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ABSTRACT

N

The impedance of an antenna probe surrounded by ionospheric plasma
is examined. A review of several physical pnlasma parameters, research
techniques, some past experimental results, and various theories is pre-
sented. A need is shown fcr further theoretical sophistication. The
theory develops the impedance of an electrically short, cylindrical an-
tenna probe immersed in a warm, lossy, compressible, magneto-ionic,
electron fluid. The results are examined and compared to previous work
and are applied to several ionospheric experiments. Experimental re-
sults as interpreted by the theory are examined and the usefulness of
the theory is thus demonstrated. In particular, the theory is shown to
be of value in determining electron density, temperature, and collision

frequency from RF probe measurements.
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Chapter 1

INTRODUCTION

It is the purpose of this report to examine the interaction between
an antenna probe and the ionospheric plasma surrounding it. This intro-
ductory chapter discusses plasma and ionospheric parameters and several
research techniques. Chapter II considers past theoretical work that
relates antenna probe impedance to the plasma parameters. The need for
further effort is then demonstrated. A theory that relates the imped-
ance of an electrically short, cytindrical, antenna probe to the magnetic
field and plasma parameters of a warm, lossy, compressible electron fluid
is developed in Chapter III. The theory is explored as a function of its
parameters and is compared to other accepted results in Chapter IV.
Chapter V describes the application of the work to various experiments.
In particular, the theory is useful in interpreting measurements of electron
density, electron temperature, and electron collision frequency. The re-
sults of the analysis then demonstrate the usefulness of the theory and
its broad application in ionospheric research.

It should be noted that rationalized MKS units are used throughout.

The Plasma State

A gaseous plasma is an electrically neutral system of particles con-
taining primarily free electrons and positive ions, but sometimes negative
ions and neutral molecules as well. It has been estimated that perhaps
more than 99.9 percent of the universe exists in such an ionized form

[Bachynski, 1961]., While approximately 10-2 electron volts of energy
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per particle are required to change from the solid to liquid or from the
liquid to gaseous state, one to ten electron volts of energy per particle
are required to obtain the plasma state. Coulomb forces are dominant in
plasmas as they are much more effective than gravitational or short-range
nuclear effects. Thus, the ionized particles are endowed with considerable
energy and exhibit strong electrical interactions that determine the pri-
mary character of the plasma.

A system of ionized particles is considered to be a plasma only if
collective effects dominate any single particle effects. Therefore, the
dimensions of a plasma must be at least as large as the range of inter-

action of single particles. This range is called the Debye length A

D
[Broun et al., 1963] and can be expressed by the equation
o0 KT Y
A = (1)
D .2
Ne

Where
K = Boltmann's Constant
T = kinetic temperature (electrons)
N = ionization density (electrons)
e = electronic charge

€ = permittivity of free space

The Debye length is a very useful parameter and is often used as a length
scaling constant in normalized equations. The Debye length can also be

thought of as the maximum distance over which some charge separation can
occur, If any macroscopic region (large dimensions compared to AD), free

of external influence, should have a net charge, then the charge would




create an electric rield. This field would then cause the free ionized
particles to redistribute into a mipnimum energy condition of zero field
and thus zero net charge density would again result It is not surpris-

ing then to find that the characteristic shielding distance »_ is directly

D
dependent upon the energy of the electrons (electron temperature) and 1s
inversely related to the average number of electrons that shield any dis-
continuities.

From the above discussion, 1t is apparent thar disturbed plasma tend:z
to return to equilibrium. Because the particles also have mass, the sys-
tem exhibits properties characteristic cf second order systems, including
a natural resonant frequency, known as the plasma frequeucy, fN. This

' can be

quantity, the frequency of the "quivers'" of the 'plasma jelly,'
directly related to the electron density N and the physical constants
electronic charge e, electronic mass m, and permittivity of free space

by the equation

[\

- 172

Ne2
&3 T = et /{
N zwa me {2)

(Brown ¢t al , 1963). The only variable in this equation is N, the
electron density. Since the feature that distinguishes a plasma from
other types ot matter is its ionization, it is natural to expect that
the electron density is the major parameter that describes the behavior
of a plasma.

At this point, perhaps it is only natural to ask, '"Why are the
variables, electron density and temperature, the only ones specified in
a. and w_ ? Shouldn't the positive ion density and temperature also be

D N

included?" Of course in the strict sense, the answer is that A and N




are defined in this manner, but it is true that shielding and natural
oscillation in plasmas are indeed affected by other types of particles.
However, the electrons are much less massive than the other particles
(by about four orders of magnitude) and since they have the same charge,
they respond to electric and magnetic fields to a much larger degree.
Then too, approximate thermal equilibrium usually exists in a plasma;
therefore, electrons have the same energy per particle as the other
heavier particles. Thus the average electron velocity is at least two
orders of magnitude larger than the ion velocity. This is easily seen

by equating the mean kinetic energies as follows

1/2 o = 1/2 M'Gi (1)

<!

[}
s
<l

B

(4)

<t
=
o
N
<t

(5)

where

Vv = mean electron velocity
Vm = mean molecular velocity
M = molecular mass
m = electronic mass

Thus the electrons can be visualized as mobile, rapidly moving parti:les
among relatively fixed positive ions and neutral molecules. For most of
our work, it will be possible to consider a plasma as compressible elect-
ron gas, diffused among fixed ions and molecules whose only effect is to
maintain average charge neutrality and to possibly thermalize the rapidly

moving electrons through collisions. This will require that any exciting




frequency . be at least as large as 10-1 w, to lO_2 oy Otherwise ion
and molecular motions must also be considered.

A useful measure of the collisions of electrons with other paricles
is the effective electron collisicen frequency v. It is defined as the
average number of times a secomnd that an electron suffers a collision
that effectively changes its direction of motion [Cambel, 1963). Pister
(1965} considers several definitions of electron collision trequency and
relates these to the mean collision frequency as derived irom the average
electron velocity.

If the exciting frequency w is considerably larger than ., then
essentially no collisions occur during one cycle of excitation. Thus
only one degree of freedom is possible for the electrons, that is, the
direction of the original excitation. Thus, the ratio of specific heats
for our compressible electron gas must be raken as 3 [Spitzer, 19621,

It was shown earlier that steady state charge separation does not
generally exist in a plasma However, one important exception occurs
at any sharp boundary where the ionization density changes markedly
over a few Debye lengths. At such a surface, in the absence of electro-
magnetic fields, the electron flux impinging upon the boundary will
greatly exceed the positive ion flux because of the much larger average
electron velocity. Thus in the steady stare, electric fields are set
up by the accumulation of electrons on the surface, such that the ion
and electron currernts are equal. There results, therefore, a depletion
of electrons near the boundary and a sheath (free of electrons) is said
to ::xist between the surface and the plasma. The thickness of this

sheath is on the order of a Debye length and can be modified, even dis-

pelled, by the external application of electric pot:ntials to the surface.
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This generally draws current from the plasma and thus upsets, to some
degree, the natural plasma conditions. Nevertheless, it will sometimes
be assumed that sheaths around antenna probes can be collapsed so that
sheath effects can be ignored.

An external magnetic field greatly modifies the behavior of a plasma.
The general effect is to "stiffen" the plasma in directions normal to the
direction of the field. Magnetic fields are thus responsible for the an-
isotropic character of such plasmas. It is possible to consider the field
as a parameter of the medium, however, a related quantity, the gyrofreq-

uency fH’ will often be more useful. The relation is

eB
wy = anH = o (6)
where
B = magnetic flux density.

In summary, our physical model of the plasma state may be visualized
as a warm, compressible gas of electrons, diffused among fixed ions anu
molecules so that macroscopic charge neutrality is maintained. The proper-
ties of the medium can be expressed by specifying the plasma parameters,
that is, by stating plasma frequency fN, gyrofrequency fH’ electron col-
lisional frequency v, electron temperazture T and the ratio of specific

heats of the electron gas.

The lonosphere

The ionosphere is a particularly significant system which is com-
posed of dilute, weakly ionized plasma in the earth's magnetic field.

It is produced above the earth, primarily by the ionizing radiation from

. v g
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the sun incident upon the earth's upper atmosphere. The structure of the
ionosphere is thus strongly dependent upon the local sun angle and the
level of solar activity [Johnson, 1961]. It is customary to identify
several distinctive levels of ionization as the D, E and F layers as
shown in Figure 1.

The parameters of the ionospheric plasma are illustrated in Figures
1, 2, 3 and 4. Figure 1 shows electron density and plasma frequency as
a function of altitude. Figure Z is a similar plot of electron temperature,
while the expected range of Debye length is shown in Figure 3. The expected
electron collision frequency is given in Figure 4. The gyrofrequency in the
ionosphere is completely determined by the strength of the earth's magnetic
field. This does rot caznge radically as a function of height in this re-
gion, arnd the value 1.4 MHz is a representative value.

Since the time (1902) ileavyside and Kennelly [Mitra, 1952, p. 177]
first postulated the ionosphere to explain tramsatlantic radio communi-
cation, measurements of the properties of the ionosphere have been of
great interest. Not only are the ionospheric parameters of interest for
communication studies, but they are also important to studies of other
geophysical phenomena such as aurora, airglow, radio noise, magnetic field
fluctuations and weather. More recently, perturbation of the ionosphere
by space vehicles and atomic weapons tests have emphasized the need for
studies of localized regions of the ionosphere. Thus it can be seen that
a knowledge of the properties of the ionosphere is very important for

many activities.
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Fig. 1. Normal electron distribution of the ionosphere,

y g, -




*3axaydsouotr 343l
ut y3dusy s4qeq TEWION °¢ 314

*aa9ydsouoy 9y3 UT
?anjeladwal uwox3lVIT2 FeWION °Z7 °*311

T g

(w2) HAONI 3A830

(Me) FUNLVHISNIL NOULIITI

® 6 8 L 9 & » & 2 "o 0083 0003 008! 000! 005
LA 1 L LA L) ¥ O ¥ v o LI T T 4 T
i 408
/
N —
| j Y om
4 408 2
INLLHOIN v m
- - 002 m
- - 8“
L -1 008
IANLLHOIN
LAV
# < 08¢
I 't I 1 1 1 __ 4 ! ' \ 8' 1 R 'y 1 3

g

2
(wy) 30nLILTY

S CE

= VB . o e e e o e

g

B e i

T TR

e

" D YIRS W




10

ALTITUDE (km)
g 8 8

-
(=]

| Lodad biatl EERTTT BRI ANy |
0’ 04 108 io* c? 10®
COLLISION FREQUENCY (Hz)

8 &

Fig. 4. Normal electron collision
frequency in the ionosphere,

Ionospheric Measurement Techniques

Ionospheric parameters have been traditionally measured from the
earth's surface by several techniques, notably by ionospheric sounders
[Mitra, 1952, p. 219]. However, fine structure of localized regions and
disturbed areas of the ionosphere can only be examined by direct, in situ
measurements. Sounding rockets are often the most useful for examining
these localized or disturbed regions. Satellite vehicles are, on the
other hand, especially useful in obtaining worldwide coverage, otten
over an extended period of time,

Three general plasma measurement techniques have been extensively
exploited for rocket and satellite application. The first tachnique
was developed from the concepts of the ground-based ionospheric sounder.
That is, the electromagnetic propagation characteristics of the ionos-
pheric plasma are measured by transmitting probing signals between the

carrier vehicle and the ground. Many variations of this basic technique

LA T
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have been utilized even though extensive instrumentation and complex
analyses are required.

The second technique is the appiication of the Langmuir Probe [Lang-
muir, 1923] to ionospheric measurements. One or more electrodes aie ex-
tended from the vehicle into the ionospheric plasma and excited by various
potentials. The resulting dc currents carry the measurement information.
Related devices such ac ion traps and resonance probes have also been
developed. These all :se dc potentials to collect and examine the ionized
plasma particles by measuring dc currents from the collector electrodes.
These techniques have neariy dominated the measurements of electron and
ion temperatures and ion densities. These methods often suffer from dis-
turbing vehicle potential perturbations; nevertheless, they have provided
the only direct measurements of electron temperature.

The third method is the measurement of the plasma perturbated, RF
probe impedance. Although previously well known in the laboratory, iono-
sphere measurements using this technique seem to have started when ap-
parent antenna impedance changes were noted in a dipole being used in a
rocket propagation experiment. This effect was then used to estimate
the local electron density. Since that time, many variations ol the
basic technique have been used. The interaction of an antenna with the
ionospheric plasma is the prime concern here, thus we will examine some
of thes- F impedance type experiments in details. Later, flight data from
some of these experiments will be analyzed by applying the theory developed
herein.

Three RF probes will be considered. Each technique utilizes a pair
of 2.5 to 3-meter probes, sometimes referred to as a dipole antenna, moun-

ted normal to the longitudinal vehicle axis and extended into the iono-

fa I i L e
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Fig. 5. Basic concept of RF probe systems.

spheric plasma (see Figure >). 1In each case, the antenna is excited with
a low-level RF signal (approximately 0.5 volt rms) in the 0.5 to 15-MHz
range; in addition, a slowly varying bias voltage from O to +5 volts is
placed on the antennas with respect to the vehicle skin. The bias modi-
fies the sheath and allows the effect of the sheath to be determined.

An analysis of the effects of the plasma on the antenna RF impedance or

on the dc current variations as a function of frequency provides a mea-

sure of the plasma parameters.

Standing Wave Impedance Probe (SWIP)

Perhaps one of the most successful impedaince probes is the Standing
Wave Impedance Probe [Ulwick et al., 1964]. This system measures the RF

impedance of a dipole antenna which is being driven by one or two time-
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multiplexed RF frequencies (see Figure 6). The impedance probe frequencies
are set so that one or the other is near the local plasma frequeicy through-
out the experiment. The RF fields from the antenna excite motion in the
plasma electrcns which, in turn, modify the antenna impedance. This change
of impedance is indicated by a change in the standing wave nattern of the
voltage along an artificial transmission line connecting the driving RF
oscillator and the antenna. The voltage standing wave pattern is sampled,
detected and telemetered to a ground station where it is recorded for
further analysis. This experiment can provide reliable impedance measure-
ments at one or two fixed exciting frequencies.

A very simple analysis is usually employed [Ulwick et al., 1964], and
this generally produces good results [Baker, et al., 1966]. Occasionally,
electron temperature and other effects become important, thus pointing out
the need for further theoretical development [Baker et al., 1965, and

Whale, 1962].

Plasma Frequency Probe (PFP)

e — ———— — -

The Plasma Frequency Probe [Haycock and “aker, 1962] excites the anten-
na with a variable frequency that sweeps from about .1 to 10 MHz (see
Figure 7). The resonance frequencies of the antenna impedance are sensed
by determining the frequency where the phase angle between the RF antenna
current and voltage is zero. A parallel resonance condition (high imped-
ance) is expected to occur near the natural frequency of the plasma, that
is, the plasma frequency. Experimentally, it has been found that a series
resonance condition (low impedance) also occurs [Baker et al., 1966]. It
will be shown later that this series resonance is related to the electron

temperature of the plasma.
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Resonance Rectification Probe (RRP)

The Resonance Rectification Probe {[Takayama, Ikegami and !Miyazaki,
1960; Despain, 1964] is a combination of a Langmuir Probe and an RF
sweep oscillator similar to that used in the Plasma Frequency Probe (see
Figure 7). A dc bias (0 to +5 volts), stepped with successive RF oscil-
lator sweeps, is applied to the antenna. The resulting dc current is
monitored. Because the RF antenna impedance changes with frequency and
the dc characteristics of the antenna probe exhibit nonlinearities, the
dc current is a function of the RF frequency. It had been contended
that the frequency where the dc current reaches a maximum is the local
electron plasma frequency [Takayamz, 1960; Miyazaki et al., 1960; Ichi-
kawa and Ikegami, 1962; Hirao and Muraocka, 1964}; however, Baker, Des-
pain and Ulwiek [1966] have shown experimentally that this conclusion
is not true; in fact, the maximum is more closely associated with the
series resonance frequency. Thus additional theoretical work on antenna

impedance is also needed to aid in the interpretation of this experiment.

Preliminary Conclusion

The ionosphere is of general interest and exhibits interesting and
complex behavior. A knowledge of the ionospheric parameters, especially
in localized regions, is prerequisite to an understanding of this be-
havior. Some of the probe techniques for ionospheric parameter measure-
ment require an analysis of the interaction of an RF-driven probe with
the surrounding ionospheric plasma. The theories of such interactionms

will now be discussed in Chapter II.
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Chapter 11

PROBE TiiFORIES

The problem of interaction of a small RF excited probe with a plasma
has been studied for at least sixty years [wilgon and Gold, 1906]. Most
investigators have assumed that the impedance change is due solely to a
change in the effective complex permittivity e of a locally homogeneous
ionized gas as expressed in the Appleton-Hartree Theory [Ratciiffe, 1962];
that is, the electrons are considered as mobile charges, free to move un-

der the influence of electromagnetic fields. The electric current that

results from such movement is accounted for by a change in the permittivity

of the medium. If thermal motions and magnetic fields are ignored, the

result of such a calculation is shown in Appendix A to produce the following

expression for the total antenna impedance Zat'

-1
1 X X
Zat ™ JuC_ E - 1-jz:| t R [1 - 1-32]

where

CO = free space capacitance of the probe
w = radian operating frequency
wy = radian plasma frequency

v = electron collision frequency

Rr = free space radiation resistance
_ 2

X wN/w

2 = v/w

(7)
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For Rr and v equal to zero, a particularly simple interpretation results
in the probe being considered as a capacitor C of value
2

- - X
c=c, [1-x] =C |1- wz (8)

This simple, idealized model has been extensively applied to interpret im-
pedance probe results [Ulwick et al., 1964; Jackson and Pickar, 1957; Whale
1963].

A more rignrous approach by XZng and Harrison {1960] results in some
highly involved expressions; while an expression developed by DeChamps
[1961] is somewhat simpler. However, neither of these works consider
magnetic field or electron temperature effects and hence add little to the
general formulation that we seek here. If magnetic field effects are to
be considered, then the dielectric constant becomes a tensor [Ratcliffe,
1962] aud the geometry of the probe must be considered. The prime interest
of this paper is cylindrical geometry; therefore, only solutions for this
case are considered.

Perhaps the most obvious approach for a tensor dielectric constant is
to apply the tensor [e] as given by the usual Appleton-Hurtree formu-
lation [Rateliffe, 1962] or the formulation of Sen and Wyler [1960].

The Sen-Wyler approach allows for collisional frequency variations with

electron energy but is otherwise identical to the Appleton-Hartree tensor.

by considering the degree of plasma ionization as well.

The question of how a given [e¢] should be applied to determine an-
tenna impedance has been considered by.several workers. Herman [1963]
and Crouse [1964] investigated conical geometries, while Kaiser [1962]
considered biconical antennas., These workers all assumed a simple capa-

citor model. In Appendix A, the impedance of a cylindrical monopole,

Shkarofksy [1961] has generalized the Appleton-Hartree equations even further

ARt 3




19
using the capacitor model and the Appleton-Hartree  formulation for [e]

is also developed. The result is

2 .. 2|t
- 2 17 Q
Za _ .wé 1+ X 1 -1/2 (Y/q% Sin"y (9)
1% U((t/v) °-1)
where

U = 1- 32z

Y = wH/w

Y = Angle between antenna axis and the magnetic field

The capacitor models discussed above ignore source current distri-
butions and, in fact, all magnetic fields except the steady field as it
appears in [e]. The classical approach to antenna theory, on the other
hand, generally assumes a source current distribution and all the para-
meters are then determined from this specification. Bramley [1962] used
this approach to first obtain results in an isotropic region similar to
those of King, Harrison and Denton [1961]. Then he extended the results
to the magneto-ionic case by deriving . an approximation valid for weak
magnetic fields or small electron densities. Ament et al. [1964] con-
sidered the general case and produced an expression for impedance that
requires extensive numerical int ~gration and, in general, seems to be
very difficult to apply, Balmain [1964], however, has developed some
very useful impedance relations. His results appear to be the most phy-
sically satisfying of all the work mentioned above and yet are quite

tractable in terms of computation. His expression is

a L , a+/§}
Z == 5 In><-1i-1n
a jw2me LK'VF R 2F (10)
0
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where

F = Sin ++ a Cos Y
a2 = K'/K

o

U -Y

X
Ko = ] - U

None of the above derivations includes the explicit effects of
finite electron temperature. That is, a cold, vet lossy medium is always
assumed. However, electron temperature can appreciably perturbate the
impedance of an antenna probe in a plasma, other than its effect on col-
lisional frequency. Whale [1963] observed such effects in an impedance
probe experiment, primarily as an energy loss mechanism. ' It will also
be shown later that the experimentally determined antenna series resonance
frequencies of Baker, Despain and Ulwick [1966] are indeed related to
the electron temperature as they suspected. Thus electron temperature must
be considered in a derivation of antenna impedance.

Several workers have attempted to include electron temperature as a
parameter. Cohen [1961] presented a thorough theoretical discussion of
sources in isotropic warm plasmas. Whale [1963[ developed some theory
to explain his expecrimental results mentioned above. Balmain [1964]
applied Cohen's equations to his problem for the case of no magnetic field
and derived an approximate impedance relation. In a similar manner, Fejer
[1964]) theoretically investigated spherical geometry without magnetic field
and predicted a series resonance below the plasma frequency directly depen-
dent upon the electron temperature, Despain [1965], in preliminary work
to this report, investigated cylindrical geometry with similar results.

The work of Wagit [1964] should also be mentioned as it concerns slot

antennas in warm plasmas. An attempt to develop a permittivity tensor [e]

T TR e o e |
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valid fcc finite electron temperature and to apply this [e] to the capa-

citor model of the antenna met with failure (see last section of Appendix A).
The impedance expression that resulted did not agree even approximately

with the other theoretical work nor did it exhibit behavior know. experi-
mentally to be characteristic of such systems. Further discussion is included
in Appendix A.

In reviewing the work mentioned above, it is apparent that further
theoretical work is needed on the electron temperature effects on cylin-
drical antennas, especially in the presence of magnetic fields and elec-
tron collisions. Therefore, the preseat investigation was initiated in
order to relate electron density, temperature and collisional frequency

to antenna impedance.
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Chapter III

DERIVATION OF ANTENNA IMPEDANCE

Introduction

The basic assumption of this derivation is that the electrons behave as
a continuous fluid and the effect of all electron interactions may be rep-
resented by various forces on the electron fluid. This view of a plasma is
similar to that of Spitaer[1962], Coher. [1961] and Fejer [1964]. This approach
allows the electron temperature effects to be taken into account as a property
of the electron fluid. Besides the effect of electron density and temperature,
the effects of an external constant magnetic field and electron collisions are
also included. It is further assumed that the undisturbed plasma is neutral
and homogeneous. Later some restricted space variations of the plasma para-
meters are allowed near the antenna probe surface by using a simple sheath
model.

The antenna probe is taken to be an isolated, electrically short cylinder,
whose length to radius ratio is large enough so that end effects can be ignored.
Because of the long wavelength of the excitation, electromagnetic effects are
assumed to be small in comparison to the plasma eifects, and thus the antenna
impedance may be calculated from the effective quasi-static electric fields cf
the antenna. It is further assumed that the excitation level is very low so
that linearized equations can be used and only first order effects considered.
Exp (jwt) time dependence and MKS units are assumed throughout.

The strategy of the derivation is to first develop a force equation that
relates all the forces on an element of the electron fluid. From this equa-

tion, the velocity of the electron fluid is fouud. The velocity expression is

e
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then substituted into the continuity equation and a second order partial dif-
ferential equation is derived in terms of the scalar parameters n (electron
density variation) and ¢ (electric potential). Poisson's equation, also a
second order partial differential equation in ¢ and n, is used to simplify
the first equation. A solution of this equation for n leads directly to a
solution of Poisson's equation. Boundary conditions can be applied to de-
termine a solution for the potential ¢. Once ¢ is known, the fields sur-
rounding the antenna can be easily determined, and the antenna impedance

can be found as the complex ratio of antenna potential to antenna current.

Sheath effects are then added as an additional effect.

Fundamental Equations

Consider the forces that are exerted on a volume element dV of the

electron fluid. The force Fp due to the variations of the pressure p is

d?p = —(Vp)dV (11)
The Lorentz force FL on the element is
dF, = -Ne[E + v x ] av (12)
where
N = average electron density (constant)
e = electronic charge
v = average velocity of the electrons in the element
B = external constant magnetic field
_)
E = electric field
p = pressure variation from its mean value
¢ e TP TY e R R == - o
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and the force due to electron collisions is giver in terms of the effective

electron collision frequency v as follows
> -
ch = -yNm v dV

where m is the electronic mass.

(13)

Applying Newton's Law, we equate these forces to the mass of the element

times its acceleration to produce the force equation

-'
Nm g—‘é- dV = —(Vp)dV - Ne[E + v x B] dV - vNmvdV

or
-> -> > <> ->
jukmv = <-Vp - Ne {E + v x B] - vNmv
Now Vp may be written according to the chain rule of differentiation
- 3P
Vp 36 Vp
where p is the mass density. The adiabatic law relates p and p

]
p - C!pY

(14)

(15)

as

(16)

(17)

where y' = ratio of specific heats. As discussed in Chapter I, y' has the

value of 3.0 for an electron gas provided w>>v.

Now

T,
30 3Cp

= 3p/o
but from the equation of state

P = KIn

(18)

(19)

(20)

e T .




where
K = Boltzmann's constant
T = electron temperature

n = variation of electron density from its mean value,

and by definition
o =mn (21)

thus

3 _
% 3KT/m (22)

At this point, it is interesting to note that %%.1s just the square f the
propagation velocity y that describes the velocity of longitudinal (sound)

reve

waves in compressible fluids. Thus

129 (un) (23)

o
]

where

3KT/m

=
L]

Thus (15) is, in linearized parameters

ijm; = -uZV(mn) - Ne [E + VX §] - VNmv (24)
or
N[jw; + wH; X 2 + v;] = duZVn + (Ne/m) V¢ (25)
where
wy = eB/m, electron gyrofrequency
¢ et . -+ 1e, e T e e e pv e e
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~

{ = direction of magnetic field (unit vector)

¢ = scalar potential

Up to this point, the force equation is valid in any system of coordinates.
A further attack on the problem will now require that the cylindrical coor-
dinates r, 6 and z be applied. The axis of the antenna probe has been chosen

to coincide with the z axis (see Figure 8).

Z, ANTENNA AXIS
_________ (]
(z,y,2) o
tr.8.0 ! 7
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1 7 /
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if A
]
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Fig. 8. Coordinate system,
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The next step is tc determine the velocity v in terms of n and ¢. Because
v is entangled in a curl operation, this is not a straight forward process.

We begin by solving for the velocity components separately. In the r

direction,
. 2 3n , Ne 30

Joll [Uvr - JY(veCz Vzce )] - or it m or (26)

In the 8 direction
: _ _,213n  Neloae

Jul [UVO - jI(vzcr vrcz)] - W Y e *+ m r 98 (27)

In the z direction
N\
: 2 on . Ne 9%

JuN [Uvz - jY(vrCe - Vecr)] M3z + m 9z (28)
where

Y = wH/w

U = 1- jZ

Z = v/w
However because of symmetry

on ¢ _

5 0 and e 0
and thus from (28)

v, = jW(vrce - vecr) (29)
or

U = jvrw6 - jvewr (30)

 RREINTIRRRAT 5 7, ey ——T T RGP 0 et - > ° Fa -




and (26) and (27) become

where

or

where

e T P e

JwUN lvr - jwzve + jWb(jere - jvewr)] 3r ' m  or

2139

Q
o>

<

-

n , Ne
m

=

jwUN [ve + W+ jwr(jvrwe - jvewr)] = -pu

Q
<D
Q
<D

W = Y/U
wr'wgr
Wg = Wiy
wz'wgz
v.-Ww) = 8- v (W, - W)
r 0 r 06 re6 z
v.(l -W) = 348, - v_(WW_ + W)
0 r 0 r réb z
an ad
& = Bhar - Bp r
1 on 1l 3%
Bg = BaT o0 B T 20
2
g =
| UNw
e
Bp T Umw
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(31)

(32)

(33)

(34)

(35)
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explicit values of v, and v, can be obtained

)

simultaneously, we find that

and

Now

ov

r
llence Py

But

R L e T AT

v
r

ave

2
Br a- Wr) - Be(wrwe - jwz)

3
1 - w

vy o _ oyl
Br(wrwe + jhz) Be[l WO]

|
1l -~ wz
:r_r-+8v +l8ve+_8v
r or r 96 9z

av

- and £ must be calculated.

90

9z

2
- =7 (1 - Wg) - ZBe(We

a6

)

- .1 [e8 3B
- |51 155 <1'“‘3>-"5';(“r“e-i“z

1+W
- = e
= - -aB

2
147 |

38,

oW

a6

By solving the equations

ﬂ

=1 ]i--= 5 auk X
a6 (wrwe + jwz) . qr ( af w6+ wr 86'+ 3
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(36)

(37)

(38)

(39)

(40)

(41)

(42)

(43)
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3 - 0
Thus
aBr - 8 32n _ BZQ
or n 8r2 P 8r2
% ; 2’a ; 220
98 n drdé p 0orob
¥, 1 9% 1 3% 1w, . 1 20
or n r drab p r 9rab n 1_2 36 P I_2 96
Bo _ o1'n_, 1%
30 nr 892 PI 862
and thus
= i 1, 9n 1 3¢ 12
vev [ 2] [(rsnar erar)(l‘”)
1-W
1 on 1 ) ,
= 2 Bn 36 2 Bp d ) (wrwe - jkz)
r r
2 2
s 285 22y o)
ar P ar
2 2
l 3n 1 _97¢
(&8 = - == \ -
(B, T Troe 6p r 9136 ) (“rwe sz)
2 2
1 3p 1l 3¢
(Bn r ordb 8p r 9raob ) (wrwe * jwz)
1 on 1 3¢
e T 5 236 ) Wy = W)

30

(44)

(45)

(46)

(47)

(48)




2 2
1 1
+(8n—2--a—-2n—- e =22 (1.4
r° 38 Y
1l on 1o, .2 2
-(Sn r or Bp ror | g - wr)
1l on 1l od¢ ,
r I
This can be reduced to
2 2
Do —-15 [(8 n-8 ¥ $) - w’sin y(B S(n) - B _S($))]
n P n p
1-W
where
2 2 2
S(x) = () RS Sin6 Cosf + =X 4 sinlg - 2%
2 r oradf 2 2
ar r o6
2 1 ox 1 ox
+ Sin 9 T or + 2 Sin6 Cos6 rz Y

This result can now be substituted into the continuity equation
N(V-%) + jun = 0

and Poisson's equation
V2¢ = ne/eo

can also be applied to yield the result

2
d e g2 _ e . )

!

+ jun = O
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(49

(50)

(51)

(52)

(53)

(54)




Simplifying
a = -a’n + Wsinly[st)-UE /u7) (e fe) S()] (55)
where
@ = - wnt (56)
o= @? - Py (57)
wr = Ne'/me (58)
X = wrfu’ (59)
W= Y/U (60)

For either y<<l or W<<1l, this equation can be solved directly. However,
the general case requires the solution for a pair of coupled, second order
partial differential equations whose parameters are functions of the space
coordinates. Clearly a straight forward analytic solution seems to be out of
the realm of possibility, and it appears that an approximation technique will
be required in order to solve the generalized system equations. In any case,
the solution for y = 0 is still of the highest interest since this only mildly
restricts the applicability of the theory. If the restriction y = 0 had been
applied from the beginning, the derivation would have been a littlie less com-
plicated; however by developing (55), we now have an equation that can pos-
sibly be solved at a later time to provide an estimate of antenna impedance
for y # 0. Thus for the purposes of this report, it will be sufficient to

limit the solution aund only solve the restricted equation (61).

Vn = -a'n (61)
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——— ot o oo : —_— 0 4




33

Thus the plasma may be described by the system equations (53) and (61).
For y = 0 however, symmetry exists in the 6 direction so that only the r
coordinate need be considered. Thus it is sufficient to solve the set of

equations

2, _
Vr¢ = ne/eo (62)

Vin = -azn (63)

where the r subscript indicates that only the r component is under considera-
tion.

Solution of System Equations

Equation (63) may be expanded and transformed by performing the indicated

operations and allowing x = ar.
d2n 1l dn
2 txax = 0 (64)
dx

This is the familiar Bessel's equation of zero order. Hence, it has, as solu-
tions, all of the various Bessel functions of order zero. Since x is in gen-

eral a complex variable, it is convenient to use a limear combination of the

(1

(o]

2
Hankel functions Ho (x) and Hé ) (x) [sometimes Ho(x) is written as H ) (x)].
In general, there are two values of x to be considered, x = -/;? r and

x = +/52 r. However, it is a property of the Hankel functions [Jahnke and
(2) (2)

Emde, 1945] that H
o o

(-x) = Ho(x) and that Ho(-x) =H (x). Thus we need
to consider only the one solution of x which lies in the first two quadrants
of the complex plane. Then for large values of x, that is, at distances

far removed from the antenna, we require that the solution for n, the den-

sity variations, become small. Thus since HéZ) (x) approaches infinity as

x approaches zero, only H(x) can be an acceptable solution.
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Therefore,

n noHo(ar) (65)

where

n, = arbitrary constant to be determined by boundary conditions

a = the square root of az that lies in th: top half of the
complex plane.

The solution to the homogeneous part of the system equation (62) may be

written as
¢ = C1 In(r/L) (66)

where Cl is an arbitrary constant yet to be determined and L is the length
of the antenna. This form of solution was chosen to produce the correct
form of polential near the surface of a long, thin, charged rod in free

space. Since (62) is very similar to (63), a solution of the form
¢ = CZHO(ar) (67)

would also be expected to satisfy (62), Such is indeed the case and the

total solution may be written as

¢ = ¢ In(/L) - (eno/eoaz) H_(ar) (e

where C2 = -noe/eoa2 has been chosen so as to satisfy (62).

Boundary Conditions

General solutions for n and ¢ now exist; however, the arbitrary con-
stants C1 and ng have not yet been determined. Theze constants can be

obtained by a consideration of boundary conditions near the antenna surface.

e RS - gaae Sl e - i G i £ T
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Our original pair of second order differential equations require the
specification of four independent baundary conditions to determine n and ¢.
Two of these conditions were fixed in the derivation above when both n and
¢ were required to approach zero as the distance from the antenna increased
indefinitely. Only one of the other two conditions need be specified if
only the antenna impedance is desired. This is true since we desire not a
knowledge of ¢ or n but only a knowledge of the ratio of antenna voltage to
current. Ultimately, one of the arbitrary constants n_  or Cl must cancel
out of the impedance expression. Thus if a boundary condition at the
antenna surface can be specified such that C1 is determined, it will be
possible to later cancel out n, and completely determine the antenna im-
pedance.

It has previously been assumed that the plasma surrounding the antenna
is homogeneous; that is, that no sheath exists. Immediately inside the
antenna-plasma boundary, the electrons are no longer in a free, gaseous state
and are thus essentially restrained from any movement. Hence, it is assumed
that the velocity v is zero at the antenna surface.

This is the same boundary condition used by Fejer [1964] in a similar
problem. As he points out, it does not correspond exactly to the physical
situation, but only approximates it. More exact boundary conditions can
become very difficult, but they can also lead tc a more general solution.
Balmain [1965], for example, has considered the complex boundary conditions
that actually exist at a probe-plasma boundary, and it is possible that his
technique could be applied in this case. However, it is not necessary to
include all oif these complex conditions if only high frequency, small amp-

litude e¢ifects are of interest as is the case in this derivation.




ey Sem; SHIB W BN

b v'lll.u

36

For v = 0 at the antenna surface (r = R), equation (25) becomes at the

surface

2 = v
fu Vrn] =R [ (Ne/m) vr‘b] r=R

zfﬂa on - o | 32
€ r “I1 or
r=R r=R

but from (68) and the fact that 'Eg [Ho(x)] = -Hl(x)

(o]

3¢
oy - Cl/l + (eno/eoa) Hl(ar)
and similarly

an
—— = -n aH, (ar)
ar o 1

Thus
—:2(e/e Y(n al, (aF)) = w2 (C./R + (en /e w)H.(aR))
0 o 1 ’ N 1 o' o 1
cr
C. = —(en R/e o)H. (aR) 4>
1 fo) 0 1 v
since

2

wz = l+u2az/wﬁ

Thus the expression for the potential, (68), becomes

2
b = -(noe/eoa ) Ho (ar) + asz H1 (aR) 1n (r/L)

(69)

(70)

(71)

(72)

(73)

(74)

(75)

(76)

[LPES
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Antenna Impedance

Impedance is defined as the complex ratio of voltage to current. In the
>9) case of the antenna under consideration here, the voltage is just the poten-
tial at the surface of the antenna and the current is just the displacement

current summed over the antenna surface. Thus

'G)
z = 2R (77
i J .d
gD
Ja
or since
1) > a~> -+
SR 78
Jp = 3¢ = ub s
Za $(R) (79)
27RLjwe E_(R)
2)
but
9%
E_(R) = [—] (80)
) B e r=R
and
) 3 . (nefe «®) (oM, (ar) - aRYZH, (aR)/1) (81)
e n_e/e u 14 1 LoR
Thus (81) becomes
) 2 .
H (aR)=-aRy "H. (aR)In{L/R)
2y = b a
el e at ) (aR)~aRy“H, (aR) /R
or
) . . - Lz
. 1n(L/R) ho(aR)/aRHl(aR) In(L/R) v (83)
a  ju2me L 1 - w2
e e P —— —— + T :‘,’:_”“"““*x:r,'rjv R I i i I e T S o mee L

=
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Now the free space capacitance of a long thin rod is easily shown to be

Co = 2wenLlln(L/R) (84)
Thus
2]
| ¢{aR) /la(L/R)-¢
7 = (85)
a wC 2
o 1 -y .
where
$(aR) = Ho(aR)/aRﬂl(aR) (86)

This is the impedance of a monopole antenna in a magreto-ionic plasma with
the antenna axis aligned with the magnetic field.

The expression includes electron collision effects as a parameter in
a. If v=20 and X 2 1, then a becomes entirely imaginary and ¢ can be ex-
pressed in terms of the real modified Bessel functions of the second kind

Ko(x) and Kl(x)

Thus
H (*3%) K, ()
8 B o ey 2 f ey 7

(2 3x) !Jxﬂl(’;}x) xKl(x) {2

We will find this result useful in some cases where v = 0,
If wy = 0, then wz becomes
2

yo = U/X (88)
while if v = 0 as well, then a particularly simple expression results

Y= w/wN (89)

T i St o e (8 g YT T R T T T
L5 e TR : —




and

&2 = (w2 —wg)/uz
or

o' = [ - An2
where

®
L}

-

This expression is useful when (87) is used to determine ¢ as

K (a'R)

L = _._0.._._..._..._
4(a’R) = o'RK (a"R)

Sheath Effects
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90

(91)

(92)

(93)

The first order effects of the plasma sheath on the antenna impedance

can be taken into account by use of a very simple physical model. As long

as the dc potential of the antenna is below the plasma potential (this is

usually the case), a region of electron depletion will surround the antenna.

The mechanism of this sheath formation is discussed in Chapter I. The
model assumes that no electrons exist within a region of S Debye lengths
of the antenna. Generally S will vary from O when the antenna is at the
plasma potential, through about 4 when no net dc current is allowed to
flcw to the antenna, and up to about 10 if large negative potentials are

applied to the probe. Thus the effective radius RS of the sheath is

RS = RA + SAD

(94)




40

The capacitance between the antenna and the surface of the plasma is then

the capacitance of two concentric cylinders of radii RA and Rq-

Cs = 2n€OL/1n(RS/RA) (95)

The effective antenna impedance is theu the impedance of this capac-
itor in series with the impedance of an antenna of radius RS since the

plasma begins at a radius of RS. The general impedance relation is tuen

2
L 1 $GRO/In(L/R)-Y
Za by jwC + jwC 2 (96)
S 9% 1 -y
where
CO = 2W€OL/1n(L/RS) 97)

The derivation of the antenna impedance is pow complete. It can be
seen that the major goals have been met; that is the effects of a hot,
lossy, magneto-ionic plasma on antenna impedance have been calculated.
It should be noted that this expression is valid when the axis of the
antenna is parallel to the magnetic field. A summary ol the final ex-

pression and related parameters is tabulated in Table I.
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Chapter IV

COMPARISON OF RESULTS

Introduction

It is desirable tc empirically examine the impedanece expression
developed in Chapter I1I in order to compare it to both experimental
data and other theories. Generally, other theoretical expressions are of
completely different form and often either gross approximations or em-
pirical methods must be applied before a favorable comparison can be
discerned. Thus, the theoretical expression developed here and the other
theoretical results of Chapter II have been programmed for digital computer
analysis so that empircal comparisons can be carried out.

1f the conventional free space expression for antenna impedance of
a short dipole is examined {[Balmain, 1964, p. 58}, it is found that
the impedance in the low frequency limit is just the impedance of the free

space capacitance given by
C, = 2re L/(In(L/R)-1) (98)

This expression is the same as the CO derived in Chapter 111 except for the
-1 term. This term represents the end effects that were ignored in the
formulation of Chapter III. The above expression could be used to define Co
but it is even more preferable to use an experimentally measured value of
free space capacitance so that all perturbating influences cam be taken into
account (rocket body, etc.). Thus the actual mean antenna radius will be
used in the impedance expressions, but the length of the antenna in the
calculations will be changed from its true value to-a value that will

produce the correct value of C0 as determined by measurements.
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It could be argued that end efiects could modify more than just the
free space capacitance. These effects should be small, however, since the
plasma medium tends to shield the antenna from any externai disturbing
influences at distances greater than a few Debye lengths (see Chapter I).
This is especially true at frequencies below the plasma frequency and at
freauencies above the plasma frequency, the end effects are not especially
critical.

The empirical comparison of impedance theories can be approached from
many directions. However, it is desirable to examine theoretical results
so that they can easily be compared to experimental measurements as well.
Thus the chosen antenna dimensions are typical of experimental antennas.

In analogy with the Plasma Frequency Probe, the plasma parameters can all

be held constant while the exciting frequency is swept thrcugh a wide

range of values (.1 to 10 MHz) and the impedance determined. The theory can
also be explored by fixing the exciting frequency and determining the antenna
impedance as a function of the dominant plasma variable,plasma frequency
with electron temperature as a parameter. This situation will then corre-
spond to the Standing Wave Impedance Probe. It is also possible to plot
antenna resistance versus antenna reactance with both plasma frequency and
temperature as parameters. Perhaps only the dominate characteristics of the
impedance are desired, such as the series and paraliel resonance frequencies
of the antenna. This situation actually more closely approximates the
plasma frequency probe which determines only the frequencies of zero phase
or resonance. Thus, these four methods will all be used to illustrate
antenna impedance throughout the remainder of this paper.

A computer program, (SWP4MD) was written to plot the antenna impedance
as a function of either plasma frequency or exciting frequency. Various

subroutines were written to calculate the antenna impedance according to the

A 2 L Y SPE . —— - PR = ” - AT GBETTC EPTRTRR T e e

o o -
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different theories of interest. Thus, empirical impedance plots of any of
these theories could be obtained by use of the proper subroutine in the

main computer program. Fortran listings of these programs are included in

Appendix B for reference.

Cold Plasma Comparison

It was mentioned earlier that most of the proposed theories of antenna
impedance are for the cold plasma case. Thus the first test is to compare
the derived impedance relations with other theories for zero electron
temperature. For zero temperature, however, the theory of Chapter III re-
verts to the cold piasma magneto-ionic theor; of Appendix A. This theory
agrees very well with other results and is discussed and empirically compared
to Balmain's Theory in Appendix A.

For non-zero electron temperature, the author is only aware of two
other theories for cylindrical antenna impedance; that of Balmain [1964]
and that of Whale [1965]. Both considered the case of finite electron

temperature, but only for no magnetic field.

Balmain Finite Temperature Theory

Balmain's theoretical result contained several difficult transendental
functiors,and he found it expedient to assume that the parameter a'R (see
below) is large compared to one. This approximation greatly simplified his
more exact result. The resulting expression is

.. In(L/R)-1 + (KQ-l)/Za R (99)

a

jw2me K L
0o

where

~
]

1-X/U

x-1)Y2u/,

a'

T T e S T, S ey | YR T R R T, T T e e
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Whale Theory

Wraie [{1963], considered antenna power losses due to eleztraacoustic
waves. Therefore, his results apply to an antenna i1n a warm plasma. Has
expression can be used to estimate antenna 1mpedance 1f simple 1onic theory
is assumed for the antenna reactance while the power loss 1s interpreted

as the result of antenna resistance. Whale's power loss equation 1s

X 82V§(CO/L)
Q1 = Zn R V1-X (100)
0s
where
Ql = Radiated power per unit length
B = A special function calculated by Whale and
presented in the form of a graph
Va = Antenna voltage
Rs = Ra + 4AD

If this expression is used to estimate antenna resistance and magneto-

ionic theory is used to find the antenna reactance, the result is

1/2
_ i a2 _ 2 1 .
Za = RL/Z : [RL/Z) Xa] wCO(l—X) (101)
where
= 2ne¢ LR v1-X /XBZ»C2 (102)
RL o s *~o

Comparison of Theories

Both of the above expressions, as well as the expressions for antenna
impedance from the Despain and magneto-ionic theories were programmed as com-
puter subroutines with the name ANTZ. Thus all the theories could be

simulated and later compared by using the desired subroutine .n the ma:in

compulir program.
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Balmain's expression is plotted as a function of exciting frequency in
Figure 9. Figure 10 is a similar plot of the Despain theory with the same
parameters. For T = 0, the results from each theory are identical. However,
as the temperature is increased, some discrepancies appear. These are
especially evident in the antenna resistance when the exciting frequency is
above the plasma frequency. Near T = 1000°K, there is reasonably good
agreement, but as the temperature is increased further, it can be seen that
the shapes of corresponding curves begin tc show radical diffevences. This
is very evident just below the plasma frequency. This discrepancy should
not be unexpected since for high temperatures and for exciting frequencies
near the plasma frequency, a'R becomes small and the large o'KR approximation
made by Balmain is not valid. Balmain's complete, though very difficult
expression, must be used if his theory is to apply under these conditions.

It should be noted that in Balmain's theory (in contrast to the
Despain theory) no appreciable reactance variation occurs as a function of
temperature for exciting frequencies above the plasma frequency. This lack
of variation is viewed with suspicion since even in regions where 1'R is
large, it seems only reasonable that antenna reactance is always changed
to some degree by a change in electron temperature and antenna resistance.
Appendix A also includes a dis-cussion of a problem that occurs in Balmain's
theory under certain special conditions.

It can thus be seen that the general characteristics of the two theories
agree in this particular example for temperatures below 1000°K.

Figure 11 contains a comparison of the Balmain and Despain theories for
fixed exciting frequency with plasma frequency as a variable. Again, godd
agreement is noted for low temperatures and for operating frequencies well
separated from the plasma frequency. Again, some disagreement is evident

wherever o'R becomes small. 1In fact, in the Balmain theory, the resistance

R ey £ ol e -
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is negative for high electron temperatures in certain regions. This

is clearly an impossiblie result for the physical system; and as discussed
above, comparisons in these regions are not possible. Again, it appears
that the Despain and Balmain theories generally agree over those regions
where valid comparisons can be made.

Although only a few sets of parameters have been examined here; more
extensive comparisons of the two theories have been made for several other
sets of parameters typical of ionospheric experiments. In each case, the
conclusions are identical to those discussed above.

In addition to the results from the theories of Balmain and Despain,
the impedance expression as derived from Whale's theory is also presented
in Figure 11. It can be noted that all the theories predict finite antenna
resistance for finite alectron temperature over at least part of the fre-
quency range. Also the resistance increases with increasing plasma fre-
quency in each case. The similarity ends at this point, however, since the
Whale theory resistance curve is clearly in variance with both the Balmain
and Despain theory. 1t is felt that because both the Despain and Balmain
theories were more rigorously derived than Whale's work, that they are
the more accurate formulations of antenna impedance. Therefore, Whale's
work will not be considered further.

The Despain theory has been compared to other theoretical results.

It was found to agree with Balmain's work where comparisons were possible.
It did not agree with the Whale theory. Thus the Despain theory seems to
be at least as good theoretically as the Balmain theory and yet it was
derived from a somewhat different viewpoint and is somewhat more general

in its formulation.
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Important Implications of the Theory

There are several very important implications that can be noted in
the examples of the Despain theory giv:n in Figures 10 and 11. First,
for no electron collisions and zerc eiectrou temperature, no antenna
resistance appenrs. However, if finite electron temperatures exist, then
antenna resistan.e appears for exciting frequencies above the plasma
frequency. Thus one effect of electron temperature is to add a loss
mechanism not considered in the usual cold plasma formulations. Second,
it can be observed that for exciting frequencies below the plasma frequency,
a series (low impedance) resonance exists, whose frequency is a sensitive
function of the electron temperature. Above the plasma frequency, the elec-
tron temperature has a much smaller effect on the antenna impedance. Third,
the electron dernsity (plasma frequency), temperature, and collision fre-
quency all greatly affect antenna impedance. Hence, it should be possible
to directly determine those parameters from antenna impedance measurements.

This problem is the subject of the next chapter.

Further Examination of the Theory

The effect of magnetic field has not yet been investigated. There-
fore, in Figure 12, the gyrofrequency has been taken as 1.4 MHz. By com-
paring Figures 10 and 12, it can be seen that the primary effect of the
magnetic field :s to transform the frequency scale so that the zero reactance
point of the zero temperature curve is transformed up to the gyrofrequency
and the parallel resonance (high impedance) point is shifted from the plasma

frequency to the upper hybrid frequency given by

2 .2, .2
f5 = £+ £y (103)
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If a close examination is made, it is found that the impedance at f
with no magnetic field is about the same at f' with longitudinal mag-

netic field where

v Jf2, 2
£ £+ £

The additional effect of collisions is shown in Figure 13. It can
be noted that the resonances are not changed in frequency although some
change is evident in the shape of the reactance curves. Furthermore,
large values of resistance are evident throughout the complete frequency
range.. Thus the primary result of electron collisions is an increase in

antenna resistance.

Comparison of the Theory to Experimental Results

There are two basic methods foi comparing the theory %o experimental
results. One method is to use the theory to simulate antenna impedance
from the best independent estimate of the experimental plasma parameters
and to then compare these results with the experimental antenna impedance
values. The other method is to use the theory to determine the plasma
parameters from the experimentally determined antenna impedance values.
The resulting plasma parameters are then compared to the independent
estimate of the actual plasma parameters. The first technique will be em-
ployed in this section while the second will be used in the next chapter.

There are three crucial impedance characteristics predicted by the
theory. The first is a parallel resonance condition for an exciting fre-

quency near the upper hybrid frequency described by

2 2 2
fP = fN + fH (105)
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The second is the existance of an electron temr:2rature controlled series
resonance condition for an exciting frequency between the gyrofrequency and
the upper hybrid freaquency. The third is the appearance of appreciable
antenna losses for exciting frequencies above the upper hybrid trequency
even when the electron collision losses are neglegible. Thus each ot these
characteristics should be observed in experimental results whenever the
proper conditions are met.

Experimentally, series and parallel resonances have been cbserved
many times in results from the Plasma Frequency Probe. In fact, whenever
it could be established that according to the theory, that these resonances
should occur, they were indeed observed. In most cases, independent measure-
ments of plasma frequency were also made so that the parallel resonance
condition could be checked. It was indeed at the predicted hybrid frequency
in every case. Several such comparisons are discussed in a paper by
Baker, Despain and Ulwick [1966] Independent measurements of electron
temperature were not made in most cases. Thus even though the series resonances
were consistently observed in all cases, it is not possible to determine at
exactly what frequency they should have occurred. A typical example from
one of these experiments is shown in Figure 14. Each experimental measure-
ment is shown as a dot. A curve has been drawn through the mean of these
point: as a representation of the parallel frequency. There was evidence
for this flight, that vehicle potential was rapidly changing over a several
volt range. Thus it has not been possible to completely determine the
antenna potential except to note that it varied repgatedly from about zero
down to about minus five volts during a period of about 1.6 seconds. Sheath
effects that correspond to a value of S from about zero to four must therefore
be effective here. This accounts for some of the spread in the series resonance

data. So that this data could be compared to theory, a pair of curves were
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drawn near the series resonance points. These curves represent the pre-
dictions of the theory using the parallel resonance curve and the indicared
sheath and electron temperature parameters. These parameters are re-
spectively, the highest and lowest limits that can be reasonably estimated
for this flight tor the sheath variable S and electron temperature T. It
can be seen that in this particular case, and within the experimental un-
certainties, there is good agreement between theory and experiment. Thais
same conclusion was reached after an examination or the other flights where
good measurements were obtrained.

The observation of high antenna losses in regions of low electron
collision frequency have been observed by Whale[1964] as mentioned earlier.
A recent experimeant using the Standing Wave Impedance Probe also exhibited
a similar phenomena ([Baker ¢t al., 1965). Sinie impedance measurements
of electron temperature are not available, it is again impossible to pre-
dict exactly what losses should have been observed.

't is possible to assert that at least these experiments demonsrtrate
results consistent with the theory and no contradictions are yet evident
Such is not the case for the various other theories discussed earlier,

The cold plasma theories and Whale's results do not predict a series
resonance,and Balmain's warm plasma theory ignores magnetic fields that

are always present 1in the ionosphere. Thus Balmain's theory does not pre-
dict correct values of series resonance or antenna losses. It is not pos-
sible to assert that the Despain theory is absolutely correct, but it has
been proved that it is more accurate for the range of parameters of interest

here than have any of the other theories of which the author is aware.
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Chapter V

DETERMINATION OF PLASMA PARAMETERS

Introduction

Historically, RF antenna measurements have been used to determine
electron density (plasma frequency) and electron collision frequency, using
one of the magneto-ionic theories in the interpretation of the data. From
the theory developed in this paper, it can be seen that electron temperature
must also be considered; indeed, it is possible to determine electron tem-
perature from the antenna impedance measurements using this theory. The
purpose of this chapter is, therefore, to demonstrate how electron density,
temperature and collision frequency can all be determined by use of this
theory.

Antenna impedance is described by two parameters; resistance and re-
actance. It is desired, however, to determine three parameters; that is,
electron density, temperature and collision frequency. Thus either impedance
measurements must be made at (a) more than one exciting frequency or (b)
simultaneously on at least tw: antennas of significantly different con-
figuration or (c) there must be some known relation between at least two
of the plasma parameters.

Over the usual range of natural ionosphere conditions, there is a simple
relationship between electron collision frequency, electron temperature and

total particle density (Pfister, 1965]. The relation is

v = CNTNt (106)
where Nt = Total particle density (particles/meter3)
CN = A constant derived from any desired model atmosphere,
taken t¢ be 2.6 x 10_17 in this paper.
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The total density can be found from a wmodel atmosphere once the desired
altitude is specified. The altitude, in turn, is known from the rocket
trajectory. Thus the parameters altitude and antenna impedance can

specify electron density, temperature, and collision frequency.

Plasma Parameters from the Standing Wave Impedance Probe

The Standing Wave Impedance Probe determines antenna impedance at a
single frequency and at a given time. Thus for a given altitude, a plot
of antenna impedance as a function of plasma frequency and electron tempera-
ture can be used to determine these parameters. Such a plot is generated
by a computer program known as IMPPLT in conjunction with the subroutine
ANTZ. These programs are listed in Appendix B for reference.

A plot of antenna resistance versus reactance is shown in Figure 15
for v = 0, and for no magnetic field. It describes a typical antenna used
ir ionospheric experiments of 3 meter length, 1/2 cm radius and driven at
3 MHz. The impedance values shown are the differential impedance changes
from the free space conditions. Curves are shown for various constant electron
temperatures and also for various constant plasma frequencies. Figure 16 is
a similar plot for v = 1 MHz in which the effect of electron collisions can
be discerned. The primary effect of the collisions is to increase the antenna
resistance. In Figure 17, the collisions are assumed to follow the relation
given in equation (106) at 75 km. In addition, magnetic field effects have
also been taken into account by assuming a gyrofrequency of 1.4 MHz., It
is evident that given antenna impedance and altitude, the plasma frequency
and electron temperature can be determined directly, and that equation (106)
can specify electron collision frequency. Thus these parameters can all

be determined from the results of the Standing Wave Impedance Probe.
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Plasma Parameters from the Plasma Frequency Probe

The Plasma Frequency Probe, as explained in Chapter I, directly
determines the series and parallel resonance frequencies of an antenna
that occur in the range of .1 MHz to 10 MHz. It was shown in the last
chapter that the resonance frequencies are not modified by modest electron
collision frequencies so that v is assumed to be zero in the work that
follows. The parallel frequency is not a function of electron temperature,
and hence it defines the plasma frequency. The relationship for longi-

tudinal magnetic field is

fN = fP - fH (107)

For other magnetic aspect angles, it can be easily shown from magneto-
ionic theory (Appendix A) that this equation produces at most an error
of about 10% in plasma frequency. For fN>>fH’ the error is very small.
The series frequency, on the other hand, is a function of plasma freq-
uency, gyrofrequency and electron temperature. Thus it is desirable to
calculate the zeries resonance frequency as a function of the antenna and

plasma parameters so that this relationship can be examined.

Calculation of Series Resonance Frequency

The condition for series resonance is that the imaginary part of

the antenna impedance be equal to zero. Thus from Table I

]
o

(108)

?

i 1 1 <¢£aRs)/ln(L/RS)-¢2
1-y

Imag + 3
ijS JwCo

or
6(aR ) /1n(L/R )4’
C /C_ + Real =0 (109)
o s

1-y
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1f wz is found, the series frequency will be defined. Thus since v = 0,
¢ and ¢ are both real for

fH <f < fP (110)
then

2

" = [In(R_/R,) + ¢(aR)]/1n(L/R,) (111)
where

Co/Cs = 1n(Rs/RA)/1n(L/RS) (112)

Equation (111) is the series respnance condition. It is a transcendental
equation and is therefore not subject to analytical solution. It can be
solved by a numerical technique such as Newton's iterative procedure.
Subroutine SICALC of Appendix B solves the equation for ¥y by Newton's
method. The series frequency fs is then given by the definition of y as

£ = e - fs]llz (113)
A computer program named TMPCl (see Appendix B) calculates and plots this
series frequency by calling SICALC and several other routines. The result
is a plot of series versus parallel frequency with electron temperature
as a parameter for a given set of plasmé and antenna parameters. Figure

18 is an illustration of such a graph for a typical antenna. It can be

seen from the figure that given the series and parallel resonance frequencies,

the electron temperature can be determined.

The parameters of antenna radius, magnetic field and sheath radius
all have some influence on the series resonance frequency. To illustrate
the effect of these parameters, the curves of Figure 19 were developed.

Note the decrease of series frequency as the antenna radius is increased
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and the increase in series trequency as magneti- tieid and shearh widrh
are increased- ihus a knowledge cf the shearh and magneri: rield are
required 1n addition to the antenna psrameters and resonance freq.en-ies

in order to define electcon temperaru:e.

Electron Temperature from Resonance Frequencies

Electron temperature can be found from diagrams similar tz Figure
19, or they can also be calculated directly It ele<tron temperature

1s desired, the resonance condition (1C9) is used to define ¢ as tollows
Rz 2 )
o(aR ) = [u~ + (1=¢")C /C | In(L/R) (11%)
S (o] S S

where all the parameters on the right hand side are known. Jow ¢ is

a transcendental tunction of aRS and while aRS cannot be expressed ana-
lytically, it .an be found numerically trom the value ot 4. Subroutine
ETAA determines )RS trom the value of ¢ by a series of simple iteratioas,

The parameter » 1s a tunction oi the electron temperature T and thus

T = (4n?®%m/3K) (£2 - £2
S S

) (1=u) 7 (uR )2 (115
H S

This temperature is calculated by a subroutine named I[EMPSP. The rourines
ETAA and TEMPSP are used 1n rhe main line program TEP60l to tind electron
temperature rfrom the series and parallel resvnance trequenties. Agdin the

programs are listed in Appendix B.

Example oi Electcon Temperatures from Measured Antenna Characrecistics

To 1llustrate rhe measurement of electron temperarure, the results
trom a Plasma Frequency Probe flown cn an Aerobee ro:cket AC 3.603 were
analyzed This rorket was tired into an active aurara; and hencs, some
large variations ot the plasma parameters oc.urred, in-luding bigh eiectron

temperatures. The complete experiment has been described in detail

\?" 3T o g, Mmm e — nwWﬂ\‘wﬁmﬁm"M‘ e g =0
Q Rl . 0 . —a—— e : + 7%

[ Sl 1
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elsewhere [Ulwick, e* al., 1965] and an extensive analysis o1 the RF p:obe
experiments aboard has also been reported {Bakzr er cl., 1965]). The
important feature of this particular tlight was the 1ndependent measurement
of electron temperature by two other instruments: a planer retarding
potential analyzer and an RF electron temperature probe (RF perturbated
Langmuir probe, part of the Resonance Rectification Probe).

Sheath variations occurred with this experiment. However, the vehi:le
and antenna potential could be defined, and 1t was found that the antenna
potential was zero at certain rimes during the flight [Richardsz, 1965).

The experimentally determined potentials are shown in Figure 20 as a runction
of the volrage step applied between the vehicle and the antenna. It zan be
seen that at step 5, the antenna potential 1s near zero and that th:z sheath
must be colliapsed for this condition. Thus the theory tor no sheath -an be
applied at this time to determine electron temperature.

Program TEP601 was used to calculate electron temperarure for the step
5 case over a limited regicn of the flight where gocd resuits were obtained.
The results are shown 1in Figure 21, along with measurements 1rom rhe crher
two instruments. There 1s considerable scatte: i1n the mzasurement ot the
resonance frequencies due to telemetry noise and other experimenial limi-
tations. Hence the temperature values show large variations irom what must
be the true values. In addition, the true temperature ~alues must alsc vary
greatly as well, since the antenna 1s in an active auvroral region character-
ized by disturbed temperature and density variations. Since each independent
instrument measures at an independent time, some differences between :nstru-
ments is expected due solely to the variations in the ;onospheri. medium
The general agreement between all the measurement: 1s scen tc¢ be quite
good when the above arguments are kept in mind.

In an attempt to further observe the correlation between the various
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techniques, the data under all sheath conditions was analyzed with the
collapsed sheath theory and the resuits were averaged- This average

curve is compared to the other measurements in Figure 22. Again reasonable
correlations were obtained. It should be noted that the experiment was not
designed to determine electron temperature and that further experimental
refinements with this goal in mind would greatly improve the quality of the
data. In general, it is felt that the measurements of electron temperatures
by the resonance frequencies could be a very accurate technique, especially
for experimental designs optimized for accurate determination of the resonance

frequencies.
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Chapter VI

SUMMARY AND CONCLUSIONS

This paper first discussed the plasma state and the important parameters
needed to specify the character of a plasma. Then the range of parameters
encountered in the ionospheric plasma was examined. Various RF probe tech-
niques werc presented and a need was shown for a theory to describe the
plasma - antenna interaction so that measurements from these probes could
be interpreted correctly.

Various theories have been previously presented but while some of these
were suitable for a restricted range of plasma parameters, none of these
theories could account for all the experimental results as observed in data
from the probe experiments. Thus clearly further theoretical work was re-
quired.

In the theoretical work, the antenna was assumed to be cylindrical,
electrically short, vet with sufficient length as compared to the radius
so that end effects could be ignored. The surrounding plasma was character-
ized as a homogeneous, compressible electron fluid surrounding relatively
fixed positive ions so that macro charge neutrality is maintained. The
plasma properties are described by the plasma frequency, gyrofrequency and
the electron temperature and collision frequency.

The theoretical approach considered the forces on an element of the
electron fluid. In addition to the usial acceleration term, there were
forces due to electric and magnetic fields, electron collisions and gradieuts
of pressure in the electron fluid. The pressure gradients were related to

density gradients and electron temperature through the ideal gas law and

equation of state. The velocity of the electron fluid was found from this
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force equation. This expression was then combined with the continuity and
Poisson's equation to produce a second order partial difterential equation

in terms of the electron density variations. Solutions to this equation
were found to be expressible as the well known Hankel functions. Bcundary
conditions then determined a unique solution. From a knowledge of the charge
density, Poisson's equation was solved and the potential in the region was
then defined. The fields were then easily determined and antenna 1mpedance
was found as the ratio of antenna potential to antenna current as derived
from the field quantities. The usual discontinuous sheath model was employed
to account for sheath etfects. The result was an impedance expression rhat
included all the important plasma parameters discussed earlier, especially
electron temperature.

The results of the theoretical calcuat:on were numerically simulated
with a computer, and the emperical results were compared to several other
theories. The theory exhibited good agreement with magneto-ionic theories
and also with Balmain's work ior a range of parameters in which it was valid
to make comparisons. In addition, a comparison was made to experimental re-
sults, The agreement was good, at least to within the limits of the accuracy
of the experimental parameters. In contrast to ail the other *heories, n:
contradictions were noted between the theory and experimental results. Thus
the theory appears, at least, to be the best available for interpretation of
ionospheric RF probe experiments.

The problem of determining plasma parameters from impedance measurements
was considered next. First it was demonstrated that plasma frequency, electron
temperature, and collision frequency could be obtained from the altitude and
a single frequency impedance measurement. Next it was shown how plasma
frequency and electron temprature are defined by the series and parallel

resonances of the antenna. Finally an example of determining electron
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temperature from experimental Plasma Frequency Probe results was considered.
The electron temperatures determined with the aid of the theory were compared
to two other independent measurements and good correlations were obtained.

It is believed that the experimental electron temperatures derived by
use of the theory are the first reported, direct electron temperature mea-
surements of the ionosphere that do not use some variation of the Langmuir
Probe lechnique (sce Chapter I). The theory therefore makes possible a
valuable new method of measuring electron temperature.

It should be noted that the theory was developed to interpret RF probe
results. Hence, the antennas were always very short compared to the RF
~wvelengths; and therefore, the electromagnetic effects were dominated by
the plasma effects. In addition, the free space impedance of the antenna
systems could be experimentally determined; and thus, the theory was only
required to account for changes in the impedance due to the plasma.

In conclusion, it can be noted that the theory successfully accounts
for all the experimental phenomena observed. It agrees weil with other
theories where comparisons are valid. Finally, its use makes possible,
for the first time, the determination of electron temperature by an RF im-

pedance probe technique.
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APPENDIX A

ANTENNA IMPEDANCE FROM IONIC THEORY

Isotropic Media-Capacitor Model

If magnetic fields and thermal motions other than collisions are ignored,
then antenna impedance can be simply determined from ionic theory.

The frequencies of interest are in the range .1 to 10 MHz. Thus the
shortest wavelength involved is 30 meters. 1In almost all cases, the an-
tenna probes under consideration will be much shorter than this, typically
about 3 meters. Therefore, the antennas are always short compared with the
operating wavelengths, and hence may be considered as capacitors whose die-
lectric reflects the properties of the plasma medium that surrounds the
probes. Capacitance of an object is defined as the ratio of the total charge

stored on the surface to the electric potential of the object.

c = Q/¢ (A1)

>
in terms of the electric flux parameter D, the capacitance is from Gauss's

Law

L
NS 3 (A2)
in terms of the free space capacitance Co and from the relation valid
in free space D = EOE, it is found that
o o
-C- = e >3 (A3)
o € | E-dS
Olig




For the well behaved geometries encountered in practice (planes, cylinders,
etc.), it is permissible to consider both D and E invariant in magnitude
and perpendicular with respect to the surface. Thus these quantities can

be taken outside the integrals and the following relation results

€ _ &
Co Eo (AS)
where
> >
D = ¢E
The antenna impedance Z,can now be obtained from
Za=1/ij
Ratcliffe [1962) derives an expression for ¢ expressed by
e=c¢ - X
0 1-jz (A5)
where
X = wi}/wz
Z = v/w
wy = radian plasia frequency
w = radian operating frequency
v = electron collision frequency
Thus the antenna impedance Za is
-1
; oL L [ __x
a juC ijo 1-j2 (A6)
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co i w(lz }2(Z 7 - 2+ : 2] (A7)
e o L\1-X)" +12 (1-X)° + 2z

In this expression, it is assumed that the antenna probe dces not radiate.
In actual practice however, even a very electrically short antenna will

radiate some energy. This is often described by a radiation resistance Rr

2
Rr Pr/Ia . (A8)
where
Pr = total radiated power

Ia = antenna current at terminals.

Kraus {[1950] in (5-55) gives the following expression for Rr of a short

dipole

2r o[£ ﬁg—é%i (A9)
or

Rr tE g% (A10)
where

R_ = resistance of monopole

L = 1length of monopole

B = w/le = 21/

(2]
]

velocity of light

A = wavelength
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In a plasma medium 5 is invariant,but as shown above, ¢ varies accord-

ing to (AS).

Thus, the antenna impedance Zar arising from the radiation

can be determined by substituting (A5) into (A10). (K.D. Baker, private com-

munication, 1964) has examined this problem and has verified that both the real

and imaginary

parts of the radiation resistance should be included in the

total expression for antenna impedance. A similar approach for the more

general case of antenna impedance has been developed by Harrison and Denton

[1959], where they have let Imag [e] be represented by -o/w where o is

the conductivity of the medium.

The antenna resistance is thus

Z
ar

and the total

Zat

The radiation

short or when

Magneto-Ianic

~ .2 -1/2
poB L X
"o |! Tz (A0

impedance Zat is then

- -1 2 -1/2
.1 X1 e - (A12)
~ JuC 1-jz 6m 1-j2

term should be included wheneve:r the antenna is not extremely

very small changes of resistance are of interest.

Cold Plasma

If a steady magnetic field permeates the plasma, the medium is no longer

isotropic. Thus while (A3) still applies, the relation between D and E in-

volves a tensor [e]. Since E is always normal to the antenna surface, (A3)

can be expressed as

TSN T YA - < 5o gy s

. (A13)
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where IEsl = magnitude of E at the antenna surface.
But by definition of [¢]
<>
DE - Egey,E, (A14)
%
or
- - < 2 2 t \
B-E Bl HEjegy + B egp ¥ iLj £y A15)
i#j
vhere tii = all cross procucts.
~iius (Al3) becomes
2 2 2
E € E e E e t,.
J’ S B s o l Y22 45 4 [[ 233 45 4+ ( NES R
: E L E E
C s |7sl s |7s| s |Ts| s | sl
r- i — (216)
o aOJJ |Eg) 48
s
At the surface of the cylindrical antenna
E_ = IESI Cos € (A17)
£ o= |usl Sin € (A18)
EZ = ¢ (A19)

Thus since Ez = (0 anc the tij integrals all go to zero as they contain cross

terms that integrate to zero, the equation becomes

o

L,2n L2n
1 ! 2 n 2
. | Cos 6dbdr |E_| 5in“ededr
“11 o S €22 Jolo ®
. o (A20)

0j0

(o)

(o)

Co B €s L2m € L
[ ( |E_|dedr f I |E,|d6dr




It is assumed that Es is not a function of 6. Thus (A20) becomes

¢ r2m c r2m
|

C .1 Ll o 2che 22 11 o204
c € 2 € 27

o Jo 0 o
c _ fu 2

c 2¢

(o] o

According to Appleton-Hartree Theory [Rateliffe, 1962]

o XU2
€ = ¢ l + —
11 o i U(YZ _ UZ)]

T x@? - Y’sin?y)
= ¢ 1+ > >
Uy - v

Thus

C 1% + x?-vZsin®y)
T =1+ 1/2 > 7
0 Uy -u")

C .y, gLlol/2 (v/U) *sin?y
c "lt+X 2
fo) U(Y/U) -1

or antenna impedance is
-1

2., 2
BE 1% vr/v? - 1

(A21)

(A22)

(A23)

(A24)

(A25)

(A26)

(A27)

This expression is the expression for antenna impedance from the magneto-

ionic theory of a cold plasma.
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Comparison to Balmain Theory

The antenna impedance of (A27) can be directly compared to the results
of Balmain (see Equation 10). As mentioned in the main text of this report,
Balmain's work is probably the best published to date on cold plasma antenna
impedance. To compare these two theories, they were written up as Fortran
subroutines known as ANTZ - BALMAIN and ANTZ-MAGNETO-IONIC THEORY. These
routines were successively used in a program called SWP4MD that calculated
and piotted the antenna impedance as a function of plasma frequency and
for fixed exciting frequency (see Appendix B). The results have shown very
good emnirical agreement except when the exciting frequency is near the
plasma frequency. A typical sample of both theories is shown in Figure A-1
and illustrates the areas of disagreeuent. Stone, Weber and Alexander [1966]
have also noted a theoretical discrepancy between Balmain's theory and the
theory of Herman and others when the plasma frequency is in the vicinity of
the exciting frequency. In addition, it appears that their experimental
evidence confirms that Balmain's results are not valid in this region. Thus
it may well be that the magneto-ionic theory presented here is more correct
and much easier to derive than the theory of Balmain. It should also be
noted here that this derivation is similar in many respects to the derivation
of Crouse [1964] made on a rocket nose cone and thus should agree very well

with his results if the cone angle is set to zero.

Hot Plasma

The basic assumptions and view of the plasma in this section are iden-
tical to those developed in Chapter III. The strategy of deriving the an-
tenna impedance differs in that it is assumed that the plasma can be rep-

resented by an effective permittivity tensor [e]. Thus the same basic
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Fig. A-1. Comparison of Balmain and magneto-ionic antenna theories.
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equations are usec to find [e], but instead of ceveloping partial differential
equations as in Chapter III, this derivation derives the antenna impedance
directly from € by an integration process similar to that used above for the

cold plasma case.

Permittivity [e]

The starting point in deriving [e] is the force ‘:quation (25j.

jui [LV-3Y(V xg )l = -UZVn + z_e v (A28
Where
E = -vo (A29)
v = %‘3 (A30)
(o)

the force equation becomes

2
€

> H h 3
juh [W-3Y@ x O] = —=2 9(7.E) - -“f: E (A31)

Now the usual assumption is mace [Fateliffe, 1962, p. 15] that the velocity

can be represented by a polarization P as follows

> L
P = -Ner (A32)
> > >
P = +jwP = -lev (A33)

Thus
> _ jw 2
v = %; P (A34)

and the force equation becomes

Y

T Ty ey



2
e

> 0 > -+ - ~
e XE - —y2 V(V-E) = - [UF - 5¥F x ¢]
(]

where
2
X = wy /w2 = Nez/meow2

Now tensor notation is introduced.

Let
52 52 32
ax? Ixdy  9xdz
2 2 2
3 ) )
(4] = -
oxdy 4y dydz
82 32 82
8oxdez  dydz dz |
and
- 5
Uiy, Y
-1
[e] = |3y, -U  -jY_
-iY_ -3Y -U
Iy .
where
Y = Yo=Y x+Yy+Yz
= g & yy zz

Then the force equation can be written as

2
HES > -1,
eoX - wz [A]] E=[oc] P

However

iess LRI NS | N AWM w7 MY R SRy YRGS T TG A e W QR hetif SNt kil 2
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(A35)

(A36)

(A37)

(A38)

(A39)

(A40)

(A41)
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or
P = [¢]E - sO[I]E (A42)
Thus
u2E N -1 N
[eox - —?“ [A]]E = [o0] [[e] - EO[IH E (A43)
2
X L %o
Eo [0] - wz [o] (A] = [“:] - EO (1] (A44)
or
2
[e] = €, [x[ol + (1] - %5 [o] m] (445)
W
now
2 2 ] N
WY JU0,-Y, ¥ ) (GUY YY)
X 2 .2
Xlo] = - |——— Uy -Y Y - - - A46
ol [U(UZ-YZ)] (juy, Y O @ Yy) (=3uy_ Ysz) (A46)
2 2
-3UY -Y Y ) (GO, Y ¥ ) (U —Yz{

[(See Rateliffe, 1962; p. 182-184]

100
[(I] =010 (A47)
001
Let
w2 VX
- [o] [a] = —==—— [A] (A48)

w u(u=-y")
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where

V= u2/w§

then the elements of [A] are

2
2 2. 3
All = @ _Yx) 2 - (jUYz“Y
X
2
2 2 )
A12 W ‘Yx) 9Xdy - QuY YY)
2
2 2 )
A13 = (U —Yx) 0.9z (jUYz-Yny)
32
Ay = QWYY —5 4 (U-Y)
X
a2
A22 = (jUYz-Yny) 3;5;‘+ (U
a2
A23 - (jUYz-Yny) X0z
32
A31 = -(JUYy—Yny) — (JUYx—Ysz
ox
a2
Ay = (U =Y Y)) 2oy
a2
A33 - ‘(jUYy-Ysz) 9X9dz
-X
Now let [e] = € 55 [T]
U(u™=y")

Then the elements of [T) are given by

eij =€, [Xoij + Iij +

X'y’ 9x9y + (jUYy_Ysz)

+ QU YY)

+ (jUYy—Ysz)
5" (jUYx—Ysz)
- (JUY_-Y. Y)
+ (U —Yy) - (jUYx—Ysz)
>+ W=y?)
+ (jUYx—Ysz)

) 2
- + (UZ—YZ)

+ (jUYx—Ysz)

U(Ul-y

2
9z

a2

9x90z

a2

dyoz

a2
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(A49)

(A50)

(A51)

(452)

(A53)

(a54)

(A55)

(A56)

(A57)

(A58)

(A59)
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2 .2 2 2
=2 ([ - o - (1 fp©a =
T, UL -y )Jij (B/X) (U"-y )Iii VAij

Thus
2 .2 2 2 .
T = {{ -Yx) - U/ -Y") - IAll

Ty T tUW YYD - VA,

Ty = (WYY - VA,

Ty = GU-YY0) - VA,

2 2 2 2
T = (U —Yy) - (U/X)(U7=Y") - VA22

Tpy = ~GU-YY,) - VA,

o

“(UY YY) - VA,

T,, = (jUYx-Ysz) - VA

32 32

T.. = (uz-yi) - (U/X) (U3-Y%) - va

33 33

Therefore [e] is

-X
[e] = ¢ ——=— [T]
o U(UZ-YZ)

where the elements of [T] are given above.
The permittivity -ensor represents the hot, magneto-ionic medium.

should be noted that it contains partial derivatives with respect to the

A-13

(A60)

(A61)

(A62)

{A63)

(A64)

(A65)

(A66)

(A67)

(A68)

(A69)

(A70)

It

coordinates. Thus the spatial form of the E field must be specified before

[e] 1s completely defined. This implies that [e] is a function of the

coordinates.
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Hot Plasma Antenna Impedance
The E field around the cylindrical antenna is given by

E = E(r)[Cos (5) x + Sin (€)y] (A71)
and the magnetic field vector is assumed to lie in the y-z plane, at an
angle y with respect to the z axis (see Figure 8 in the main text).
Thus
Yx = 0, Yy = Y Sin vy, Yz = Y Cos Y (A72)
E = ECos 8 (A73)
X r
Ey = Er81n 6 (A74)
aEx 3 x dr + aEx P T
0x dr dx 90 dx
BEx BEr Er 2
-—a-i-= —::+-—Sin 8 (A76)
B, 2B
= —= Cos” § (A77)
2 3
ox r
where
Eo
E = —
r r
Similarly

2
g Ex = 2Eo Cosze(;+Sin%L)
9x3y r3 Sin o

e, YT T Wt R T IO T T e ar
it o5 g % A 3
e a sl .

(A78)
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?°E 26,
—L = —2 sin’s (A79)
2 3
oy r
aZE 2E 2 2
Y .o Sin 6 (1+Cos” & A8
ox3y 3 (A80)
T Cos €
All partial derivatives with respect to z are zero as are all partial
derivatives of Ez.
Thus
2
1 . I‘:x - Cosze ‘ (A81)
E 2 2
X 9x r
32E 2
1 X _ 2 Cos 6(14+Sin" 6) (A82)
Ex ey rZSinG
aZE 2
1 Yy _ 2 Sin€(1+Cos” §) (A87)
E 9xdy 2 -
y r Cos 6
2
1 %E 2’ (4805
E 2 2 4
y 9y r
and
2 2C0s> 6 2C0s 6 (1454n° 6)
A, = U° 252 (jUvCosy) 08 (A85)
i1 2 2
r r Siné6
ZSin6(1+Cosze) 281"26
A = U - (jUY¥Cosy) —=—— (A86)
12 2 2
r Cos6 r
2C sze 2 2., 2 2C e(1+3'r2m
A, = jU¥Cosy =252 4 (U -y sin‘y) =208 S (A87)
21 2 2
r r Siné
2S8in€ ’1+Cosze) 2 2., 2 281:126
Ay, = JUYCosy . + (U7-Y"sin"y) ==— (A88)
r Cos 6 r
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It follows that

2 Tics 2

T o= UP-(u/x) (UP-vR-vu? 2E058 € o yyuvcosy 2C088(HSin 6 40

11 2 2

T r Siné
2 ZSin6(1+Cosze) 231n2e

T = —jUYCosy-VU + jVUYCosy ——— (A90)

12 2

r Cos 8 r

2
T,, = jU¥Cosy-V(UP-y’sin’y) 2C0s€(4Sin ©) _ ,yycoey 2608 8 (g
21 2 2
r Siné T
2 2.2 2 2 2 2 2 25in’e
T22 = U '-Y Sin"y-(U/X) (U"-Y")-V(U"-Y"Sin Y)—_E___
r

251n6(1+Cosze)

-jVUYCosy > (A92)
r Cos®
Since
-ECX
e} = —=—— [T] (A93)
u(u™-Y")

[e] is now defined. The antenna capacitance is given by (Al3) and with (Al4)

it is possible to write

_ [
e X  ET.E,
7 2 ) ET ¢S
c Uty ||, 1,3 s
c _ (A94)
¢ [ (
€ |E | ds
[o] S
118

27
c - =X 1 ElelEx ElezEy o, EyTZlEx + EYTZZEY de (A95)
C uwwPw® 2] )2 e ? e e )?

o s s s s
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by use of the following relations

L
Sin2 6d6 = « (A96)
jo
raﬂ
Coszede = 7 (A97)
Jo
"3‘"
Sin® adp = 2—" (A98)
)
pOT
Cos 640 = -2—’1 (A99)
jo
CA
Sin26C052 6d6 = %E (A100)
¢

and by noting that all the other trigonometric expression integrate to zero,

it is found that

27
ET.,E
L xilx 5.1 2a-3v28%) - wrn) Wy (A101)
27 2 2 S
|E_|
s
0
27
ET..E
%; _Elz.zl .o .%'. [5U2V/2R§] (A102)
|E_|
s
o
27
E T,,E
L x2lx 12 y2sin%) (sv/2%) ] (A103)
27 IE |2 2 s
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27
E T..E ;
%‘- | X223 oL -av2r?) - (urn (-] (A104)
n lE IZ 2 S
O 8

The capacitance is then

ola

= 1-(X/U)(1-Gd2/2)Sin2Y)(1-4V/R§)/(1-w2) (A105)
o

This expression is identical to (A26) except for the 4V/R§ term that
represents the effecrts of electron temperature. Thus (A105) is the antenna
impedance from magneto-ionic theory including the effects of electron tem-

perature.

Simulated Results

The above expression (Al05) was programmed and the results were plotted.
An example is shown in Figure A-2. If it is ccmpared to a similar curve from
Despain Theory as developed in the main text, the comparison is very poor.
In fact, the results shown are physically so unlike other results that they
cannot be accepted even as an approximation. Thus this theoretical technique
cannot be used when finite electron temperatures are under consideration.

The exact reason for the discrepancy is unknown to the author; however,
it is his opinion that the use of a polarization vector P to represent the
hot electrons is in error. This formulation does not allow for electroacoustic
(longitudinal) waves to exist in the plasma as does the theory developed in the

text. It may well be that for




that this formulation would produce correct results.
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Fig. A-2. Magneto-ionic finite

temperature theory impedance plot

This would be the case

for either very high plasma frequencies or low electron temperatures. It is

not suitable for the usual range of ionospheric parameters.
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APPENDIX B

COMPUTER PROGRAMS

Introduction

All of the fcllowing programs were coded in Fortran IV and processed
on an IBM 7044 computer at the University of Utah Computer Center. The
computer system includes a CalComp digital plotter. Extensive use was
made of this device to display simulated and experimental results. There
are many programs that are part of the IBM 7044 and CalComp system. These
system subroutines will not be included here, but can be obtained from the
University of Utah Computer Center. Only the special external routines
developed for the work reported in this paper will be given.

There are four mainline programs and a number of subroutines, some
of which are used in more than one of the main line programs. Hence if a
given routine cannot be found after the main program in which it is called,
then it will either be cataloged under one of the other main line programs
or is a subroutine included in the 7044/CalComp system. Each subroutine
called by a program can also call other subroutines and read input data
cards. Thus before an attempt is made to use the programs, all subroutines
should be checked for additional call statements. The Fortran IV program
listings follow the descriptions of the routines.

Main Program SWP4MD

SWP4MD is the main program for plotting theoretical antenna imredance
as a function of frequency. The theory is contained in subroutine ANTZ
of which there are four versioms:

(a) Magneto-ionic theory (c) Whale theory

(b) Balmain theory (d) Despain theory

AT YU 5 8 (Y ey ey - it Sha - - Pt PO P Iy ot o e SEREASLE o
.. o - -
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Any one of these can be used with the main program. The program produces
a tabular listing of the frequency, impedance, and plot coordinates with
a heading block on each page. It can also write a tape suitable for data
storage and external plotting. It produces a CalComp plot of impedance
versus frequency. Each plot is 8" x 15", the ordinate ranges from -108 to
+108 ohms on a logarithmic scale. The abscissa begins at zero and ends at
a specified maximum frequency (MHz). There are many options and input

variables. These are explained below.

Variable Name Function
NPL@TS Number of separate figures.
NRESLV Number of separate data points per curve

(resolution).

NTAPE Identification of tape drive unit that out-
put is written on. If negative or greater
than 4, no tape is written.

NSKIP Number of files skipped before data is
written on tape unit NTAPE.

NPRINT Ratio of total data points plotted and
written on the tape to the data points
printed on the listing.

NPLT A branching constant. If set to zero, no
plot is produced. If set to 1, a plot is
produced including labels. If set equal
to 2, the plot figure is labeled, but the
curves are not.

MTHY A branching constant such that if set to 2,
the impedance is found as a function of
plasma frequency, otherwise impedance as a
function of operating frequency is determined.

ND@ Number of curves per figure.
KGRID A dummy variable. May be set to any value.
FMAX Maximum desired frequency (MHz) on the ab-

scissa of the figure.




Variable Name

FX

FH

FNU

ANGLE

RINIT

XINIT

M@DE

Function

The plasma frequency (MHz) is MTHY is 2,
otherwise it is the operating frequency (MHz).

Electron gyrofrequency (Hz).
Electron collision frequency (Hz).
Electron temperature (°K).
Antenna radius (m).

Effective antenna length (m).

Angle between the antenna axis and the magnetic
field vector (degrees).

Resistance to be added to the antenna impedance
and its shunt capacitance.

Reactance divided by the applied frequency that
is to be added to the antenna impedance if MODE
is 1. Otherwise, it is the fixed inductance in
series with the antenna and its shunt capacitance.

A branching constant. If M@DE is set to 1,
JXINIT*F and RINIT are added to the antenna
impedance. If M@DE and MTHY are set to 2, the
difference between free space and actual antenna
impedance is produced. If MTHY is not 2 and M@DE
is set to 2, the actual antenna impedance is pro-
duced. If M@DE is set to 3, first the shunt cap-
acitance and then the series resistance and in-
ductance are added to the antenna impedance. If
set to 4, the difference impedance from free im-
pedance is plotted, with first the shunt capaci-
tance and then the series resistance and induc-
tance taken into account.

The following cards are called by the program:

Card No. Format
1 7110
2 1346
3 13A6
4 2110,2F10.3,
3E 12.6,14
5 6E13.6

Variables

NPLPTS, NRESLV, NTAPE, NSKIP, NPRINT, MPL@T, MTHY
Major Title
Minor Title

ND@, KGRID, FMAX, FX, RINIT, XINIT, MODE
FH, FNU, T, R, AL, ANGLE
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There is one card similar to card 5 for every separate curve (the number

of curves is given by ND@). Thus, if NDP should equal 3, cards 6 and 7
would be similar to card 5. Each separate figure requires the groups of
cards that follow card 1. Thus, if NPL@TS should be 2, all the cards after
card 1 would be repeated for the second figure.

The following subroutines are called by SWPAMD:

Subroutine Name Location Function

CONSTS External Calculate physical constants
SKPFLS System Skip over tape files

ANTZ External Calculate antenna impedance

IDPL@T System Generate plot identification
PLOT System Generate plot pen movements

SYMBL4 System Generate plot symbols

NUMBER System Generate plot numbers

FINI System Generate plot ending

Subroutine ANTZ

There are several versions of ANTZ, each of which calculates antenna
impedance according to several different theories. The primary variables

are transferred through a labeled common statement as follows:

COMMPN/IMPCOM/Z, F, FP, FNU, FH, ANGLE, T, R, AL

where
Variable Function
Z Complex antenna impedance
F Exciting frequency
FP Plasma frequency




[ T

Vuriable Functiou
FNU Electron collision frequency
FH Electron gyroirequency
ANGLE Magnetic aspect angle (degrees)
T Electron temperature
R Antenna radius (m)
AL Antenna length (m)

Physical constants are transferred through another labeled common statement
/CONSTA/. These constants can be obtained by a CALL C@PNSTS statement in
the main line program. Further definitions of the constants are included
under the descriptiocn of subroutine C@NSTS.

The Despain theory version of ANTZ alsc includes an additional labeled

common statement /FPHIC/AR, PHI where

Variable Function
AR Complex variable aR in the Despain theory
PHI Complex variable ¢ in the Despain theory

The Despain theory version of ANTZ calls subroutine APHICF that calculates
PHI from AR and transfers the variables through the above described com-
mon statement. Subroutine APHICF must be included along with the main
line and other programs when the Despain theory versions of ANTZ is used.
The Whale theory of ANTZ requires an interpolation subroutine INTERP,
and this subroutine must be included when the Whale theory version of ANTZ

is used.

Subroutine APHICF

This subroutine calculates the function PHI, given by

= . U U
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PHI = Ho (AR)/(AR*HI(AR))

where

Ho = Hankel function of the first kind, zero order
Hl = Hankel function of the first kind, first order

and PHI and AR are complex variables transferred through a labeled common

statement as follows:

COMM@N/APHIC/AR, PHI

Subroutine INTERP

INTERP is a interpolation subroutine that produces a interpolated value

of YPUT for a given XIN {rom the arrays of data XA and YA where NPTS is the

size of the array.

Subroutine C@NSTS

This subroutine calculates several physical constants. These constants

arc transferred through a labeled common statement as follows:
COMMPN/CONSTA/PI, P12, EMASS, Q, CK, EO, G, UO, ALPHAK

The constants are as follows:

Constants Value

PI 3.14159265

PIZ 2.0 * PI

EMASS 9.1083E~-31

AMASS EMASS*1836,12%26.5
Q 1.60206E-19

CK 1.38044E-23

EO 8.85434E~12
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Constants

G
uo

ALPHAK

Main Program TMPCI

Value

3.0
PI*4.0E-07

4.0*PI*PI*EMASS/ (G*CK)

TMPCI is the main program for calculating and plotting the series

resonance frequency of an antenna versus the parallel resonance frequency

with electron temperature as a parameter. The program calls the following

subroutines in the given crder:

Subroutine Name

INPUT
GRID
SICALC
CURVEL
ARRGW
PLOT
NUMBER
HUTPUT
FINI

EXIT

Subroutine INPUT (TMPCI)

Location Function

External Read in input data

External Generate a plot grid
Extemal Calculate ¥ function
External Plot array of data as a line
System Generate a plot arrow
System Generate plot pen mcvements
System Write numbers on the plot
External Generate output listing
System End plotting

System End computing

INPUT reads in the input data for main program TMPCI. The following

cards are called by this routine:

Card No.

1

(U]

Format

215,6E11.5
5E16.8
5E16.8

Variables

NT, NFP, R, AL, FPMAX, FPMIN, SHEATH, FH
T(1), T(2}, T(3), T(4), T(5)
T(6), T(7), T(8), T(9), T(10)
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where
Variable Name Function

NT Number of curves per figure

NFP Number of calculated points per curve

R Antenna radius (m)

AL Antenna length (m)

FPMAX Maximum desired value of parallel frequency
(MHz)

FPMIN Minimum desired value of parallel frequency
(MHz)

SHEATH Desired size of sheath in Debye lengths

FH Value of electron gyrofrequency

T Electron temperature

Subroutine SICALC

SICALC computes the ¥ function of the Despain antenna impedance theory.
It is used in conjunction with main program TMPCl and the input variables
are described under the description of TMPCl, Newton's method is used in
an iteration process to find ¥ from the imput parameters. The following

subroutines are called by SICALC:

Subroutine Name Location Function
CONSTS External Calculation of constants
K External Calculation of Bessel Function

Subroutine K

Subroutine K is a function subprogram. The call statement is K(N,X).
It calculates the modified Bessel function of the second kind, of order N
and argument X for N = 0,1. Subroutine I is called by subroutine K. X is

a real variable.




Subroutine I

Subroutine I is a function subprogram. The call statement is I(N,X).

It calculates the modified Bessel function of the first kind of order N

and argument X for N = 0,1. X is a real variable.

Subroutine GR1D

Subroutine GRID is a plot routine that draws a system of labeled

coordinates 9" high and of variable length. There are four options con-

trolled by TITLE, tke first variable in the call list. Option 1 takes

all the control constants from the call 1ist. Option 2 reads the control

constants from input cards and puts the values in the call 1list and in the

labeled common statement /PLTCMN/. Option 3 reads the constants and puts

them only in /PLTCMN/. Option 4 reads no cards but takes the variables

from /PLTCMN/. The call list specifies the desired option, and the various

possibilities are given below.

Option
1

2
3

4

Call List

(TITLE, SCX, SCY, XXB, XXE, YYB, YYE, NXX, NYY, XX15)
(6HVREADR, SCX, SCY, XXB, XXE, YYB, YYE, NXX, NYY, XX15)
(6HbREADD)

(6HCPMMPN)

The input variables are explained below:

Variable Name

TITLE and HEAD

SCX and SCALEX

SCY and SCALEY

Function

These are dimentioned arrays of A format
data. These data are the labels for the
plot coordinates.

The number of major divisions along the
abscissa.

The number of major divisions along the
ordinate.

. - o PR TE T TR SR - - [ A T
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Variable Name

XXB and XB

XXE and XE

YYB and YB

YYE and YE

NXX and NX

NYY and NY

XX15 and X15

Cards are read where options 2

Card No.

1

B-10

Function

The smallest value of the variable to be
plotted along the abscissa.

The largest value of the variable to be
plotted along the abscissa.

The smallest value of the variable to be
plotted along the ordinate.

The largest value of the variable to be
plotted along the ordinate.

The number of significant figures in the
abscissa number labels.

The number of significant figures in the
ordinate number labels.

The desired length of the abscissa of the
graph in inches.

and 3 are used.

Format Variables

1346 HEAD (Label for abscissa)
1346 HEAD (Label for ordinate)
13A6 HEAD (Major title of figure)
13A6 HEAD (Minor title of figure)
6F10.5,215,F10.5 SCALEX, SCALEY, XB, XE, YB

YE, NX, NY, X15

No external subroutines are called. The result is a labeled graph

X15" by 9", divided into SCALEX x SCALEX divisions with 10 minor divisions

indicated along the edge of the figure.

Subroutine CURVEL

Curvel is a plot routine used in conjunction with subroutine GRID.

Curvel genarates a curve of line segments that connect the array of points
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given by AX, AY, and N. The abscissa values are AX, the ordinate values
are AY and N is the number of points or array values. AX and AY may be
dimensioned at any desired value in the main program. The remaining argu-
ments in the call list are scaling constants provided by subroutine GRID

and have the same meaning as explained above.

Subroutine AUTPUT (TMPCl)

QUTPUT prints a listing of the results of subroutine SICALC in a tabular
form with a heading block on each page. QPUTPUT is called by TMPTCl. No sub-
routines are called and no cards are read by @UTPUT. All data is transferred

through the labeled common statement /INPTS/.

Main Program TEP601

TEP601 is the main program for the calculation of electron temperature
from the series and parallel resonance frequencies of the antenna impedance.
TEP601 reads the input data, calls subroutine TEMPSP, and punches and prints

both the input data and calculated temperature. The program variables are:

Variable Name Function
R Antenna radius (m)
AL Antenna length (m)
PERCNT Allowable error in calculation

of temperature (10% error would
be put in as .10).

LIMIT Maximum number of interations
allowed in the recursive cal-
culation of electron temperature.

cC Value of any coupling capacitor
(farads). If none exists, CC
should equal 1.0.

S Sheath width in number of Debye
lengths.
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Variable Name

TSTART

SEC

The following cards are called by the program:

B-12

Function

Iteration starting value of
electron temperature (typ-
ically 1000.0).

Format specification for main
input data card deck.

Series resonance frequency
(Miz).

Parallel resonance fre-
quency (MHz).

Time in seconds or any other
data identification variable.

An input variable carried
over from the input data to
the new punched cards and
printed listing.

R, AL, PERCNT, LIMIT, CC, 3, TSTART

Card No. Format Variables
1 3F10.2,15,E15.
7,2F10.2
2 1346, A2 FMT
3 FMT F, FP, SFC, #T
4 FMT F, FP, SEC, #T
etc.

The following routines are called:

Subroutine Name Location
CRUIDS System
TEMPSP EZxternal
CRDIDF System

Function

Identify punchec cards

Calculate electron temperature

End card punching
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Subroutine TEMPSP

Subroutine TEMPSP calculates the electron temperature from the series
and parallel resonance frequencies of an antenna. Sheath effects can be
taken into account by specifying the width of the sheath.

The calculation begins vy assuming an initial electron temperature.
This is provided externally along with the resonance frequencies and an-
tenna parameters. The Debye length is then calculated from these values.
The Debye lengih is then used to find the capacitance between the antenna
and the outside edge of the sheath. The value of ¢ in the Despain theory
can now be calculated. External subroutine ETTA calculates the argument
of ¢ from the value of ¢. The electron temperature can then be determined
from this argument (a'R in the Despain theory). This value of temperature
is compared to the initial value, and if it is within the set error limits,
the value of temperature is printed and punched and a new set of data is
considered. If the temperatures differ more than the allowed error, the
initial test temperature is set equal to the newly calculated temperature,
and the calculation is repeated.

The variables for this routine are transferred through the labeled
common block /KEN/ and they are defined above in connection with program

TEP601.

Subroutine ETAA

ETAA calculates the inverse function n of the ¢ (a'R) of the Despain
theory for real numbers only. Given the value of ¢, the subroutine
determines o'R by a iteration process. A value of a'R i1s assumed. Th:

corresponding value of ¢ is then determined. This value is compared to
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the original value of #, and according to the difference between the values,

the program either returns a value {or a'R or makes a better estimate of

a'R and repeats the process until the difference is less than .00001.

ETAA calls subroutine K(N,X) discussed above in connection with main

program TMPTC1.

Main Program IMPPLT

IMPPLT is the main program for plotting antenna resistance versus

reactance with electron temperature and plasma frequency as parameters.

The actual antenna impedance is calculated in subroutine ANTZ. As dis-

cussed above, several versions of ANTZ have been developed and any of

these can be used in this main program. The program variables are:

Variable Name

NPL@TS

NRESLV

NTAPE, NSKIP

NPRINT

MPLT

MTHY

Function

The number of separate figures to be
produced-

The number of calculated points per
curve.

Dummy variables, may be any integer.

The desired ratio of calculated and
plotted points to the number of points
printed on the tabular listing.

The desired ratio of calculated and
plotted points to the number of points
indicated by a short line segment
drawn normal to the curve and through
the indicated point.

A branching constant such that if it
is set to 1, the electron collision
frequency is specified by the altitude
and electron temperature, otherwise
collision frequency is taken from the
input data.




Variable Name

ND@, KGRID

FMAX

FX

ANGLE

FNUCON

DEN

ALT

B~15

Function

Dummy variables, may be any integer.

The maximum value of plasma frequency
(MHz) to be plotted.

The value of the antenma exciting
frequency (Miz).

Electron gyrofrequency (Hz).
Electron collision frequency (Hz).
Antenna radius.

Antenna length.

Magnetic aspect angle (degrees). -
A constant that relates collision
frequency to altitude and electron

temperature.

Total particle density of atmosphere
at the given altitude.

Altitude

The following cards are called by the program:

Card No.

3
4

5,6,7,8,9

Format

7110

2110, 2F10.3

6E13.6

2E20.8, F10.3

Variables

NPL@TS, NRESLV, NTAPE, NSKIP,
NPRINT, NPLT, MTHY

DN@, KGRID, FMAX, FX
FH, FNU, T, R, AL, ANGLE

FNUC@N, DEN, ALT

are called by subroutine GRID discussed above.

Cards 2 through 9 are called once for each individual figure. The number

of figures is specified by NPL@TS.
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The following routines are called by IMPPLT:

Subroutine Name

-—

CONSTS
GRID

ANTZ

PL@T

FINI

Location

External
External

External

System

System

B-16

Function

Calculate physical constants
Generate a plot grid

Calculate antenna imped-
ance

Generate plot pen move-
ments

End plotting
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PROGRAM FOR PLOTTING ANTENNA

IMPEDANCE AS A FUNCTION OF FREQUENCY

SIBFTC SwP4MD
C PRUGRAM FOR PLCITING ANTENNA [MPEDANCE

D -~

11
12
13

16

551

OIMENSION XX{1%10), HEAD(50}, XYZ(50), XRI1510}
CUMPLEX 2,2ZFIRSTISERIEJZSHUNT ZPAR,ZINTSH
COMMUN/IMPCOM/ ZoF oFPoFHUFH ANGLE o T yRpAL
LOGICAL NTFRST , UTAPE , FIRST

UTAPE = LFALSE.

CAatLt CONSTS

READ Ly NPLOTS,NRESLY, NTAME, NSKIP, NPRINT, MPLT, MTHY
PRINT 1y NPLOTSy NRESLV, NTAPE, NSKIP, NPRINT, MPLT, MTHY
FORMAT(7110}

NR1 = NRESLV ¢1]

NRX = 1500/NRESLYV
IF{INTAPE.GE.O) . AND, (NTAPE.LE. &) JUTAPE=,TRUE.
IF{.NOT,UTAPE)} GO TD &

REWINO NTAPE

CALL SKXPFLSINTAPE,NSKIP,0)

00 I3 JUNP =}, NPLOTS

NTFRST = LFALSE.

REAQ 9, (HEAO(J)eJd=1,13)

READ 9, (HEAO(J)sJ=14,26)

FORMAT(13A6)

REAQ 10,NOOsKGRIOFMAXoFXoRINLT o X INIT o CSHUNT , MODE
PRENT 3 oNDOsKGRID FMAXoFXoRINIT, XINIT,CSHUNT , MODE
FORMAT (2110,2F10.3,3€12.5,14)
FCRMAT(IHI 421 10,2F10.3,3€12.6416)

FXM = FMAXe 1.0E+06

FXX = Fxe 1.0E+06

SCALE = [5.0/FMAX

SCXCON = ,1E+05/SCALE

FP = FXX

F = FXX

DO111l M=}, NOO

READ 144FH FNU, T RyALoANGLE

PRINT 2, FHoFNUyTyRoAL ¢ANGLE

FORMAT( IHI,6EL13.6)

FORMAT(6EI3.6])

FHX=FHe) ,0E-06

FNUX=FNUe],0E-06

IF{UTAPE) WRITE INTAPE 1S} F,FP,FXMyFH,FNU
IF{UTAPE) WRITE(NTAPE,15) T,RyAL,ANGLE,SCALE
FORMAT(5€E16.8)

KPAGE = 52

JX = NPRINT

IF({MTHY,.EQ.2}) GO TO 26

00 25 K = 1, NRI

AK 3 (K=1)e{NRX])

IFPNT = AK/10.0

F = AK®SCXCON
ZSHUNT=CMPLX(0.0,(-1.,0/CSHUNTeFeP[2))
LSERTE=CMPLX{RINIT,XINIToFeP[2)

FPNT = Fe,1E-0S

CALL ANTZ

GO TO (551+552+9553,5521,M00E
RAA=REAL{Z}4RINIT
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XAA=AIMAG(Z)*XINIToF

552 GO T0 67
553 IPAR=ZeZSHUNT/IZ+ISHUNT)

RAA=REAL(ZPAR) *REALIZSERIE)
XAA=AINAG( ZPAR) *AIMAGI 2SERIE)

554 GO 10 &7

67 RA = RAA
XA = XAA
AN =1.0
IFtXA.EQ.0.0) XA=l,0E-37
IF{XA.GE.0.0)G0 TO 17
AM = -1.0
XA = =XA
17 XT = ALOGLO({XA)
IF {MODE.EQ.1) GO TO 68
IF{XT.LT.[-2.0)) XY20,.0
XX{K)=XToANM
GO T0 69
68 IF{XT.LT.0.0)XT =0,0
XX{K) = XT®AM/2.0
69 IX = 1000.0#XX(K)
AR= ¢1.0
IFIRA.EQ.0.0)RA=]),0E-37
IF{RA.GE.0.0)GU TO 186
AR = -1,0
RA = -RA
18 RT = ALGGLO(RA)
I¢ (MOOE.EQ.1) GO To 70
IF{RT.LT.(-2.0)) RT=0.0
XR(K)=RT®AR
GO 10 71
70 IF(RT,LY.0.0) RT=0.0
XR{K) = RT#AR/2.0
71 IR = 1000.0#XR(K]}
IF{UTAPE) WRITE (NTAPE, 5) IFPNT, IR ,IXyRAAXAAy F
5 FORMAT (3110,2%,3El6.8)
JK = JKel
JJ = JK/NPRINT
IFLJJ.LTLIIGU TU 25
KPAGE = KPAGE + |
IF{KPAGE.LE.50)G0 TO 23
KPAGE = 1
PRINT 19
19 FORMAT(IH])
PRINT 20
20 FORMAT{IH , 32H=——-~

==

PRINT 4y FXy FHXy FNUXy, ANGLE, T,R,AL

4 FURMAT( 2Xo4HEP =oFS5,2,14H MHI , WH =,F4.2, 14H NI , NU =,
1FT.6y ITH MHZ , ANGLE =,F5.2, 13H DEG , T =4, FT.1, 14H OEG K
2 s R =y FT7.59 1lH N . L =y F5.2y, 2H N)
PRINT 3To{HEAD(J) yd=l(13)

37 FORMAT(IH 42X¢13A6950H - IMPECANCE AS A FUNCTION OF DRIVING FREQ
TUENCY )

B-18

.



R T —— B R Y UP RSN

22
23
24
25

26

441

4462

443

444

87

27

78

719

PRINT 20
PRINT 20
PRINT 22
FORMAT(110H FREQUENCY (MHI)

1 (OHNMS) PLOTX (INCHES!]
PRINT 20
PRINT 2449 FPNT oRAAe XAAsXR(K) ¢ XX(K)}

FORMAT(IH ,F10.3,2625.8,2F20.3!
JK=0

CO%i INUE

GO T0 36
ISERTE=CMPLX(RINIT,XIN(ToFXXeP(2}
ISHUNT=CHMPLX( 0.0y t-1.0/(CSHUNTeFXXeP[2)))
D0 35 K = [, NRI

AX = IK=]1}»{NRX?

[FPNT = AK/10.0

FP = AKeSCXCCH

FPNT = FPe_.1t-05

CALL ANTZ

IF(K.EQ.1) ZFIRST=Z-ZSERIE

GO TO (&441,642,443,444),M0DE
RAA=REAL(Z)RINIT
XAa=A{MAG(Z) ¢ XINITOF XX

GO YO 87
RAA=REAL(Z)-REAL(ZF(RST)
XAA=A(MAG(Z)-AIMAGIZFIRST)

GO TO 87

IPAR=Z9 ZSHUNT/ (Z+ZSHUNT)

RAA =REAL(ZPAR)+REAL {ZSERIE)
XAASAIMAG(ZIPAR)+AIMAG{ZISERIE)
GO TO 87

IPAR=Z8 JSHUNT/ (Z¢ISHUNT)
IF(K.EQ.1) ZINTSH=IPAR

RAA sREAL{ZPAR)-(REAL(ZINTSH)-REALIZSERIE)}

RESISTANCE (OHMS )
PLOTR (INCHES}

XAA=ATMAG(ZPAR) -~ (AT MAG(ZINTSH)-AIMAGIZSERIE))

RA = RAA

XA = XAA

AM =1.0

IF(XA.EQ.0.0) XA=1.0E-37
IF(XA.GE.0.0)G0U TO 27
AM = -1.0

XA = -XA

XT = ALOGIO(XA)
IF(MODE.EQ.I) GO YO 78
IF(XT.LT.{-2.0)) XT=0.0
XX(K)aXTaAM

GO 10 79
IF(XT.LY.0.0)X1 =0.0
AX(K) = XTeAM/2.0

IX = [000.08XX{K)

AR= +].0
IF(RA.EQ.0.0)RA=[,0E-37
IF(RA.GE.0.0)GU TO 28
AR = -1.0

RA = =RA
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28 RT = ALOGLO(RA)

IF{NODE.EQ.1) GO TO 80
IFIRT.LT.{-2.0)) RT=0.0
XR{K)sRfoAR

GG 10 8l

80 IF{RT.LT.0.0) RT=0.0

8l

21

666

33

3s
36

XR{K) = £37«AR/2.0

IR = 1000.08XR{K}

IFLUTAPE) WRITEINTAPE,5) [IFPNT, IR, IX RAAXAA,FP
JK = JKel

JJ = JK/NPRINT

IF{J4.LT.1)GO TO 35

KPAGE = KPAGE ¢ |

IFIKPAGE .iks%0) GO TD 33

KPAGE = }

PRINT 19

PRINT 20

PRINT 21,(HEADIJ) yd=1,13)

FORMAT(LIH o 2X,13A6,48H - [MPEDANCE AS A FUNCTION OF PLASKA FREQUE
INCY )

PRINT 666, FXo, FHX, FNUX, ANGLE, T,R,AL
FORMATI 2X,4HFQO =,F5.,2,14H MHZ , WM =2,F4.2, 14 RHL , MU =,
WFT.4, 1TH MHI o+ ANGLE =,F5.2, 13H DEG , T a, FT.1, E4MN DEG K
2 ¢+ R =y FTo5%, 1IH N » L = F5.2¢ 2H W)
PRINT 20

PRINT 20

PRINY 22

PRINT 20

PRINT 24, FPNT RAAGXAAXRIK) o XX{K)

JK=0

CONTINUE

IF{UTAPEIEND FILE NTAPE

IFIMPLT.EQ.O0)GO T4 111

IFINTFRST)IGO TO 106

SCFP = SCALEsFX

W1B={SCALESFX-1.5)72.0

WlE=W1B+1.5

W28 = (13.5¢SCALE®FX)/2.0

W3B = W28 ¢ 0%

AlB=W18+1.55

A2BsW2B+1.6

YYS = 0.0

YR = 0.0

KI = K

CALL 10PLOY

CALL PLOT (2.0:5.3,-3)

FPP=sFX®s SCALE

L = 150.7SCALE

L = L/10

001004=1,L

A = )

AJ = AJoSCALE/10.0

CALL PLOT (AJ,0.0,2)

CALL PLOT {(AJ,¢0.1,3)

CALL PLOT {AJ,-0.1,2)

TR
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100 CALL PLOT (AJ,0.0, 3)
IFIMPLT.NE.1) 60 TO 101
CALL PLOT (FPP,¢0.1,3)
CALL PLOT (FPP,-0.1,2)
CALL SYMBLAIFPP-.05,¢0.25,0.15,1HF,0.0,1)
CALL SYMBLO(FPP+.02940.2¢0.1,1HP,0.0,1)

101 DO 1023 =]1,LL
AA = LLel-)
8J = AA&SCALE
CALL PLOT{BJI,¢.15,3)

CALL PLOT{B8Y,-.15,2)

102 CALL NUMBER(BJI-0.1T7¢-0.3090.150AA90.001)
IFIMPLT.NE.1) GO TO 103
CALL SYMBLG(6.35,-c6540.2,12HFREQUENCY-MC,0.0,12)

103 CALL PLOT (0.09-4%.0,3)

IFIMO0E .NE.1) GO TO 222
00 1053 =1,17
JCc = J-9
| CJd = JC
CY = CJ/2.0 s
CL = (CJ
IFICJeLT.0.0) CZ = -CJ
CALL PLOT(0.0y CY ,2)
CALL PLOT(+0.1,CY ,2)
CX = ¢10.0
IF(CJeLT.0.0) GO TO 114
CALL NUMBER(=0.1:CY-0el 4.15,CX ,90.0,0)
1064 CALL NUMBER(-.259CY40.190.1+C2+90.0,0)
105 CALL PLOT (0.0,CY¢3)
G0 TO 406

222 DO 405 JJJi=1,13
JC=3J3-7
CJ=JC
CY=C e, 666666606
CI=CJ
IFICJ.LT.0.0) C2=-LJ
Cl=C1-2.0
CALL PLOT(0.0, CY ,2)

CALL PLOT(¢0.1,CY ,2)

CX = ¢10.0

(FICJ.LT.0.G) GO 0 114

CALL NUMBER(=0419CY-0.l 9.15,CX ,90.0,0)

223 CALL NUMBER(=.25,CY+0.,1+0.1,(2:,90.0,0)

405 CALL PLOT (0.0:CY,3)

406 CALL SYMBLO(-e50-1e89e2:24HANTENNA IMPEDANCE (OHMS) ,90.0,24)
CALL SYMBLA1O0.0 ¢—4<5 oy 0.29HEAD(1)490.0,78)
CALL SYMBL4(3.35,~4.7 , 0O.1,HEAO(14),0.0,78)
CALL PLOT(40.0+-4.0,3)

CALL PLOT(15.0¢-4.0,2)
00 118 J =1 , 17

J=J-9
CJ = JC
CY = CJ/2.0

CALL PLOT(15.0,4CYe2)
CALL PLOTI(24.9,CY,y2)
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108

107

108

109

110
111

CALL PLOT(15.0,CY¢3)

CALL PLOT{ 0.0,¢4.0,2)

NFFRST =,TRUE.

FIRST =,.TRUE.

DO 109 X = 1, NR]

AK = (K-1)eNX

AK = AK/100.0

XY = XX(K)

lF(lV.GT.Q.O) XY = 5.0
IF(XY.LT.(-4.0)) XY = -4,0

IF ( FIRST) CALL PLOT{AK:XY,3)
FIRST = -F‘LSE-

CALL PLOT(AK¢XY,2)
IF{MPLT.NE.1) GO TD 109
IF(AK.LT.WIE) GO TO 107
1IF{AK.GT.Al8) GO 1O 107
IFIXY.GT.YYS)YYS = XY
IFIXY.LT.YYHIYYN = XY
iF(AK.LT.W28) GO TO 108
IF(AK.GT.W38) GO YO 108
IFIXYLTXYSIXYS = XY
IF(XY.CT. XYN) XYM = XY
IFi{X1.£EQ.0) GO Y0 109
IF{{XY.GE.0.0).AND. { XYY.LE.0.0))60 TO 115
XYY = XY

CONT INUE

FIRST = ,TRUE.

D0 110 K=1,NR1

AK = (K-1)eNRX

AK = AK/100.0

RR = XR(K)

IF(RR.GT.4.0) RR = 4,0
IF{RR.AT.(-4.0)) RR = ~4,0

IF{ FIRST )} CALL PLOT (AK,RR,3)
FIRST = ,FALSE.

CALL PLOT {AK,RR,2)
IF{MPLT.NE.L)GO TO 110
IFIAK.LT.%28) GO YO 110
IF{AK.GT.W3B8) GO TO 110
IF(RR.GT.RYSIRYS = RPR
IF(RR.LT.RYMIRYN = RR

CONTINUE

CONT INUE

IF{MTHY.NE.1)GO YO 112
IF(MPLT.EQ.0) GO TO 113
IF{MPLT.NE.1)GO TO 112
IF{SCFP.LT.1.0)G0O 70 112
IF{YYS.GTe3.0)YSH & YYM - .5
IF{YYS.LE.3.0)YSW = YYS ¢ .5
IF(YYS.LT.0.0)YSW = YYM - .5
IF(YYSeLTe{=3.00)YSW = YYS ¢ .5
CALL SYMBLA(WIB,YSW,0.1y1THANTENNA REACTANCE,0.0,17)
IF({SCFP=1%.0) .GT.{-1.6)) GO TO 112
IF(XYS.LTe(=3.00)XSH = XYH ¢+ .5
IF{XYS.GEei~3.0))XSH = XYS -~ .5
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IF(XYS.GE.( 0.0))XSW = XYN ¢ .5
IF(XYS.GE.{ 3.0))XSW = XVS - .5
IFIRYS.GT. { 3,0))RSW = RYN - .5
IFIRYS.LE.( 3.0))RSW = RYS ¢ .5
IF(RYS.LE.{ 0.0))ASW = RYN - ,5
IF(RYS.LEL{-3.0))RSW = RYS ¢ .5

CALL SYMBLA( W2B,XSW 0.1 o1 THANTI:NMA REACTANCE(0.0,17)
CALL SYMBLA(M2B,KSH,0.1,10HANTENNA RESISTANCE.0.0,18}

112 CONTINUE
CALL PLOT (18.0,-5.3,~3)
113 CONTINUE
IF(UTAPE )REWINDNTAPE
IFINPLT.EQ.O0) STOP
CALL FINE
STOov
116 CX = -10.0
CALL NUMBER{-0.1,CY~.22+4154CX¢90.0,0)
IF(RODE.NE.1) GO TO 223
G0 T0 104
115 CALL SYMBLA(AK=,034.174.07¢ IHT =,90.0,3)
T=17T
JIF(T.EQ.0.0) TY = 1.0E-36
KAT = ALOGLO(TY)
TAK = KAT *7
TX 2,17 ¢ TAK®.05636363
CALL SVNBI.Q!AK-.lO.fX-.”o.lile..Q0.0oll
CALL SYMBLA ( AK - .03 4, TX o .07 o 1HK, 90.001)
CALL NUMBER(AK=.0350414.07,7490.0,0)
Kl = 0
CALL PLOT (AKyXY,3)
G0 T0 169
END
T =
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SUBROUTINE TO CALCULATE ANTENNA
IMPEDANCE ACCORDING TO MAGNETO-

IONIC THEORY

0 SIBFTC ANT! MAGNETO ~ IONIC THEORY
C FUNCTION SUBPROGRAM FOR CALCLATION OF ANTENNA IMPEDANCE

-

11
12

SUBROUTINE ANTZ

COMPLEX U,U2, YU,0,2
COMMON/CONSTA/PE P12 ,EMASS; AMASS ¢ QeCK,ED Gy UDy ALPHAK
COMMON/ IMPCON/ ZoF oFP oFNU,FHo ANGLE 4 TRy AL
CL=ALOG(AL/R)

IF(F.LE.0.D0) GO TO 1

WF=P]2eF

CO=PI2eEOeAL/CL

IF (FP.LE.0.0) GO TO 2

F2aFee2

FP2=FPes2

X=FP2/F2

Y=aFM/F

I=FNU/WF

U=(1.G,0.0)~(0.0,1.0})92

Y2=YeY

U2=ysy

YU=Y2/U2

VR=( (GoCKoT)/(2.0EMASSOROR)oFP2)
0%5(0.001.,0)0uFeCOS{Us(YU-10)¢(l.~VRIO(X-(XOYUSSIN(ANGLE)®82)/2.))
IF(REAL(D).EQ.0.0.ANO.AIMAG’0).EQ.0.0) GO TO 11
I=us(YU-1.0)/0

RETURN

I12{0.0,-.1E¢37)

RETURN

I3~(0.0,1.0)/(WFeCO)

RETURN

PRINT 12,YU,UeX

FORMAT(14H ERROR IN ANYZ , SEL16.8)

RE TURN

END

DR e i
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SUBROUTINE ANTZ ACCORDING TO

T I g o o

BALMAIN THEORY

${BFTC ANT2 LisT
FUNTTION SUBPROIGRAM FIR CALCULATION OF ANIENNA [MPEDANCE

c

e

~—

SUBRQUT INE ANTZ

COMPLEX UgA2,EKOeEKP JAA2 JAAFM,FR (AR J,TTCSQRT,CLOG,TNMAG,AAL, 2
COMMON/CONSTA/P] oP12 EMASS ¢AMASS ¢QeCKoED ¢GoUOALPHAK
COMMON/ (MPCOM/2of ofF Py FNUSFH ANGLE o ToRe AL

WF z P(2eF

FZ = FeoF

FP2 = +PefP

X = FP2/F2

Y = FH/F

7 = FNU/MWF

U=z {1.000.0) -{0.,0,1.0)02

EX0 = (1.0,C.0) - X/U

FXP = {1.04C.0)=-XeU/(YsU-YoY)

AA2 = EKP/EKO

T 2{0.0,0.0)

IF{T.LT.1.0)60 100 2

A2 = {F2eALPHAK/T)e( X-U)

AR = ReCSIRT AZ)

TT = (£KO - (1.000.0))7(12.040.0)®AR)

AA = CSQRT{AA2)

KAD = P{eANGLE/140,

SN2 = SIN( RAD )es2

CN2 = COS{ RAD )ee2

FM = CMPLX{SN240.0) + AA2¢CMPLX(CN2,0.0)

FR =CSOURT{FM)

AAL = (AA4FR)I/((2:.040.0)eFM)

TNMAG = TT

[FIIREALIAAL) .EQ.0.0) LAND. {A{MAGIAAL) .EQ.0.0))GO TO 3
TNMAG = ~CLNGIAAL) #1171

23AAS{ {ALOGIAL/R)=1.CI+TNMAG)/{ ({0,041 0)eEXPeFR)@{P[2eWFeEQeAL]))
RETURN

END
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SUBROUTINE ANTZ ACCORDING TO
WHALE THECRY

SUBROUT INE ANTZ

COMPLEX Z,ARC,A2C

COMMON/CONSTA/P] oP1 2 ¢EMASSsAMASS Qe CKoED ¢ GoHOy ALCHAK

COMMON/ZIMPCUM/ 24FoFPsFNUFH,ANGLE T4 Ry AL

DIMENSION XRO(100), BXKRO{1l00)

LOGICAL FIRST

REAL LAMD

IF{FIRST?! GO TU 11

FIRST=,TRUF.

DATA BKRO/e509+52905351055105650c58906094619620¢6359.645,.655,.66
15000 T9ebT75006850e6959e709e705¢007i100eTl50e729eT25007289073¢9.733,.73
259007380 eT600eT050074B0eT5030755¢07989T5990T7604eT629e763,.76b,y.765
30T Toall20elT0el6500755007590eT030T355e72¢07151070106955.6651065146
639061540600 9e5800e5059005959005450053905290051906505,:095,.4850.4759+4
5659005510450 0960904359043090429.6159.4109064059.4029.39%,.390,.385
690380003757 037060368963659036010355710350,4.36044325,.315,.305,.295,
Te290947804.275+42709.265/

DATA XRO/Z4109ellpal290l1300l@pelSpelbralTalByal9e209e2l9e?29023ye
1260025026062 70028902990030903119e32903300345035¢0364437¢.30871.39,.40
20000 009230035066 0045 304690074068 9.5090559060506590700e759.804.8594
3904950109k elole29sledola®oleSoleaboleloleBeleD92.002:192.212.302.%
©020502e06020T7920892:903.003e1930295 3930693050389 3.793e813.9,4.0,4
5el10e20403000600050006040T36:8940.15000525¢6e096.5¢7e0¢7.5¢8.098.5
$99.099.5,10.0 /

11 CL = ALOG{AL/R }
IF{F.LE.0.0) GU YO 1
oa WF =Pl 2eF
CO = PJ2eEQeAlL /CL
X0 = =1.0/{WFeCO)
IF{FP.LE.0.0) GO TD 2
F2 = Foeu2
FP2= FPes2
X = FP2/F2
IF{X.£Q.1.0) GO TO 1
IX = X0/{]1.0 - X)
IF{T.LE.0.0) GU TO 3
V = SORT{GeCKeT/EMASS)
LAMD =625.08SQRT(T)/FP
RO =R + 4.0eLAMD
C2 ={CO/AL})ee?2
IF{X.GE.1.0) GU TO 3
A2 2{l.0 =X)eFP2eALPHAK/T
AR = SURT({A2)eRO
L6 26,08{7Xee2)
CALL INTERP {XRO,BKRO,AR,WHETA,100)
PVIsP]2eE0eR0O®SQRT(1.0-X)/{XeVaC2eALeWBETASRZ)
PVI2s= PV]ee2
' IF{IX4.GT.PVI2)GO TO 3
i RI= ,S5e{PV]I + SQRT{PV]Z2~1X4))
! R2= ,5¢{PV] ~ SQRT{PVI2-1IX4)}
‘ IR =Rl
IF{IRI.GT.R2)ZR=R2
7 = CMPLX{LRHZX)
RE TURN

way R BB W ey BN e ow
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1 Z = CMPLX{0.0,-1€+37)
RETURN

2 ! = CMPLX{0.04X0)
RE TURN

3 2 = CMPLX{0.0,2X)
RETURN
END

I o
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SUBROUTINE TO CALCULATE ANTENNA
IMPEDANCE ACCORDING TO DESPAIN THEORY

SIOFTC ANT2 DESPAIN THEORY 12/00/6%
C SUBROUTINE TO CALCULATE ANTENNA IMPEOANCE ACCORDING TO DESPAIN THEORY
SUBRCUT INE ANTZ
CONPLEX U,A2,U2,52, A2U20M AR, CSQRT,PH1,Z,X0
CONNON/CONSTA/PLoP1 2,ERASS o AMASS Q. CXoEQy G, U0, ALPHAK
CONNON/ IRPTON/LoF o FPo FNU o FHoANGLE o To Ry AL
CONNMON /FPHIC/AR,PHI
CL=ALOG(AL/R)
IF(F.LE.0.0) GO TO 1
WFaPl2eoF
CO=PL20EOSAL/CL
XQ0n=(0.001.0)/7(WFeCD)
IF (FP.LE.0.0) GO TO 2
F2nFee2
FP2aFpee?
XafFP2/F2
Yo FHW/F
TsFNU/UF
Us{1.000.0)=(0.0,1.0)02
Y2n Yoy
U2=Uey
$2=(U2-Y2)/(VUsX)
IF{T.LE.0.0) GO TO 3
A= ($2-(1.090.0) )eFP2eALPHAK/T
AR=ReCSQRT(A2)
IFIREALIAR)) 6,7,8
IFLAINAGIAR) I11,17,10
LELAIRAGIAR) )9y1Ty 10
IFLAIRAGIAR) )9,9,11
ARs-AR
IFCAIRAGIAR) cLE.0.0) ARSAR4(0.0¢.1E~16)
CALL APHICF
2=X0e (PHI/CL-S$2)/((1.0+0.0)~-$2)
RETURN
1 Z=(0.0,-.1E+137)
RETURN
I=X0
RETURN
3 2o=-X0e$2/1((1.0,0.0)~-52)
RETURN
11 PRINT 12,AR, FHyFINS ALPHAK, TR
12 FORRAT(14H ERROR IN ANTY , 7€16.0)
RETURN
ENO

Qoo ~New
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SUBROUTINE FOR CALCULATION OF

PHYSICAL CONSTANTS

SIBFTC CONSTS

SUBROUTINE CONSTS

COMMON /CONSTA/PI,PI2,ENMASSsANASS Q5K (EQy Gy U0, ALPHAK
PL = 3.1415820835

P12 =2.00P1

EMASS = 9.1003E-31

AMASS = EMASS+1036.12026.5

Q =1.60206E-19

CK = 1.38044E-23

EO = 8.8%434E-12

G =30

UO = Pl #4.0E-07

ALPHAK = A.CoPIoPIeENASS/ (GeCK)
RETURN

ENO

INTERPOLATION SUBROUTINE

SUBRCOUTINE INTERPI(XA, YAy XINyYOUT,NPTS )

CIFPENSION XA(10£),YA(I00)

1=1
1 IFIXACI4])oGEXINCANDXACI}.LT.XIN} GO TO 2

IF(1.GE.(NPTS-2)) 6O TO 2

islel

GC 101
2 YOUTSLIXIE~XALT®LI))eUXIN-XACT42))oYACI}/C(XACT)=XACT41))otXALT)=-XA
T0192)3) )4 LIXIN-XACT ) ) oI XIN-XA(T¢2))oYA(LI+R)/CIXACTI4L)-XACT) o(XAL]
241)=-XA(142)) )0 IXIN-XACT))o(XIN-XALI+1))oYA(I42}/((XA(I42)-XAL1e]
3))e(XALI42)-XAL1))))

RETURN

END
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SUBROUTINE FOR CALCULATION OF
PHI FUNCTION

$IBFTC APHICF DECK
SUBROUTINE APHICF
LOGICAL NTFRST,VALL,VAL2,VALI,VALS
OOUBLE PRECISION KR, X1 ,PHIR,PHILP1,P11,P112,CPI2R,CP121,P141,P13
14,CPARCPAI JCPIRCPIT 4 IR J]I JCHULTR,CMULTI,COVOR,OCYDI AKX AL,8R,81
2:YR Y1 4 Y2R Y21 80R.8D1 ,81R,811,8J0R,8J01,8J1R,BJ11,8NOR,88D1,8NIR,
IBNLL s TJOR, TIOI s TJIR, TILI o TNOR TNOT o TNLRoTNLI o F oS BORS,BOIS,B81RS,81
QIS FLoSMyBNLRS BNLIS,BJIRS,BJL1SBFR,BF1,0L0C,DATANZ qHOR,HOT o HIK o H
S1I.XBR,XBI,XBQR ¢ X8QL . POR,PO1,QOR,Q01,PL1R,P11,Q1R,Q11,TPOR,TPO1,TQD
6R,TQODI s TPIR,TPLI,TQLIR,TQL1,D4,D2,0M2, 04, 04Q,06,0Q,02Q, F2,X81R, X8
TI1+XBQIR,XBQII, RPORQO,RPL,RQL,PORS,PO1S,QORS,Q01S5,P1RS,P115,Q
81RS,Q11S,Q0RS1,Q0151,Q1RS1,Q11S1
CCMPLEX AR,PHI
COMMON /FPHIC/AR ,PA]
XR=REALIAR)
XI=AIMAG(AR)
VALL= . FALSE.
VAL2=.FALSE.
VALI= FALSE.
VAL&=,FALSE.
IF(NTFRST) GO TO 1
NTFRST=,TRUE.
P1=3,1415926535897932
PlI=1.000/P1
P112=16.000=P[]
CPI2R=P]112
CP121=0.000
Pl4l =P[/4.000
Pi34sP1 413,000
CP4R=P1 4]
CP41=0.000
CPIRP] 34
CP31=0,000
JR=0.000
JI=1,.000
CMULTR{AK,Al y8R,BI)=]AKeBR-ALe8]}
CHMULTI{AK,ALI ¢4BR,B1)=({BROALI*AKeB])
COVOR{AK Al :BR,BI)=(AKeBR+AI*B])/IBReBR+B]IeBII
COVOI(AKSAL ¢BR B1)s (AloBR-AKSB] )/ (BReBR4BIeB])
1 YRsCHULTR],500,0.000,XR,X1)
YI=CHMULTI1.500+0.000¢XRoX1)
K=1
IF{{YR.EQeDeDOD) cAND< IY1.€Q.0.,0)) K=2
GO TO (3,4)K
4 YR=.10-17
¥1=0.0
3 V2RsCMULTRIYR,YI YR, Y1)
Y2IsCHULTIIYR,YI YRy Y1)
IF{IXRee2¢X1002) ,GE.64.000) GO TO 13
BOR+=1.000
801=0.000
B1R=B0R
811=80I
BJOR=BDR
8JOI=801

s
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B8J1R=80R
8J11=801
BNOR=0. 000
8NO1=0.000
BNIR=BOR
BN11=801
TJOR=BOR
T301=801
TJ1R=80K
TJ11=801
TNOR=RNOR
TNOI=8NO1
TN1R=BOR
TN11=801
F=1.000
$=0,000
0O 9 K=1,100
BORS=BOK
B0IS=801
B1RS=B1R
B11S=B11
FIGFOI..ODO
BOR=-(BORSeY2R-BOISeY21)/ (FoF)
BOI=~(BOISeY2R+BORSeY21)/ (FeoF)
BlR=-(BIRSeY2R-B11S2Y21)/ (FeFl)
81Ia~(BLISeY2R+BLRS*Y21)/(FeF]1)
S$=5+1.000/F
SM=2,000eS +1. .00/F1
BJOR=BJOR+BOR
8J01=8J01+801
BJIR=8J1R+B1IR
8J11=B8J411+8B11
BNOR=BNOR*BOR®S
8NOI=8NOl+B01eS
BNIR=BNIR+BLlReSH
BN1I=BN1I+BlIeSMN
IF{BJOR . NE.TJOR.,OR,BJOI.NE.TJOI) GG TO 8
IF(BJIR.NE.TJIR.OR.BJ11.NE.TJ1I) GO TO 7
JF(BNOR.NE . TNOR.,OR.BNOI.NE.TNOI) GO TO &
IF(BNLR.NE.TN1R.OR.BN1 I.NE.TNLI) GO TO S5
GC TO 10
5 TN1R=8N1R
TN11=8N11
6 TNOR=BNOR
TNO1=8NCI
7 TJIR=BJIR
TJ1I=8J11
8 TJOR=BJOR
TJOI=8J01
9 F=Fl
10 BNOR=2,0D0+BNOR
8NO1=2.,000¢BNO1
BN1RS=BN1R
BNL1IS=8N11
BJ1RS=BJIR
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8J1IS=8J11

BNLR=CMULTRIBNIRS +BNIIS,YR,YI)+CDYOR{ 1.000,0.000,YR, Y1)
BN1IaCMULTI(BNIRSBNLIS,YR,Y1)+CDVDI( 1.000,0.000,YR, Y1)
BJLIR=CHULTRIBJLIRSBJLIS,YR,Y])
B8J1I=CHULTI(BJIRS,8J115,YR,YI])
BFR=2,0000(.5772156649015328 ¢.5002DL0G{ YReYReY[eY[]})

8F [=2.0D0°DATAN2IYIYR)

BNOR={CMULTRIBFRBFI 48JOR,BJO1)-BNOR) P
BNOI={CMULTI(BFR,8F[ yBJOR,8J01)-ONCI)eP] 1]
BNIR={CMULTR{BFR,BF1,B8J1R,BJ11)-BNIR)sP[1
BNLI={CMULTI(BFROFI +8J1Ry8J11)-8N11)eP]]

HOR =BJORCMULTR{JR,JI oBNOR,BNOT)

HOI=B8JO1+CMULTI(JRyJ] BNOR,BNOI)
HIR=BJIR+CMUL TR{JRy JI yBNLR,BNLI)
H11=8J11¢CMULTI (JRyJI ¢BNIR,BNLI)

PHIR=COVDR{HOR 4HOT, [CMULTRICMULTRIYR YT HIR H11 ) CMULTI (YR, Y[ ,HIR,
1H11) 42.000,0.000) ) (CMULTI(CMULTRIYR YT oHIR,HL1T) oCMULTI{YR,YI,HIR,

2H11)42.000,0.009)))

PHITaCDVDI {HOR¢HOT o (CHULTR{CHMULTRIYR,YToHIReHLI) CHULTI(YR,YI,HIR,
1H11)¢2.00040.000) )y {CMULTI{CMULTRIYR, Y1 HIRsHLI),CMULTI(YR, Y, HIR,

2H11) 42.000,0.000)))

PHI= CHMPLXIPHIR,PHIIT)

RE TURN
XBR=CMULTR(16.000,0.000,YR,YI)
X81=CMULTI(16.000,0.000,YR, Y1)
X8QR=CMUL TR [ X8R o XBI o XBR 4 X81 )
X8QI =CMULTI (X8R ¢ X8I ¢ X8R ,XBI)
M=2
IF{{XBQR.EQ.0.0) . AND. ({X8QI.EQ.0.0) ) M=]
GO TD (14,15),M

X8QR=,1D0-17

x8Ql =0.,000

POR=1.0D0

#01=0.000

QOR=POR

QoI =POI

P1R=POR

P11=P01

QlR=3.000

Q11=0.000

TPOR=POR

TPO1=PO1

TQOR=POR

TQO01 =PO]

TP1R= POR

TP11=P01

TQLR=Q1R

TQ11=Q1!

D=1.0D0

F=1.0D00
X8IR=CDVDR{1.0D0,0.000 X8R, XBI)
X8 1=COVDI(1.000,0.000,X8R,X81)
X8QIR=CDVOR(1.0D00,0.000+X8QR (XBQ1)
X8QII=COVDI{1.0D0,0.0D0,XBQR,XBQ1)
DD 20 K=1,500

—
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32

33

34

35
16

17

18

19

DN2=0-2.000

D2=D+2.000

D4=De+4,. 000

040=04004

06=046.000

0Q=D+D

020=02¢02

Fl=F+l,000

F2=F+2.000

RPO=-D2QeDQ/(FeF 11

RQO=-D2Qe04Q/(F1eF21

RP [=-DN200002004/(FeF1)
RQl=-0eD20D4¢06/{Fl1eF21

PORS=({ {XBQLIR*RPOIoTPOR-(XBQI I *RPO)oTPO1 ]
POIS=( (XB8QIReRPO)eTPOI+(XBQI IoRPO)sTPOR)
QORS={ {XBQIR®RQO I +TQOR-{XBQI1oRQOI*TQO1 ]
QOIS=( {XBQIR*RQOI*TQOI+(X8QI1*RQOI*TQORI]
PIRS=( { XBQIRORPL)eTPIR-(XBQIL1ORPL)eTPL] I
PLIS=s({(XBQLIRORP1)oTPL]I +{XB8Q11eRPL1ITPIR]
QIRS=( { XBQIReRQL IsTQLIR-{X8QI1oRQLIeTCI11]
Q1IS={{XBQIR®RQLI=TQL1+(X8QII*RQLI=TQIR]
1F{VALLl) GD TO 32
IFL(QIRS®QIRS+QL15¢QLIS).LE. {TQLROTQIR+TQLIeTQL1I}] GO TO 19
VALLl=.TRUE.

IF{VAL2] GO TO 33
IFUIPIRSOPIRS+PLISOPLISILE. (TPLReTPIR*TP11eTP11}] GO TO 18
VAL2=. TRUE.

1F{VAL3) GD TO 34
IF{{QORS*QORS+Q01SeQ0ISI.LE. (TQORSTQOR+VQOIeTQOI}) GO TO 17
VAL3=,.TRUE.

IF{VALA4] GO TO 35
IFL{PORSOPORS+POISOPOISicLE. (TPOROTPOR+TPOLeTPOII) GO TO 16
VAL4=,TRUE.

IFU{VALL1 <AND.VAL2.ANO.VAL3.ANO.VALS} GO 13 21
GD 10 693

POR=PORS+POR

POl =POIS+POI
IF{TPOR.EQ. POR.AND. TPOI.EQ. POI} VaLé=.TRUE,
TPOR=PORS

TPOI=POIS

GD TO 35

QOR=QORS+QOR

Q01=Q0( S+Qo!

TQOR=QORS

TQ0I=QO01S

GO TO 34

PIR=PIRS+PIR

Pli=P11IS+P11]
IF{TPIR.EQ.PIR,ANO.TP11.EQ.P11} VAL2=.TRUE.
TPIR=FIRS

TP1I=PLl1S

GO 1D 33

QIR=QIRS+QIR

QlI=Q115+Q11
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TQIR=QLIRS

TQL1=Q11S$

G0 To 32

D=D4

FsF2

QORS1=QOR

Q0151=Q01

QIRS1=Q1R

QLIS1=Qll

QOR=~CMULTR(QORSL1,Q0IS1,X8IR,X811)

QOI=-CMULTI (QORSL,QO01SL,X81IR,X811)
QIR=CMULTR(QIRSL,QLISL1,XB8IR,X81])
QlI=CHMULTI(QIRSL,Q1IS1,X8IR,X811)

PHIR =COVOR(CMULTR{JIR, J1, (PORSCHMULTR(JIR,J1,Q0R,QO1) ), (POLCHNULTI(Y
IRy J1sQOR,QO01 1)), (CHULTI(IR, J1 o (PORSCMULTR(JIR,I1,Q0R,Q01)), (PO CIU
2LTI(IR,J1,Q0R,Q011)0)9)yCMULTR(2.000,0.0D00, CMULTRIYR, Y[, (PLIRSCNULTR
3{JRy JI QIR QLID) o (PLISCNULTI (IR IToQLIRsQL1)) ) oCMULTIC(YR, Y1, (PLROCH
SULTRIJRy JIoQLIRyQLED )y (PRISCMULTI (IR, J1,QLR,QL1))) )y CMULT](2.000,0
5.000,CHULTREYR 4 YL c(PIROCMULTRIJIRy J1oQLRo QLI Do (PLICCMULTI( IR, J1,4QL
6ReQLIN)) JCHULTI(YR, Y1 o (PRRGCMULTRIIRyJI,QLR, QLI ) o (PLICHULTI( IR,
T1,Q1R,Q11))1)))

PHI1 =sCOVOI{CHULTR,JR,J1, (PORCCHULTRIJIR,JI,QOR,Q01) ), (POTCHULTIY
IRy J1,QO0R Q0111 )y (CHULTI(IRJ1y (PORSCHMULTRIIR,J1,QOR,Q01) )4 (PCIICNU
2LTVI(JR, U1 ,QO0R,Q01))) ) ,CMULTR(2.000,0.000, CMULTR(YR,Y1,(PLIReCNULTR
(IR, JI9QIR,QLII) o (PRICCMULTI (IR, JT QIR QLI ) )sCHULTI(YR, Y], (PLR4CNH
SULTRIJRyJ1,01R,Q11)) o (PLICCMULTI (IR, J1,QLR,QLI)D D)), CMULTI(2.000,0
5.000,CHULTR{YR g Y1 o {PIR4CMULTRIJRyJ1oQLIR, QLI D), (PLICCMULTI(IRyJII1,Q1L
6RyQLINIISCHMULTEIYRo Y19 (PIRCCHULTRIIJR,JIQIR,QLID Do (PLIGCHNULTI(IR,Y
T1,Q1R,Q11)))))

PHI= CHMPLXIPHIR,PHII)

RETURN

END
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MAIN PROGRAM FOR CALCULATING AND
PLOTTING SERIES AND PARALLEL RES-
ONANCE FREQUENCIES WITH ELECTRON
TEMPERATURE AS A PARAMETER.

SIBFTC THPTCIL
COMMON ZINPTS/ TU10) 4NV ,FP(1S00)NFP,R,AL,SI{1500),5S5(10,1500),
1 SHEATH,FH,FS{1500)
D0 6 KKK=]1,6
CALL INPUT
CALL GRID{GHVREADRy SCALEX ¢SCALEYXBoXEoYB,YEyNXgNYX"*5)
PRINT 3,{T{K),K=1,10)
PRINT 4oNT,NFP NXNY, {FPIK) 4K=x1,5)
PRINT 3,SCALEX,SCALEYsXBoXE o YBoVE - X15,RyAL ¢ SHEATH,FH
D0 2 J =]l,NT
CALL S{CALCIT(J) oRyAL»FP,ST o NFP,SHEATH,FH)
DO 1 K =],NFP
FSIX)=SQRT{FHe02eS] (K)ee2e({FP(K)402-FHee2))
1 SStJ,K) =S{iK)
CALL CURYEL(FP FSyNFP 4 XByXE» YO oYE 4X15)
FFFa{FSINFP)-Y8)®9,0/{YE~-YB)
FFa{FPINFP)-XB)eX15/{XE-XB)
AJag~1
CALL ARROM (FF,FFF,0.0 )
CALL PLOT ((FF+1.0) +FFF,2)
CALL PLOT((FFe2.0)9AJd,2 )
CALL PLOT ([FF#3.0)+AJ,2)
CALL NUMBERI(FF+1.75)9A444125,7(3),0.0,0)
FORMAT(IH ,11E12.6)
FORMAT{1H ,4(10,5€E16.8)
CALL OLTPUT
CALL F{NI
6 CONTINUE
CALL EXITY
ENO

&, wn

SUBROUTINE FOR READING INPUT DATA
FOR MAIN PROGRAM TMPTCI

${BFIC (KPUT
SUBRCUTINE (NPUT
CCPMCN /INPTS/ T(10),NT FP{1500),NFPoR,AL,SI{1500),SS(10,150C),
I SHEATH,FHFS(1500)
REAO 1oNT o NFPyRyALFPMAX,y FPMINySHEATHy FH
1 FCRMAT(215,6E11.5)
READC 2,(T(J)sJd =1,40)
2 FCRMAT({ 5E16.8)
AN = NFP -1
DELF s{FPMAX-FPMIN)/ AN
0C 3 J = 1,NFP
AJu -1
3 FPUJ)aFPHIN® AJROELF
RETURMN
EMND
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SUBROUTINE FOR PRINTING DATA
OUT OF MAIN PROGRAM TMPTC1

SLERCUT INE QUTPUT
CCFPCN /INPTS/ TUI0)oNToFP(IS00)¢NFP,RyAL,S1(1500),55(10,1500),
1 SHEATK FHoFS(1500)

DIPENSION 1(10)

LCGICAL F(RST

F(RST =.TRUE.

R = Re].0E+02

13 KPAGE = 52

cc 3 J = 14NFP

KPAGE = KPAGE ¢ ]

IF(KPAGE.GT.50) GO TO 4

PRINT 2 4 FPUJ)o(SS(KsJ) oK =14NT)

FCRMAT(MH ,FI1.3,10F12.3)

IF{.NCT.FIRST) GO To 3

CC 3 Kml NT

SS(KyJ)=SCRT(FHee24SS(KyJ)ee2e(FP(U)e02-FHes2))

3 CONT(NUE
IF(NCT.FIRST)IRETURN
FIRST =.FALSE.

GC T0 13

& KPAGE=1
PRINT S

S FCRMAT(IHI)

PRINT ¢
6 FCRMAT(IH o 132H==——

A

IF{FIRST) PRINT 7
TF(NCT FIRSTIPRINTLZ
T FCRMEAT(IH o 9OH

LCYLINDRICAL ANTENNA PS1 CALCULATIONS )
12 FCRMAT()H,105H CYLINDRICAL AN
LTENNA CALCULATIONS OF SERIES RESONANCE FREQUENCY )

PRINT 8 4Ry AL,FH
8 FCRPATIIH 424X,10H RADIUS = oF6.4,1TH CM , LENGTH = ,Fb.4,
128+ PETERS o GYRO FREQUENCY =oF 5.3 o11H MEGACYCLES )
PRINT €&
PRINT 9
9 FCRPAT( 92H PARALLEL FREQUENCY
1 ELECTRON TEMPERATURE )
CC 1C L=1,10
10 1(L) = T(L)
PRINT 21,(1(L)sL=1,10)
1) FCRMAT(L6H (MEGACYCLES) o 16,440 , SlI8,4HeK )}
PRINT ¢
GC 1C 1
ENC

T L e | i P — g o . Wi - PR WN BT, W W = 4
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SUBROUTINE TO CALCULATE SERES
RESONANCE FREQUENCY

SIBFTC SICALC

w A

10

SUBROUTINE SICALC(T,R,ALoFP,SINFP,SHEATH,FH )
DIMENSION FPLLS00) , S$1(1500)

COMMON /CONSTA/ P1,P12,EMASS yAMASS 0Q+CX,E09GyU0, ALPHAK
REAL X

CL = ALOGUAL/R)

CALL CCnSTS

OBYCON =SQRT(CK/(4,08PL20EMASS) ) o] ,0E~06
S12 =.1

DG 7 J =1,NFP

L = NFPe¢l~J

IFLFPIL).LE.FH) GO TO 10

ALPFT sALPHAK®[FP(L)ow2~FHee2)/T

DBYLNT = DSYCON®SQRT(T)/FP(L)

RS = R + DBYLNTOSHEATH

SHTCON = ALOG(RS/R)

N =0

GO 10 3

S12=AN®. 04

$12=.58812

$2 =1.0 -S12

N = Nel

AN = N

IF(N.GT.100) GO TO 8

A2 = S2eALPFT

IF(A2.LE.1.0E-18) A2 = 1,0€-18

AR = RS®SQRT(A2)

RKAR = K(O,AR)/K(1,AR)

RKM = ] ,0-RKAR®®2

$22 = 2,0882

SI2P = (SL2eRKM4S5220( SHTCON*RKAR/AR))/(RRM+S22eCL )
SLOPE = 1.0 + RKM/(S22sCL)

DEL =(S12P -S12)

IF(SLOPE) 2424

1F(SI2P 12,42,5

IF1S12P= 1.0)6,41,41

S12 = S12p

IF(ABS(VEL) .GT..001)G0 TO 3

SI(L) =SQRT(S12)

RE TURN

PRINT 94DEL+ST2¢ARTFP(J),SLOPE
FORMAT(JIIH SICALC HAS FAILED TQ COVERGE. ,6E16.8)
GO 10 7

$12=0,0

GO 10 7

END




SUBFUNCTION PROGRAM FOR CALCULATION
OF THE BESSEL FUNCTIONS K, AND K,

REAL PUNCTION X(N,X)
REAL [

K= 0.0

IF(N.LT.0) N ==p
IF(N.GE.2) RETURNM
{F(X.2C.0.0)60 TO 1
[F(N.EQ.1) 6O T0 3
I1F{X.67.2.0) GO TO 2
Y = X/2.0

Y2 = Yoy

Y4 = Y2e¥2

Y6 = Y4oV2

Y& = Y4evd

Y10 = Yéovsh

Y12 = YéeYb

s =ALOCIY)IOL(N,X)=c3T721506 +.422T784200Y2 <.230697560Y4

1¢ .03488590eY6 ¢ .00262698278 +.000107500Y10 ¢+ .500007400Y12
RETURN

1 K=1,0E¢37
RETURN

21 = 2.0/%

12
1)
14
13
16

102

1292
1302
1402
1592

K = 1.,29331414 -.07032350¢% ¢ 02109568022 ~ .01062446023
1+ .008507072024 ~-.00251540025 +,.00033200026
K s KeEXP{-X)e(Xov({-,5))
RETURN
3 [F(X.67.2.0)60 T0 &
Y= X22.0

Y2

Yoy

Y4= Y20Y2
Yés Y4oYv2

Y8=

Yéov2

Y10=Y8eY2

Y12=Y10eY2

K s ALOGEY)e[(NyX) #(1.0 +.154431440Y2 -, 672785T9eY4~-,.101560970Y$
1- <019194020Y8 - .001104040Y10 - .000040680Y12)/X

RETURN

41 =
12s
13s=
14=
15=
lés
K=

2.0/X%

1e]

12071

1302

1401

152

125331414 ¢,2349861902 - .03635620022 ¢+ .0150426002)

1 - .00780353¢24 ¢ .00325614¢15 -~ .00060245¢26
K = KeERP(=X)o(XeB(=.5))
KETURN
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SUBFUNCTION PROGRAM FOR THE CALCULATION
OF THE BESSEL FUNCTIONS I, ANO I,

REAL FUNCTION I(N,X)
DCUBLE PRECISION Y,FACN,FACN,FJ,SUR, TERN, FK,FKN
YoX/2.0
1 =C.0
IF{N.AT.0) N = =N
FACN =1.0
FACH =1,.0
IF{N.EQ.0) GO YO 4
DC I J = N
FJ =)
1 FACN = FACNeF)
SUM ={YeeoN)/FACN
TERM 5 SUM
200 3K =1, 560
FK s X
FKN = K + N
TERM = TERMeYeY/{FXNeFK)
SUM = SUM ¢+ TERM
SS=SuUN
IF{1.EQ.SS ) RETURN
31 =SS
RETURN
4 SUM = 1.0
YERM = 1.0
GO YO 2
END

SUBROUTINE FOR DRAWING A CURVE
FROM AN ARRAY OF DATA

$1B8FTC CURVEL

SUBROUTINE CURVEL(AX,AY ¢NyXB o XEoYB,YE,X15)
OIMENSION AX(10),AY({10?
LOGICAL FIRST
FIRST = ,TRUE.
DX =XE-XB
DY sYE-YB
SCx=X15/70x%
SCY=9,0/DY
DO 1 J =1,N
X s{AX{J)~ XB)eSCX
Y s{AY{J)- YB)eSCY
IF{X.GT.XI5) GO TO
IF{X.l7.0.0) GO YO
1IF{Y.67.9.0) GO TO
IF{Y.LT.0.0) GO TO
IF(FIRST)ICALL PLOT{X,Y,3)
CALL PLOT(X,Y,2)
FIRST = .FALSE.
GO0 TO0 1

3 FIRST = ,TRUE.

1 CONTINUE
RETURN
END

W W
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SUBROUTINE TO PRODUCE A LABELED
GRID FOR PLOTTED DATA

SUBROUTINE GRID(TITLE SCX,SCY XX XXEoYYB YVE NMXX,NYVXX25)
C ALTERNATE ARGUMENTS GRID(6H READ } , GRID(G6HVREADR) , GRID(SHCOMMON)

D(FENSICN TITLE(S2)
COPMON/PLTCHN/HEAD( 65) o SCALEX s SCALEY XBoXEoYBo YESNX NY,X15
CALL HOL(CMHN, 6HCOMMON )
IF(TITLE(]) .EQ.CMN) GO TO 106
CALL HCLUREADIN,6H READ )
CALL HOL(READER,6HVREADR )
TFCUTITLE(L)NE.READER) . AND. (TITLE(1).NE.READIN)) GO TO 104
READ 101,(HEAD(J},J =1,52)

101 FCRHMAT(13A6}
READ 102, SCALEXoSCALEY o XBoXEoYB, TE,NX,NY X153

102 FCRMAT( 6F10.5,215,1F10.5)
PRINT 1000

1CCO FCRMAT(1H])

PRINT 1C2,SCALEX , SCALEY XB,XE,YB,YE,MNXyNY,X15
PRINTY 1C00
IFCTITLE(1). EQ.READIN) GO TO 103
SCX = SCALEX

SCY = SCALEY
Xx%8 = X8
XXE = XE
YY8 = Y8
YYE = YE
NXX = NX
NYY= NY
XX1% = X195
103 CALL IpPLOT
GC Y0 106

104 CALL 1DPLOY
CC 105 J = 1,52

105 HEAD(J) = TITLEWJ)
SCALEX =SCX
SCALEY =SCY
Xeg = XX8
XE = XXE
YE = YYB
YE = YYE
NX = NXX
NY = NYY
X15s XX15

106 CCNTINUE
(FUSCALEX.LT.0.0) SCALEX = SCALEX
IF(SCALEX.GT,100.0) RETURN
TF(SCALEY.LT.0.0) SCALEY = ~SCALEY
IF(SCRALEY.GT.100.0} RETURN
IF{X15.L7.0.0) X15 = -x19%
[F(X15.67.100.0) RETURN
X = 0,0
Y = 0,0
AN = N
CALL PLOT( 4.0,1.45,-3)

12 CALL PLDT (0.0 ¢9.00 2}

CALL PLOT(X1S ,9.0, 2)
CALL PLOT(X15 ,0.0, 2}
CALL PLOT(0.0, 0.0, 2)
CXs(XE ~XB)/SCALEX

ST et ame -y
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NYel YE - YB8)/SCALEY
AX = X19/SCALEX
AX10 =AX/10.0
AY = 9,0/SCALEY
AY10 =2Y/10.0
1 YsY#AYLO
IF{Y.CE. 9.0 ) GO TO 2
CALL PLOT(0.0,Y,2)
CALL PLOT(0.14Y,42)
CALL PLOT(0.0,Y,3)
60 10 1
2Y = 9,0
CALL PLOT{0.049.0,2)
3 X = XeAX1O0
IFIX.CE.X1S ) GO TO 4
CALL PLOTIX ,9.0,2)
CALL PLOTIX +8.9,2)
CALL PLOTIX ,9.0,3)
60 YO 3
4 CALL PLOTIX1E ,9.0,2)
S Y =Y =AY10
1FLY.LE.0.0) GO TO &
CALL PLOT(X1S, Ye2 )
CALL PLOTIX15=.14Y92 )
CALL PLOT(X1S ,Y¢3 )
G0 710 8
6 X =x15%
CALL PLOTIX1S 40.0,2)
7T X s X -AX10
IFIX.LE.0.0) GO TO &
CALL PLOT (X,0.0,2)
CALL PLOT (X,0.142)
CALL PLOT (X,0.043}
G0 10 7
¢ X = 0.0
Y = 0.0
XS = {X15-13.6)/72.0
CALL PLOT(0.0, 0.0, 2}
NNX = ©
NNY = Q
IF(XE)200,200,2¢1
199 IF{YE)210,210,21)
200 XA = ABS(X8)
6C 10 199
201 XAsXE
G0 T0 199
210 YA = ABS(YB)
o o 6C 10 212
211 YA = YE
212 CONTINUE

by e v N UM W BN D =
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IFIXA.LT.1000.) NNX = NX - 3
IF({YA.LY.1000.) NNY = NY - 3
IF(XA.LT. 100.) NNX = NX - 2
IFLYA.LY. 100.) NNY = NY - 2
IF(XA.LT, 10.) NNX = NX - 1
: IFIYALLY. 10.) NNY = NY - 1
1FLYA LY, le) NNY = NY
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IFINNX.LT.0) MNX = O

1FINNY.LT.0} NNY = O

XSN » NX

YSN = NY

SPACEX = ,07exSH

SPACEY = ,07¢7YSNH

1F{XE.LT.0.0) SPACEX = SPACEX + .07

IF(YE +LT.0.C)SPACEY = SPACEY + .07

XN = X0

YN = Y8

CALL NUMBER{ X-SPACEX,~.25¢.15¢XN,0.0,NNX)
CALL MUNMBER{~.10oY-SPACEY;.15,YN;90.0,MNY)
Y = Y ¢AY

YN = YN+DY

1F{Y.C7.9.0) GO TO 10

CALL NUNBER(~.10,Y-SPACEY,.15,YN, 90.0,NNY)
CALL PLOT{0.0,Y,3)

CALL PLOT(XLIS ,VY,2)

Y =Y ¢+ AY

YN = YN + DY

IF{y.CY7.9.0) GO TO 10

CALL PLOT(X15,VY,3)

CALL PLOT(0.0,Y,2)

CALL MUMBER(~.10,Y-SPACEY,.15%,YNy90.0,NNY )
GC 10 9

X = X oAX

AN = XAN+DX

IF{X.GT.X1S5 ) GO YO 11

CALL NUNBER{ X-SPACEXo =250+ 159 XN, 0.0,NNX)
CALL PLOT(X,0.0,3)

CALL PLOT{X,9.0,2)

X s X + AX

XN = XN ¢+ DX

IF{X.G7.X15 } GO 10 11

CALL PLCTIX,9.0,3)

CALL PLOT{X,0.,002}

CALL NUPBER{ X-SPACEX,~=2o25,415¢ XNy 0.0,NNX)
GC 70 10

CALL SYMBLA{1.65¢+XS9~e55,.15,HEAD{1},0.0,78)

CALL SYMBL4{XSy -1.009.20 +HEAD{27),0.0,70)

CALL SYPBLA(1.6354XS¢~1.30,.15,HEAD(40),0.0,78)
CALL SYMOLA{~.353¢-.559.15 +HEAD(14),90.0,78)

RETURA
END
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MAIN PROGRAM FOR CALCULATION OF
TEMPERATURE FROM SERIES AND
PARALLEL RESONANCE FREQUENCIES

SIBFTC TEP6O1
DIMENSION FHT(14;
15 FURMAT(12X,2F8.2,F10.2,2F9.0910X,16)
COMMUN /KEN/ Ry AL, PERCNT, LIRIT, CCy S, TSTART,,F,FP,ToKK,N
1 FORRAT (3F10.2; 15, E15.7, 2F10,.2)
READ 1, RO AL PERCNT,LINIT,CCyS,TSTART
PRINTL, RoAL JPERCNT LIRIT,CC oS TSTART
Ks§
READ 2, FNT
PRINT2, FRT
2 FORMAT (1346, 42)
CALL CRDIDS
PRINT 3
3 FORMAT (1M1, 8X, SNTIME, 2X, OHSERIES, S5X, IHPAR, S5X, IHSEC, 2X,
1 BHNEN TEMP, 2X, 8HOLDO TEMP, SX, 3HALT)
8 READ FMT, F, FP, SEC, OT
CALL TEMWPSP
PRINT 15, FoFP,SEC,T 0T,k
PUNCH 159 F+FP,SEC,T,0T 4K
K= K+l
GO 10 8
CALL CRD1ODF
CALL EXIT
END

SUBROUTINE FOR CALCULATION
OF THE ETA FUNCTION

S$IBFTC ETAA
SUBROUTINE ETAAL ¥ , ETA, KL)
REAL X
N=0
AJ =0.0
AL =0.0
KL= 0
IF (Y.,67.0.0)G0 70 1
ETA =1.0E437
RETURN
1 X=1.0
DX = .5
DYH = ¥ +.,00001
oYL = ¥ -.00001
2 IF{X.LELO0.0)X =1,06-37
Ki= KLe¢1
IFIX GT. 1.0€E¢30) GO 10 5
IF (N.GT.500) GO 7O 5
PHE = K(OX)/(XeK(1,X))
1E(PH]I .GE.DYH) GO TO 3
IF(PHIL.LE.DYL) GO TO 4
ETAa = X
RETURN
3 AL = AL ¢l.0
Al = 0.0
OX = DX eAL/2.0
X = XebX
GG 10 2
4 AJ = AJ 41,0
AL = 0.0
NX - IxeAd/2.0
X = a =DX
G0 10 2
S PRINT 6 o X oY (DX (PHI
6 FORMAT({L6H ETA HAS FAILED ,4E20.8)
ETA = X
RETURN
END
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SUBROUTINE FOR CALCULATING ELECTRON TEMPEATURE
FROM SERIES AND PARALLEL RESONANCE FREQUENCIES

SIBFTC TERPSP

SUBROUT INE TENPSP
CONMON /KEM/ Re ALy PERCNT, LINIT, CC, S, TSTART, F, FP, T, KK, N
DATA PL1/3.14159265/, EN/9.1083E~31/s EK/L.3B04AE-23/, G/3.0/,
L A70.0/¢ PH/1.47, ECO/B.05434E~12/
Pl2= Plepl
TEON=1EN/ (GOEK) )04, 0E¢120P10P]
DEYCON= (EK/ (4.0 Pl 20EN))
DEYCON = SQRT(DBYCON)®l.0E-06
CKCN= 0.0
IF(CC .GE. 1.0) GO VO 22
CKDN=(2.00P1 #AL/CC)»E0O

22 FH2= FHOFN
N=0
KK=0
FP2 = FPeFP
F2 = FoF
FN2= FP2-FH2
FC2 = FP2-F2
IF (FN2 .LE. 0.0) GO YO 28
IF{ F .LT. FH) GO TO 28
FN= SQRT{FN2)
S12= (F2-FH2)/FN2
$2= 1.0-S12
Ts TSTARY

32 TEST = T
DLENGT= DSYCONeSQRT (T} /FN
RS= RODLENGTeS
PHI= SI20ALOGIAL/RS) - S2¢(ALOGIRS/R) ¢ CKON)
IF (PHI .LE. 0.0) GO TO 28
CALL EVAA(PHI, ETAS, KL)
KKsKKeKL
Is TCONeRSeRSeFC2 JIETASOETAS)
Nsh+l
IF (N .GT. LIMIT) GO YO 36
IF (S .EQ. 0.0) RETURN
IF ((ABS{T-TEST}/T) .GT. PERCNT) GO TO 32

28 1= 0.0
RETURN

36 PRINT 37, Fy FPy, Ty Ny KK

37 FCRMAT (AM1l, 21HTOO MANY ITERATIONS (, 2F5.2, F10.0, 217, 1IH}}
RETURN
END
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MAN PROGRAM FOR PLOTTING
ANTENNA REMISTANCE VERSUS REACTANCE

SIBFTC INPPLY MAIN PROGRAN FOR PLDTTING ANT I VS R AND X
C PROGRAN FOR PLOTTI®NG ANTENNA INPEDANCE AS A FUMCTION OF R AND X
DINENSION HEAD(SD),TEN (11}
COMPLEX 1,10
LOGICAL FIRST
COMMON/ [MPCDN/ 1, F oFP o FNUFHo ANGLE » To Ry AL
COMMON /CONSTA/PI P12,EMASS , AMASS ,Q,CK,E00Gy U0, ALPHAK
CALL CONSTS
ALPH=ALPHAX
READ 1 NPLGTS NRESLV NTAPE s NSKIP,NPRINT (NPLT (NTHY
PRINTL NPLOTS,NRESLY o NTAPE ; NSKIP,NPRINT NPLT ,NTHY
1 FORNATITILO)
DO 32 JNP = 1,NPLOTS
READ 10 +NDOKGRID,FMAX,FX
PRINT 3 oNDD,XGRID,FRAX,FX
3 FORMNATI(1H1,2110,2F10.3)
10 FORNAT{2110,2F10.3)
FX=FXe,1E¢07
FHAX=FNAXe . 1E+0O7
READ 14,FH,,FNU, ToRsAL» ANGLE
PRINT 2,FH,FNU, TR AL ANGLE
2 FORMAT{1H:,6E13.8)
14 FORMATI6EL3.6)
20 FORMAT({2E20.8,F10.3)
21 FORNAT({1H1,2E20.8)
READ 20,FNUCON o, DENALT
PRINT 21 , FNUCON , DOEN
CALL SRID(ONYREADR, SX SY o XBo XEYBoYEsHX NY . X25)
SCX = X1S5/(XE~XB)
SCY = 9,0/{YE~YD)
C PLOT FOR 10 CONSTANT TEMPERATURES
D‘TA TENIZSO.:3SO.:SOO.,TOO..lOOO.-1400..2000;12800..‘000..5600.
l ’ ‘ooo'
F » Fi
FP = 0.0
T = 0.0
CALL ANTZ
10 = ¢
RES »MRESLY
REF sFMAX/RES
PRINT 1000
1000 FORMAT({1INH]1)
PRINTTO,SCX 2SCY FoFP T, ZoRESIREF
TO FORNAT{9E14.6)
PRINT 1000
8030JT »l,11

99 FURMATII2TH noT x PLOT ¥ OP FREQ PLA FRE

10 TENPERATURE RESISTANCE REACTANCE FUN

2 REF  //419% TENPERATURE EQUALS,F20.1,8H DEGREES,, 12HALY. EQUALS,

3 F10.2, 3N KN//7)
PRINT 88
88 FORMAT (1H1)
PRINT 89,T,ALY
IFINTHY . EQ.1) FNU = FNUCONSDENST
IFIFNU.GT.2,9PIoFX) ALPHAK=ALPHe5.0/9.0
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100
101
102
103

104
105

28
29

30
32

Wf‘«'-"‘"“«n W-«"FW as

PX0- = 0.0

PY0 = 0.0

FIRST =.TRUE.

JL = O

00 28 JF=1,NRESLY

FJ = JF-1

FP = FJeREF

CALL ANTZ

1=1-120

PX0 = PX

PYO = PY

PY =(REAL(Z)-YB)eSCY
PX s{AIMAGLZ)-XB)eSCX

IFINPRINT.EQ.Q0.AND.JF/505.EQ.JF) PRINT TOoPXyPY FoFPyT,Z,FNU,REF

IF(PX.6T.X15) PX = X15
IF{PX.LT.0.0) PX = 0.0
IF(PY.LT.0.0)PY=0,0D
IF(PY.GT.9.0)PY=9,.0
IF(FIRSTICALL PLOT(PX,PY,3)
FIRST =.FALSE.

CALL PLOTIPX,PY,2)

JL = JL »1

IF(JL.LE. MPLT) GO TO 28
JL = 0

0XX = PX-PX0O

0YY = PY-PYO

IFtoxx) 103,101,103

IFLDYY) 102,28,102

OXX = .1E-06

S = DYYV/0XX

$2 = Se§

0Y =.05¢5QRT(S52/15241.0))
OX =,058SQRT(1.0/(S2 +1.0))
IFLS) 104,105,105

OX = -DX

CALL PLOTIPX-DY,PYeDX,3)
CALL PLOT (| Px+DY,PY-DXy2)
CALL PLOT( PX, PY, 3)
CONTINUVE

T =TENLJT)

IFLALPHAK .NE.ALPH) ALPHAK=ALPH
CONTINUE

CALL PLOTIX15#44.0,-1.45,-3)
CALL FINI

STOP

END
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