effect of the static magnetic field was found to be negligible if B is
small and uniform. However, if the gyro frequency wc is comparable with
the zero—fiéld "~ value’ mr’ then mr increases and rapidly tends to the

limit wc.546 The impedance characteristics of a single sphere Ilmmersed

¢

in an isotropic lossy plasma is shown in Figure 2.7.54 Finally, from
examination of Equation (2.6), it may be deduced that for a clear resonance
R should be large enough,and further more, in far ionospheric and space
measurements where Debye length becomes long,probes as big as 100 m may
be needed!lOl

It should be mentioned that the probe described above is also called
the "Resonance Rectification Probe'" due to resonance observed with the de

current mentioned earlier.

2. Resonance Relaxation Probe:185 This is a sounder which sweeps frequency

over a wide range for possible detection ofcup,(uc and.wua " The .

entiré frequency range must be swept in a very short time in order to

relate the three resonant frequencies correctly. The probe is designed to
detect slowly decaying plasma oscillations of the type observed by the Alouette

satellite mentioned earlier.
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Normalized R & X

Figure 2.7 Impedance characteristics of a single sphere in an isotropic

lossy cold plasma (after Buckleysu)
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3. Gyro—plasma‘Impedance.Probe:336 This is a combination of a spherical

probe and a cylindrical boom. The length of the boom is large compared to
the size of the sphere. On the other hand, the radius of the boom is much
smaller than the radius of the sphere. When the collision frequency is
small, it was found that the input combination capacitance at Wn is minimum,
and approximately equal to the sum of the sphere and boom capacitances and
independent of the ion shéath. Moreover, at this frequency the cylindrical
probe capacitance does mot yary with the orientation relative to the static
magnetic field., Therefore, a more reliable measurement of Wu may be ob-
tained with this probe and knowing Wc’ the local electron density can be
determined,

In addition to the above probes,ivarious types of RF impedance probes
have been used which may be distinguished by the technique of‘measuring

the impedance. These include the standing wave impedance probe,l78 the

plasma frequency probe179 and capacitance probes.u&L

Perhaps, the most extensive.set of admittance results measured with
several probes simultaneously, has been reported by Heikkila, et~al.185
The probe arrangement shown in Figure 2.8a was used for a frequency sweep

from 0.1 - 3.0 MHz and in the E-region. Resonances excited by the resonance
relaxation probe are shown in (b) which seem to be quife consistent.,

Measured results for thé complex admittance of the sphere are shown in (d)
reduced from raw data shown typically in (c). The reasonance behavior
exhibited at iﬁtermediate frequendies with an inductive component of reactance
at some frequencies has been identified as the sheath resonance descfibed'
earlier. It occurs at a frequency below the plasma frequency as predicted

by the theory. Data at the top of Figure 2.8c, which are called mutual

admittances, have been obtained by connecting a receiver to a monopole
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Figure 2.8 (a) Probe arrangement on MIP rocket for measurements in the
ionosphere. (b) Resonances observed in the relaxation experi-

ment (after Heikkila et al.185)
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antenna about a meter away from the sphere on which the constant amplitude
signal was applied. Some of the minima have been identified as the funda-
mental plasma resonances. In (c¢) is also seen the effect of a resonant
increase in d.c. electron current resulting in a change in floating po=
tential. This occurs at a frequency below the plasma frequency as expected.
mgmwﬂ,ﬁmhmwwpm&mmwmmﬂswemmrﬂhﬂ?
because a mutual check of results under the same circumstances is possible.
1

Similar conclusicns have been reached by Baker et al.2

(G) Measurements Related to Radio Astronomy Problems

An important application of the precise knowledge of antenna impedance
in plasma is realized in the measurement of sky brightness temperature and
cosmic noise in the outer layers of the ionosphere. It is known that be-
cause of ionospheric shielding, it is impossible to measure the radiation
from outer space at frequencies below about 8 MHz at the surface of the
earth. A well calibrated antenna may then be carried to high altitudes of
the ionosphere where the brightness temperature of the sky may be found by
detecting the noise power developed in the radiation resistance of the
antenna whose radiation pattern is directed at the point of interest. It
may be shown that for a short dipole of length 2h, fhe average brightness

temperature T is related to the average detected noise woltage V by

3yl v*
2

T= 327K BZ (2.7)
o h

where K is the Boltzmann's constant and B is the bandwidth. The voltage

V may be measured accurately enough by a well-designed circuit makiné use

of the prior knowledge of the impedance properties of the antenna. Early

measurements carried out with loop antennas at 3.8 MHz revealed an average

sky brightness tenperature of 8.1 x lO6 °K at about 1000 km altitude.SSl’S52
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Later measurements, using a short dipole, deduced temperatures of
2.1 x 107 °K and 1.7 x 107 °K at 1.225 MHz and 2.0 MHz respectively when
the satellites were raised to about 1700 km al‘titude.so2 Changes in the
resistance corresponding to changes in the noise level were observed to be
. . 502,176 .
consistent with the theory " (Sea.6, part I). In particular, sharp
changes in the signal strength were observed at the upper hybrid Ffrequency,
and very strong noise in regions 3, 7 and 8 (See Figure 2.9 ), where the

trajectories of three receivers during the descending'portion of the

flight after apogee corresponding to the curves in (a), are also shown..
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3. IMPEDANCE MEASUREMENTS IN LABORATORY PLASMA

It may be realized from the previous section that there is a great
need for careful laboratory experiments on antennas and probes in plasma.
Not only better plasma diagnosis techniques are available, but more
accurate knowledge about the impedance may be known. The main difference
between‘measurements in the laboratory plasma and in the ionosphere may
be éﬁmmarized as follows:
(i) In the laboratory the ground reference potential is well established.
Grounded parts of the experimental system form a stable reference for
plasma and probe potential measurements. On the other hand, there is no
such stable reference on a vehicle in the ionosphere, other than the plasma
itself. The different local perturbations in plasma properties caused by
the probe and the vehicle contribute to the complication of this problem.
(ii) Electron densities in laboratory plasmas are usually very high (lO8
to about lOlg/cm3 in lasers). This fact leads in turn to measurements at
very high frequencies, even beyond the microwave and millimeter regions
to the laser region. Moreover, the density at any time may be varied within
a certain range by varying the pressure in the tube or the discharge current.

The laboratory plasma is usually more stable than that of the ionosphere.

(iii) While electron temperatures in the ionosphere do not exceed about 3OOOOK,
a plasma with temperature 40,OOOOK or more may be obtained in the lab-
oratory. If the Debye length is small enough to be compared with the antenna
length, the effect of plasma waves on the antenna characteristics may be
studied more easily. 1In the ionosphere, although the reduction in eléctron
temperature is partly compensatéd for by a smaller electron density, the
wavelength isistill large compared to the antenna length. Plasma effects

on the radiation properties of the antenna are, therefore, not so strong.
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(iv) The ion sheath is easier to control in laboratory measurements, and

a state of sheath collapse may easily be achieved. Then the medium around
the antenna is practically uniform unless the antenna is very near to the
anode of the discharge tube as in the case of a monopole antenna. In the
ionosphere, and due to the motion of the rocket with respect to the magnetic
field, the voltage induced along the rocket renders the plasma inhomogeneous
and adds to the difficulty of interpreting measured quantities, as we

have seen earlier.

(v) There is no spinning effect in laboratory measurements, unless it

is arranged. Moreover, the strength and the direction of the dec magnetic
field may be changed very easily and as desired.

(vi) One convenience in laboratory measurements is that théy can be re-
peated. In the ionosphere, it may mean firing another rocket! A fault

in the measuring device occurring soon after take off may cause a complete
failure to the whole mission.

In spite of these and other merits in laboratory plasma experiments,
there are still some limitations whose effects cannot be ignored, in some
cases. = Many experiments are made to investigate the validity of theoretical
analysis based on assuming a plasma medium of infinite extent. This can-
not be realized in the laboratory. However, it may be considered so if the
plasma container is large enough to have negligible effect on the near
field of the antenna and if the radiation is weak enough to neglect re-
flections from the walls of fhe container, If these conditions are not
well met the boundedness of the medium should be taken intc consideration.
The plasma may be nonuniformly distributed in the discharge tube and the
electron density may have high fluctuation with temperature. Some other
nonlinear effects also contribute to the difficulty of obtaining reliable

results.ll’27
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Two methods of generating plasma in the laboratory have been used

23,164

for antenna studies, the pulsed-discharged decaying plasma and the

553,430,451,223,27h 1. First has a prinecipal

steady-state discharge.
advantage that the temperature is low (about 3OOOK), but this advantage

is offset in part by the requirement that all measuring equipment should
respond in a very short time, less than a millisecond. Steady discharges,
on the other hand, may be obtained'and used with a considerable degree of
success and still maintaining a low temperature of lOOOok or so, Rare
gases have usually been used in hot-cathode or brush-cathode discharge
tubes. The brush cathode plasma has been found highly uniform and exhibits
fairly low electron temperature. Furthermore, since most of the anode to
cathode voltage drop occurs very near the cathode, the rest of the chamber
is essentially field-free. Also, in the negative glow region the pressure
is low enough to allow the negative glow to extend all the way to the
anode. The negative glow is independent of the location and of the anode
which allows flexibility in the design of the chamber.

Helium and neon have been coﬁmonly used in discharge. Neon has a
lower diffusion coefficient and a higher recombination coefficient than
Helium. This means that in a pulsed-discharge plasma, neon after glow
has a greater tendency to decay by recombination instead of diffusion,
and therefore it tends to produce a uniform plaéma. Helium is used beceause
of its higher diffusion coefficient which allows plasma to fill the chamber
completely at velatively low discharge voltages. Moreover, helium dis-
charge requires shorter time to attain electron thermal equilibrium,<énd

impedance measurements can be done faster.
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(A) Plasma Diagnostics Techniques

Several diagnostic techniques have been described inthée literaturg?u’575

Some measurements involve internal probing, such as Langmuir and magnetic
prébes, which may perturb the plasma, while other external measurements,
such as optical diagnostics, are nonperturbing. Some techniques_are use-
ful for dense plasmas, like optical scattering, while others are useful. for
collision dominated plasma and so on. Extensive details about these -
techniques and the ranges of applicability may be found in the liter-

.574’575 Electrostatic probes, commonly known as Langmuir probes, are

ature
perhaps most commonly used in laboratory and the simplest devices of all,
Their theory however, is extremely complicated. It may be sufficient

here to describe just how electron density can be obtained from “the V-I
characteristics of double probes. When the areas of two probes are equal,

a typical V-I characteristic is shown in Fig, 2.10a. The temperature may

be approximately found from

2I.2
KT o
e = ™(Fp (8.1)
The quantity kTe may be found from the V-I characteristics

QE_ _e ll+" 1
dV - & o
o) kTe ll+ + l2+

2+

(3.2)

Then substituting in Eq. (3.1), the electron density may be obtained.
The collision frequency Vv in a plasma is given by the sum of the

electron-molecule collision frequency Vem and the electron-ion collisioén

frequency Vei® These are given by577
8KT
_ b e
Ven = 3 N Tm
7 3/2
-6 ~-3/2 3.3 x 10" T
Vg; = 8.63 x 1070 NT_ zn[ e } (3.3)
N
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(a)

Figure 2.10 (a) V-I characteristics of double Langmuir probes

(b) Collision frequency as a function of electron density
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where Q is the collision cross section for momentum transfer and K is

the Boltzmann constant. A typical sketch of Eq.(8.3)is shown in Fig. 2.10b.
In spite of its simplicity, the Langmuir probe has many limitations

and is liable to error576 and therefore the better microwave technigues

for plasma diagnosis should be used whenever possible.

(B) Antenna Fabrication

Having to work at rather highvfrequencies, antennas in laboratory
plasma pose many problems arising from feeds, joints, container size, etc.
Generally, it is natural to measure the dipole impedance by using a
coaxially fed monopole over an end—plate. However, with a plasma present,
a balanced dipole has: been found preferable for two reasons: First,
if a monopole 1s used, the end-plate would necessarily be used as the
anocde of the discharge. The discharge near either electrode is known to
be highly non-uniform and, therefore, the impedance obtained can hardly be
considered for comparison with theory based on uniform plasma. Second,
since the image principle is not valid in a warm plasma, the Impedance of
a dipole cannot be simply deduced from results for a monopole.27L’L’368

For a monopole antenna, the inner conductor of a coaxial cable is
usually extended above the end plate while the outer conductor and the
dielectric are flush with the end plate. Provision of a wvacuum tight cable
has been ho problem, where the outer conductor is sealed to the end-plate.
Impedance measurement is then done using the usual slotted-line technique.
When a dipole, which has a balanced current distribution, is used the
arrangement 1s more elaborate. For one thing, the most common types of
balanced dipoles, the chock (balum)-fed dipoles and the slot (balun)-fed
dipoles, are extremely sensitive to any frequency variations, and accurate

impedance measurements in plasma are difficult to obtain. A model dipole
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construction as shown in Fig. 2.11 is, therefore, preferable. A pair of
coaxial cables is used as feed-lines to the antenna arms. The arms are
soldered to the inner conductors of the cables. Since a single slotted-
line, which is an unbalanced system, cannot be used to couple a balanced
dipole,a "double slotted-line" technique578 is necessary. The cables
have to be carefully matched over the frequency range of operation in order
to insure a current balance in‘the dipole arms. Fig. 2.12 shows a model
for the "double slotted-line" feed system to the dipole. The slotted lines
are identical and fed 180o out of phase by means of a hybrid junction.
Since these slotted lines are on the dipole side of the hybrid, the effect
of discontinuities through the hybrid is eliminated. Moreover, any mis-
match in the feed-lines causes difference in the slotted-lines readings and
can therefore be corrected.

Finally, the entry of the antenna to the antenna should be carefully

274,430 |

sealed to prevent leakage and reduce reflections. Experience
shown that this is not a trivial routine job.

(C) Measurements in Isotropic Cold Plasma

Laboratory measurements in isotropic cold plasma dre supposed to be
relatively the easlest to perform. However, in real situations difficulties
arise from plasma nonlinearities, diagnostic troubles, reflections from
container walls,sheath effect, etc. Also, having to work at rather high
frequencies, errors in recording results are likely sometimes. Impedance
measurements in isotropic cold plasma have been conducted in an afterglow
plasma using a dipole164 and a monopole216 of lengths comparable to the
free space wavelength. Fig. 2,13 shows typical results obtained for a
quarter wavelength monopole. The theoretical curves have been calculated

using the first-order King-Middleton theory adapted to an ionized medium.
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Except for X < 0.5, agreement between theory and experiment.is<generally
poor, although improved layer diagnosis of the plasma inhomogenelties near

the monopole were reported.216

Discrepancies may be attributed to sheath
effect, which has not been corrected for, possible longitudinal electron
waves or surface waves and deformed current distribution: along the monopole.
It should be mentioned here that in a separate investigation, the current
distribution and input admittance of a monopole has been measured in a
column of isotropic cold plasma.uSl An extensive set of data has been
obtained which shows the éffect of plasma on the current distribution.

But, since the present report is concefned with antennas in plasma media

of infinite extent, results are not presentéd here and the interested

reader is referred to the original pa.pen:’.l1L51

(D) Measuremqnts in Anisotropic Cold Plasma

The earliest impedance measurements in iaboratory plasma have been
reported by Balmain where he experimented with a short monopole in a cold
anisotropic plasma.23 In spite of his significant theoretical formulation
(Eqs. (6.5-6.7)part I), the experimental results were somewhat ambiguous.
In particular, no unusual behavior in the impedaﬁce was observed at the
upper-hybrid frequency perhaps due to the relatively high collision fre-
quency in his experiment. A recent experimental investigation553 Tre-
vealed a better identification of resonances at wp and wu. Some results
are shown in Fig. 2.14 where theoretical values based on Eq.(6.5)(part I)
have been added. In spite of the good qualitative agreement between theory
and experiment, the results are confusing, however, mainly due to*a poésible
wrong choice of the plasma model used. The temperature has been mentioned
to be 2.72 x lOu éK. This yields a c/ﬁ ratio of about 270, which suggests

a warm plasma rather than a cold one as assumed in the paper.ss3 In that
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case, the analogy in Fig. 2.14 fails and computations based on an anisotropic
warm plasma model have to be done. Unfortunately, there is no'suitable
impedance formulation yet available for short antennas in anigotropic warm
plasma.

The effect of antenna orientation with the static magnetic field on
the input impedance has been investigated using a dipole%so”«Some results
are shown in Fig. 2.15 where a very good agreement between theory and
experiment may be noticed. In particular, the resonance at wc is clearly
observed. As has been pointed out earlier, the effect of changing the
orientation from parallel to perpendicular is to reduce the resonant peak

of the conductance and to reduce the excursion of the susceptance.
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4, CONCLUSIONS

The conclusion of this review is that although there is substantial
agreement between theory and experiment in most areas, much remains to be
done to gain a full understanding of the phenomena involved.

This is not surprising becauée of the difficulties of both the ex-
periments and the theory. Many idealizations are necessary in the theory.
Many unknown parameters remain in most experiments.

Experimental determination of the plasma sheath effect on the per-
formance of antennas still needs careful attention. This particularly
applies to measurements in the ionosphere where the sheath formed around
the antenna maybe nonuniform. Future research should perhaps concéntrate
on determining the role played by the sheath and the present data may be
reinterpreted to reveal more realistic information about the antenna impedance
in plasma.

Electroacoustic: waves are more likely to be excited by antennas in the
ionosphere than in laboratory plasma due to operation at low frequencies.
However, except in few cases, interpretation of ionospheric data has: not
considered these waves.

In carefully controlled laboratory plasma, the effect of acoustic waves
on the current distribution and impedance of antennas should be studied.
Some work on this line has: started recently.

Plasmé-diagnostics is a significant problem by itself. Langmuir probes
and other perturbing probes may be simple and convenient but in many cases
they cannot yield sufficiently accurate results. Nonperturbing plasma
diagnostic techniques are generally more efficlent and reliable and should

be used whenever possible.
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Even though the presnt report discusses only the impedance of
cylindrical antennas in plasma, this bibliography is prepared to include
papers on the subject of electromagnetic sources situated in plasma. Some
remarks about this part of the report are in order:

(A) This bibliography is the result of a search in the literature
published in English. In particular, the following journals have been
systematically searched for the period 1960 - 1969.

1. IEEE Transactions on Antennas and Propagation

2. Proceedings of the IEEE

3. Proceedings of the IEE (London)

4., Radio Science - Journal of Research NBS

5. Canadian Journal of Physics

8. Physics of Fluids

7. Journal of Geophysical Research

8. Planetary and Space Science

9. Report on Ionospheric and Space Research in Japan

10. Space research
11. Journal of Applied Physics
12. Applied Physics Letters
13. Applied Scientific Research
14. Electronics Letters
15, Soviet Physics - Technical Physics (Translate from Russian)
16. Radio Engineering and Electronics Physics (Translated from Russian)
17. Nuovo Cimento
(B) A limited number of papers presented in conferences, and reports

published by various institutions are included, but they are far from being

1cs



exhaustive.

(C) The number of papers (only those included in this bibliography)
published in each year from 1960 - 1969 is shown in Figure 3.1.

(D) The group of papers pertaining to the subject discussed in parts I
and II of this report (i.e. impedance of cylindrical antennas in plasma)

has been classified as given in Table I.
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