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ABSTRACT 

The impedance of an antenna probe surrounded by ionospheric plasma 

is examined. A review of several physical plasma parameters, research 

techniques, some past experimental results, and various theories is pre- 

sented. A need is shown for 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 I 

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, cylindrical, 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 

-2 
[Baohynski,   1961]. While approximately 10  electron volts of energy 



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_ 

[Brown et at.,  1963] and can be expressed by the equation 

X
D 

1/2 

o KT 

Ke2 
(1) 

Where 

K » Boltmann's Constant 

T = kinetic temperature (electrons) 

N = ionization density (electrons) 

e = electronic charge 

e = 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 An), free 

of external influence, should have a net charge, then the charge would 
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create an electric field.  This field would then cause the free ionized 

particles to redistribute into a minimum 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 A is directly 

dependent upon the energy of the electrons (electron temperature) and is 

inversely related to the average number of electrons that shield any dis- 

continuities. 

From the above discussion, it is apparent that disturbed plasma tends 

to return to equilibrium.  Because the particles also have mass, the sys- 

tem exhibits properties characteristic of second order systems, including 

a natural resonant frequency, known as the plasma frequency, f.,.  This 

quantity, the frequency of the "quivers" of the "plasma jelly," can be 

directly related to the electron density N and the physical constants 

electronic charge e, electronic mass m, and permittivity of free space 

e  by the equation 

-N = 2^N = 

r-  2-, 1/2 
Ne 
m£ 

L. o J 
(2) 

[Brown et 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 u)N? Shouldn't the positive ion density and temperature also be 

included?" Of course in the strict sense, the answer is that A„ and M„ 
D     N 
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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 ntv2 - 1/2 Mv2 (3) 
m 

v *.ß*m (4) 

v    102 v (5) m 

where 

v * mean electron velocity 

v = mean molecular velocity 
m 

M = molecular mass 

m = electronic mass 

Thus the electrons can be visualized as mobile, rapidly moving particles 

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 

* •ete.MB-» .*w   U WIPM—IP ]i . *• iwmn JJI ..   .||i> j jiig | ^gg , 



frequency ^  be at least as large as 10  ^, to 10  j  .     Otherwise ion 

and molecular motions must also be considered. 

A useful measure of the collisions of electrons with other paricles 

is the effective electron collision frequency ^.  It is defined as the 

average number of times a second that an electron suffers a collision 

that effectively changes its direction of motion [Catnbel,   1963]. Pfister 

(1965) considers several definitions of electron collision trequency and 

relates these to the mean collision frequency as derived from the average 

electron velocity. 

If the exciting frequency ^ 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 taken as 3 \Spi*:zert   1962', 

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 ionizatlon 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 currents are equal-  There results, therefore, a depletion 

of electrons near the boundary and a sheath (free of electrons) is said 

to "ixist 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 potentials 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. 

[I 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- 

r 
r 

r 

uency f , will often be more useful.  The relation is 
n 

where 

B = magnetic flux density. 

I In summary, our physical model of the plasma state may be visualized 

as a warm, compressible gas of electrons, diffused among fixed ions and 
? 

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 f , gyrofrequency fu, electron col- is n 

llsional frequency v, electron temperature T and the ratio of specific 

heats of the electron gas. 

The Ionosphere 

I 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 

,_ir-..^.r,. „, m ■ i in 11  m nmn—"wi WIM'""1'    B33BS3EE 



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 2 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 not  chirige radically as a function of height in this re- 

gion, artd the value 1,4 MHz is a representative value. 

Since the time (1902) Ileavyside and Kennelly [Mitm,   1952, p. 177] 

first postulated the ionosphere to explain transatlantic 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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Ionospheric Measurement Techniques 

Ionospheric parameters have been traditionally measured from the 

earth's surface by several techniques, notably by ionospheric sounders 

[Mitm,   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 technique 

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 

■ "«• •narsaM»"* a*. ., --^^^-^ 
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have been utilized even though extensive instrumentation and complex 

analyses are required. 

The second technique is the application of the Langmuir Probe [Lang- 

mutPj   1923) to ionospheric measurements. One or more electrodes ate 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 as 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 nearly 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 o2  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 theg' tlF 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- 

■•W^i-iltyH- „r*™*-—  \w-'- -*•"'■    «fiapt*».. -S-Tpstr—-»v 
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spheric plasma (see Figure ■>),  In 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 0 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 Impedance probes is the Standing 

Wave Impedance Probe [Ulwiok et al., 1964]. This system measures the RF 

impedance of a dipole antenna which is being driven by one or two time- 

*♦ '«Srettak* ^ ,«-» WS BBsareoriz:""" 
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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 frequency through- 

out the experiment. The RF fields from the antenna excite motion in the 

plasma electrons which, in turn, modify the antenna impedance. This change 

of impedance is indicated by a change in the standing wave pattern 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 whera 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 [Ulwiak 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 at.,   1965, and 

Whale,  1962]. 

Plasma Frequency Probe (PFP) 

The Plasma Frequency Probe [Haycock and räker,  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. 

,,"'"*'Wy^-"a-?-• -r-■'■-■•"*. ■ *i0m,. 
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I Resonance Rectification Probe (RRP) 

The Resonance Rectification Probe [Takayama,  Ikegami and Miyazaki, 

1960; Despain,   1964] Is a combination of a Langmulr 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 [Takayama,  1960; Miyazaki et al-3  1960; lohi- 

kaüa and Ikegami,  1962; Hivao and Muraoka,  1964]; however. Baker, Des- 

pain and Ulwiak  [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 interactions 

will now be discussed in Chapter II. 

f 

y^v. 



Chapter II 

PROBE THEORIES 

The problem of interaction of a small RF excited probe with a plasma 

has been studied for at least sixty years [Witcon 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 [Rataliffe,  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 Z . 

-1      _       -1/2 

Z 
at W-  E-iqz]     +\  f-iqf] "> 

where 

C  = free space capacitance of the probe 

a)  = radian operating frequency 

OL, = radian plasma frequency 

electron collision frequency 

R  = free space radiation resistance 

X  = ü)N/ü) 

Z  = v/ a) 
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r 
r 

1 

For R and v equal to zero, a particularly simple interpretation results 

in the probe being considered as a capacitor C of value 

c = c 
o 

(8) 

This simple, idealized model has been extensively applied to interpret im- 

pedance probe results [Ulwick et al.3  1964; Jackson and Pickar,  1957; Whale 

1963]. 

A more rigorous approach by Xing  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 [Ratatiffe^ 

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-Hartree formu- 

lation [Ratoliffe,   1962] or the formulation of Sen  and Wyler  [I960]. 

The Sen-Wyler approach allows for collisional frequency variations with 

electron energy but is otherv/ise identical to the Appleton-Hartree tensor. 

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

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, 

"T'^-wa 
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using the capacitor model and the Appleton-Hartree-formulation for [e] 

is also developed. The result is 

Z = —— 
a  ju>C 

1 + X 
1 - 1/2 (Y/U)2 Sin2Y 

U((Y/U) -1)   _ 

-1 

(9) 

where 

U = 1 - jZ 

Y = ü)H/U) 

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. Bromley  [1962] used 

this approach to first obtain results in an Isotropie region similar to 

those of King, Harrison and Danton  [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 at.   [1964] con- 

sidered the general case and produced an expression for impedance that 

requires extensive numerical in* -"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 

Za = jü)2Tre LK'/F H-> - In 
ajVF 

2F (10) 
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where 

2    2  2 
F « Sin / + a Cos y 

a2 = K'/K 

2 2 
U -Y 

K = 1 - - 
o      U 

None of the above derivations includes the explicit effects of 

finite electron temperature. That is, a cold, yet 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 frequencyt 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 Ulwioh  [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 Isotropie warm plasmas. Uhdle  [1963[ developed some theory 

to explain his experimental 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 Wait  [1964] should also be mentioned as it concerns slot 

antennas in warm plasmas. An attempt to develop a permittivity tensor [e] 
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valid for 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 knoua 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 present investigation was initiated in 

order to relate electron density, temperature and collisional frequency 

to antenna impedance. 



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 Spitzer [1962], Cohen  [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 effects, and thus the antenna 

impedance may be calculated from the effective quasi-static electric fields of 

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  (jojt) 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 found. The velocity expression is 

Plflp—'- ■~-'4?K'J-*~!—mr- 
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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 <I> 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 F due to the variations of the pressure p is 

dF  = -(Vp)dV (11) 

The Lorentz force FT on the element is 

dFL = -Ne[E + v x B] dV (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 

■"^pSiR-* 
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I 
and the force due to electron collisions is giver in terms of the effective 

■ electron collision frequency v as follows 

dF  - -vNm v dV (13) 
c 

where ns is the electronic mass. 

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

I times its acceleration to produce the force equation 

Nm fj: dV « -(yp)dV - Ne[E + v x B] dV - vNmvdV (14) 

or 

jwNmv » -7p - Ne [E + v x B] - vNmv (15) 

Now Vp may be written according to the chain rule of differentiation as 

Vp - |^ Vp (16) 

where p is the mass density. The adiabatic law relates p and p 

P - cV* (17) 

where y* " ratio of specific heats. As discussed in Chapter I, y* has the 

value of 3.0 for an electron gas provided u>>\). 

Now 

|J = 3Cp2 (18) 
dp 

«    3p/p (19) 

but from the equation of state 

p    »    KTn (20) 

—w^pwuu 'w ^«R^^ijp^j^gggggj^aggr ■ "~~r 



where 

K * Boltzmann's constant 

T « electron temperature 

n « variation of electron density from its mean value, 

and by definition 

P = mn (21) 

thus 

-^ = 3KT/m (22) 
3p 

At this point, it is interesting to note that IE is just the square f the 
oP 

propagation velocity y that describes the velocity of longitudinal (sound) 

waves in compressible fluids. Thus 

p « p27(mn) (23) 

where 

U2 = 3KT/m 

Thus (15) is, in linearized parameters 

jwNmv = -y V(nin) - Ne [E + v x B] - vNmv (24) 

or 

>-►'-*■ 2 
N[jü)v + couv x C + vv]  » -'y Vn + (Ne/m)  V* (25) 

n 

where 

uj  = eB/m, electron gyrofrequency 
H 
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C ■ 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 

U.y.tl 
(r.0.zl 

Fig. 8.  Coordinate system. 
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The next step is to 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, 

J.N [Uvr - JYCv^ - Ve )) - -U
2f+ ^|f (26) 

In the 6 direction 

. „ rit    .„, ,     „ \i 2 1 3n . Ne 1 34» ,„_. JuN [Uve - jY^^ - vr;z)] = -u    - ~ + - 7 _ (27) 

In the z direction 

\ 

jo.N  [Uvz - jYCv C. - v.C  )]     -    "^ Ü + ^ H (28) zröör dzmoz 

where 

Y    » OJH/U) 

U    » 1 - jZ 

Z    « v/w 

However because of symmetry 

T- = 0  and  TT = 0 
dZ dZ 

and thus from (28) 

v-z « ^(vrS-ve^r) (29) 

or 

v      =    jv W    - ivQW (30) zJreJer v/ 
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and (26)  and (27) become 

where 

or 

where 

>Uli  lvr - jW2Ve + jWj (4vrWe - jv^))    -    -P2 f + f f ÖD 

j.m [ve + jW2Vr + JW^Jv^ - jveWr),    .    -„2 A || + ^ i ||      (32) 

w « Y/U 

w r 
s wcr 

we = MS 
w z - U5z 

vr(l-w2)       =    Jßr - ve(WrWe - jW^ (33) 

ve(l - wj)       =    jße - vr(WrWe + jWz) (34) 

ßr ßn 9r      % 3r 

R    _   ft   iia    ft   iii De " Pn r 36  Pp r 36 

2 
ft   s    C pn    UNü) 

p    Umü) 

now with the aid of the relation 

2   2?     2 
W + W^ + W  = W (35) r   9   z 

■* »i*»^*"» .-^V^pVx^MPPHgHnfg^SgpS^ 
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explicit values of v and v can be obtained. By solving the equations 

simultaneously, we find that 

v, ■ j 

gr (i - V - ße(wrw6 - jvy 

i-w2 
(36) 

and 

Vn  -  "a 

ß (W Wa 4 jK ) - ß.U 
r r 0  J z    6 wj] 

1 - w2 
(37) 

Now 

V'v ■+    r 
v   3v 3v 

+ „_r + i^e •_ 
r   Ur  r 30   3z (38) 

3v  3v0    3v r   ö     z 
Hence —r—. —rr and —r- must be calculated. 3r  30     3z 

3v r 
3r 

3V _0 
30 

(39) 

3W        3W     3W 

3efi     2        3wn -£ (1 - w2e) - 2ee(w9 -£) ] (40) 

3v 
z 
3z (41) 

But 

3W 
r 

39 
+W, (42) 

30 -W (43) 

^^ ■.„  ,.— - . ..,. .... ^, - 1y"^-', --'»^w ■ ' _ -^ -^w" 
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3W 
z 

39 
(44; 

Thus 

3ß a2 a2* 
3r n3r2        P3r2 

(45) 

3ß r 
39 6 

2 2 
3 n       .       3  $ 

-  p n 3r3e        p 3r3e 
(46) 

6   ^+6 
3$ 

3r        n r 3r3e        p r 3r3e      Mn    2  36   '   Mp    2  36 
(47) 

Hi s 8 iA. 8 i£i 
36    ^    ^n r dQ2      % r 3e2 

(48) 

and thus 

f   il     r,  1.    3n      1 ■v    »      —^r      [(—P„^  6p If >  <1-Wr) 

r r      r 

+(ßn -^f - 6n ^| )   (iV) 
n 3r2        p 3r2 r 

2 2 1     3 n 1     3  $ ./a    i _2_Ji _ ß    —    g ■ ■  )   ru W    -  iW ) Un r  3r3e Cp r 3r38  ;   ^r 6      J  z^ 

-(^7I^^P7^
) ^W9 + JV 

+(Sn12t-ß
p
I2i)   (Ve-JV r r r 

■-T»—*»jw»««»*t 3|^ ,^8£"wwf- ■y*1^ ^l*W«Wiij6K»S0,,■ 
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r     ^ r 
(49) 

This can be reduced to 

V.v ■W [(6    72n - ß    V2*)  - W2Sin2Y(ß S(n)  - ß S(*))]     (50) up n p 

where 

2 „2 2 
S(x) = Cos2e -^ - 2 Sine CosS - T^rf + Sin2e ^7 ^-~ 

3r2 r ar3e       r2 3e2 

+ Sin29 - — + 2 Sine Cose ^r If 
r dr z do 

r 
(51) 

This result can now be substituted into the continuity equation 

N(7'v) + jun » 0 (52) 

and Poisson's equation 

V $ = ne/e (53) 

can also be applied to yield the result 

j^] [i '2n - = <^o> W2Sin2Y(ß S(n)  - ß $($)) n p 

f 

] 
+ jam    »    0 (54) 

■ i$iP*»^ j ^S^WSW - ^rr:- —-ssu^ 
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r Simplifying 

72n = -a2n + W2Sin2YlS(n)-U(4 /u2)U  /e) S(t)] (55) 
N       0 

where 

2    ,.2  ,. 2. 2 
a (iT - 1) <^/u (56) 

\\,2    - (U2 - Y2)/UX (57) 

2    „2 
"N = Ne /me (58) 

X  » ü)2/u)2 (59) N 

W  = Y/U (60) 

For either y^l or W<<1, 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 little 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 f 0.    Thus for the purposes of this report, it will be sufficient to 

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

V2n = -cTn (61) 

--».-.- •« 



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 

72* = ne/e (62) 
r       o v 

2      2 
V n = -an (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. 

d n . i dn       _ 
7T + xd^ + n = 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 linear combination of the 

Hankel functions H (x) and IT  (x) [sometimes H (x) is written as H   (x)1. 
o        o o o 

In general, there are two values of x to be considered, x - -/^    r and 

x = +Voi r. However, it is a property of the Hankel functions [Jahnke and 

Emde.   1945] that H(2) (-x) = H (x) and that H (-x) = H(2) (x). Thus we need 
o        o o      o 

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- 

(2) 
sity variations, become small. Thus since H   (x) approaches infinity as 

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

n = n H (ar) (65) 
o o 

where 

n  ■ arbitrary constant to be determined by boundary conditions 

2 
a  = the square root of a 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 

* = (^ ln(r/L) (66) 

where C^ 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 potential near the surface of a long, thin, charged rod in free 

space. Since (62) is very similar to (63), a solution of the form 

* = C9H (ar) (675 

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

total solution may be written as 

* « C1ln(r/L) - (en /e a
2) H (ar) (68) 

i o o    o 

2 
where C0 = -n e/e a has been chosen so as to satisfy (62). 
Zoo J 

Boundary Conditions 

General solutions for n and $ now exist; however, the arbitrary con- 

stants C. and n have not yet been determined.  These constants can be 1     o        •' 

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

.--»■- ■ «I »vm,mlii*-*.~pmm* 'ijmrT""wvmimmmm*. mr-.i i^SV^S^i'^'tmf-fimiix^Jam^i-'V -^■!»~--T-J»-™TO«. -".»-..-»—^^^^^y. 
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Our original pair of second order differential equations require the 

specification of four independent boundary conditions to determine n and 0. 

Two of these conditions were fixed in the derivation above when both n and 

<j) 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 C must cancel 

out of the impedance expression. Thus if a boundary condition at the 

antenna surface can be specified such that C. 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 to 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 of these complex conditions if only high frequency, small amp- 

litude effects are of interest as is the case in this derivation. 
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f [ji27rn]rKR        -    KNe/m)  Vr*]r=R (69) 

r 

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

surface 

2 
iL 
e 
o L Jr-R     L J r»R 

but fron (68) and the fact that — [H (x)] = -H^x) 
dx        o 1 

|~   »    Cjr + (en/ca) UAav) (71) 
dr i o    o        1 

and similarly 

4-   »    -n aH-(ar) (72) 
dr o    1 

Thus 

-y2(e/£ )(n oH.(aP))  = <Z  (C./R + (en /e a)H1(aR)) (73) 
OOl Ni OOl 

or 

^ - -(enoR/eoa)H1(aR)  '/ (74) 

since 

,2       ,2 2.2. 
41    = 1+u a /iüN (75) 

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

2 2 
* « -(noe/eoa  ) Ho (ar) + aR^ H (aR) in (r/L) (76) 

■"i^^.-Ä" ^      m.  HI iimnmnynji   p ;   i~JJ±. "Z' 
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Antenna Impedance 

Impedance is defined as the complex ratio of voltage to current.  In the 

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 

a -r-        -* 

!lVdS 
!!8 

or since 

z ÜR)  (79) 
a      2TrRLj(üe E   (R) 

but 

-[C. Er(R)  = -l-ff I (80) 

ana 

1^ «  (n e/e ti2)(aH.(ar)    - aR^H, (aR)/r) (81) 
3r o      o 1 1 

Thus (81) becomes 

or 

H  (aR)-aR^ H  (aR)ln(L/R) 
Z    = T~~ 2 ^  (82) 
a      JOU-ITRL^ aH   (aR)-aR/H   (aR)/R 

.   .T/D.     K^(aR)/aRH1(aR)   ln(L/R)  - ^2 

Z    =^4   -2 *  (83) 
a      ia)27re L ,        ,2 
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Now the free space capacitance of a long thin rod is easily shown to be 

C - 2tTe L/lnCL/R) 
o      o 

(84) 

Thus 

Z » -^r 
a      iiiC o 

gKaR) /ln(L/R)-» (85) 

where 

^(aR) = H (aR)/aRH1(aR) o      i 
(86) 

This is the impedance of a monopole antenna in a magneto-ionic plasma with 

the antenna axis aligned with the magnetic field. 

The expression includes electron collision effects as a parameter in 

a.  If v = 0 and X - 1, then a becomes entirely imaginary and ^ can be ex- 

pressed in terms of the real modified Bessel functions of the second kind 

K (x) and K,(x) 
o       i 

Thus 

K Ojx) 
«KJjx) =T *jxH1(tjx) 

K (x) 
o 

xK1(x) 
(87) 

We will find this result useful in some cases where v = 0, 

If wu = 0, then ty    becomes 
ri 

r = u/x (88) 

while if v = 0 as well, then a particularly simple expression results 

ty    -    (jj/üJ, 
N (89) 

-■*-' . ■ Si" "^«estrf* ^ ,^-fc tii'rr*'* 
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2  . 1      2W 2 

or 

a' « [(UN - w )/iiZj (91) 

where 

a'  = -a2 (92) 

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

K (a'R) 

*(a,R) = a'P^a'R) (93) 

Sheath Effects 

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 Chat no electrons exist within a region of S Debye lengths 

of the antenna. Generally S will vary from 0 when the antenna is at the 

plasma potential, through about A when no net dc current is allowed to 

flew to the antenna, and up to about 10 if large negative potentials are 

applied to the probe. Thus the effective radius R„ of the sheath is 

Rs = RA+SAD (94) 
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The capacitance between the antenna and the surface of the plasma Is then 

the capacitance of two concentric cylinders of radii R and R-. 

Cc » 2ne L/ln(R_/RA) (95) 
b 0 b  A 

The effective antenna impedance is then the impedance of this capac- 

itor in series with the impedance of an antenna of radius R- since the 

plasma begins at a radius of R^. The general impedance relation is then 

1    1   «5(atRs)/ln(L/Rs)-4*2 

a   ja,Cs  ju,Co       1 _ ^2 

where 

C  - lire  L/ln(L/Rc) (97) 
0 0 5 

The derivation of the antenna impedance is now 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 o2  the final ex- 

pression and related parameters is tabulated in Table I. 

SST*"'" 
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Chapter IV 

COMPARISON OF RESULTS 

Introduction 

It is desirable to empirically examine the impedance expression 

developed in Chapter III 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. 

If the conventional free space expression for antenna impedance of 

a short dipole is examined [Batmain,  1964, p.   66], it is found that 

the impedance in the low frequency limit is just the impedance of the free 

space capacitance given by 

C = ZTTe L/(ln(L/R)-l) (98) 

This expression is the same as the C derived in Chapter III 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 C , 

but it is even more preferable to use an experimentally measured value of 

free space capacitance so that all perturbating influences can 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 toa value that will 

produce the correct value of C as determined by measurements. r o ^ 

*-.- -*,- •*-■ . ■ -Mt -"Safcf&aäm-i^ '"■■■"" ■■■"■ "Hill» "i ""^l"—^" ' ulirHMff^JFT^"" ^21    '"'     '■    ■:'-T~vmm<m.m'- 
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It could be argued that end effects 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 external 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 

frequencies 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 through 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 parallel 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 
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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 plasma magneto-ionic theory 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 

functions,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 

ln(L/R)-l + (K -D/Za'R 
za =  Q  

iüj2iTe K L 
GO 

(99) 

where 

K  = 1-X/U 
o 

1/2 
a-  =  (X~l) ' co/u 
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Whale Theory 

Whale  (1963), considered antenna power losses due to ele:troacoustic 

waves. Therefore, his results apply to an antenna m a warm plasma. His 

expression can be used to estimate antenna impedance if simple ionic theory 

is assumed for the antenna reactance while the power loss is interpreted 

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

XJBVCC /L) 

^1 ° 4..   RVX (l00) 
o s 

where 

Q1  = Radiated power per unit length 

ß  = A special function calculated by Whale and 
presented in the form of a graph 

V  = Antenna voltage 

R  = R + 4A,, 
s     a    D 

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

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

za= v2' [v2)2 - xa]    - zrk^) aoi} 
o 

where 

RT = 2TTe LR /löT /Xß2^C2 (102) 
Los 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 mam 

computer program. 
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Baimain'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 ä 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 = 10000K, there is reasonably good 

agreement, but as the temperature is increased further, it can be seen that 

the shapes of corresponding curves begin to show radical differences. 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 a'R 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 a'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 discussion 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 1000oK. 

Figure 11 contains a comparison of the Balmain and Despain theories for 

fixed exciting frequency with plasma frequency as a variable. Again, good 

agreement is noted for low temperatures and for operating frequencies well 

separated from the plasma frequency. Again, somt disagreement is evident 

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

■-;--.—yj»-.- 
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is negative for high electron temperatures in certain regions. This 

is clearly an impossible 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 electron 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. It 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. 

M - j, "«1Ä- ■•'•<• lia^msmt-t fc*. ^«iaBfasiB.1.-. IJIHWl.—I»»»«»» ^?%Mia^s».«MaarfaaBgr-^^sjaii' ■    '«y^ -^pl-rm^-r~mrrsr^.vrr. 
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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 zero eiectrou temperature, no antenna 

resistance appears. Howevers if finite electron temperatures exist, then 

antenna resistance 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 density (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 zeio 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 

fP = £N+fH <103> 

mi  m jMMWPPiWBF'*     '     fg^gN w^mif'"" gg ''"'"H  *lia-«--«~ ■  '4s^^'&&mrm*^ym-^*'-im--- 
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If n 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 

f -#^F 
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 for comparing the theory to 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) 

* 'T -•» T-.'-V'" 3. w ' ^».-.iwim- ' "m '»■;,  ""v 
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The second is the existance of an electron teru'irature controlled senes 

resonance condition for an exciting frequency between the gyrofrequency and 

the upper hybrid frequency. The third is the appearance of appreciable 

antenna losses for exciting frequencies above the upper hybrid frequency 

even when the electron collision losses are neglegible. Thus each of these 

characteristics should be observed in experimental results whenever the 

proper conditions are met. 

Experimentally, series and parallel resonances have been observed 

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 

Baker3  Despain and Utwiak  [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 

points 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 repeatedly 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 

.•■e-T" 
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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 indicated 

sheath and electron temperature parametera. 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. This 

same conclusion was reached after an examination or the other flights where 

good measurements were obtained. 

The observation of high antenna losses in regions of low electron 

collision frequency have been observed by Whale[196b]  as mentioned earlier. 

A recent experiment using the Standing Wave Impedance Probe also exhibited 

a similar phenomena [Baker et at-,   1965),  Since 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 demonstrate 

results consistent with the theory and no contradictions ate 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 in 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 Despam 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-lonlc 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 tws 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 

1> 

J 

v = CNINt 

where    N = Total particle density (particles/meter ) 

CH = A constant derived from any desired model atmosphere, 

(106) 

N 
taken tc be 2,6 x 10   in this paper. 
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The total density can be found from a rcodel 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 

in 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 

2   2   2 
f = f - f 
N  rP  rH 

(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 f >>f,., the error is very small. 
N  n 

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 series 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 

or 

Imag 1   +    l 

jcüC        jwC J     s o 

(KaR )/ln(L/R )-^ 
s s 

l-yT 
= 0 

C /C   + Real 
o    s 

(KaR )/ln(L/R )-i/  s s 
2 

1-* 
= 0 

(108) 

(109) 
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2 
If ij/ is found, the series frequency will be defined. Thus since v « 0, 

(j> and ip are both real for 

fH <f < fp (HO) 

then 

/  - [ln(Rs/RA) + ♦(aRs)]/ln(L/RA) (111) 

where 

Co/Cs '  ln(Rs/V
/ln<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 ty  by Newton's 

method. The series frequency f is then given by the definition of ty  as 

2 2   2  ' fs - [*24 - fj;) du) 

A computer program named TMPC1 (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 plasma 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 magnet 1: tield and shearh widrh 

are increased  Thus a knowledge c£ the shearh and magnetic tield are 

required m addition to the antenna pdrameters and resonance freq^enies 

in order to define electron temperature. 

Electron Temperature from Resonance Frequencies 

Electron temperature can be found from diagrams similar tz  Figure 

19, or they can also be calculated directly  It electron tempera:are 

is desired, the resonance condition (1C9) is used to define $ as tollows 

$(uR ) = U + (1-^2)C /C 1 in(L/R ) (114) 
S OSS 

where all the parameters on the right hand side are known,  r^ow $ is 

a transcendental function of aR and while aR cannot be expressed ana- 
s s 

lytically, it .an be found numerically from the value of *.  Subroutine 

ETAA determines J.R from the value of 0 by a series of simple iterations. 

The parameter j is a function of the electron temperature T and rhus 

T = (4n2R2in/iK) (f2 - f2) (l-t|;2)/(aR )2 (115^ 
s      s   H s 

This temperature is calculated by a subroutine named TEMPSP.  The tourmes 

ETAA and TEMPSP ate used in the mam line program TEP60I to find electron 

temperature from the series and patallel resonance t requen-, les-  Again the 

programs are listed in Appendix B. 

Example of Electccn Temperatures from Measured Antenna Characteristics 

To illustrate fhe mKasurement of electron temperature, the results 

trom a Plasma Frequency Probe flown '.n an Aerobee rocket (\c 3.603 were 

analyzed  This rocket was tired into an ,irti<'p aurora; and henc?, some 

large variations of the plasma parameters oc.mred, including high eieitron 

temperatures.  The complete experimpn»- has been described in detail 

',"■*;—%  i .J " IH«J-jSMIigat.. . '"«BinM»» »  -n^j^-a»-. «ppiiiL^nmij»» im< p^m^trr^m'^rty^ 
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elsewhere [Ulwiak,  et al.3   1965] and an extensive analysis 01 the RF probe 

experiments aboard has also been repotted {Bak^r et al.,   1965).  The 

important feature of this particular tlight was the independent measurement 

of electron temperature by two other instruments: a planet retarding 

potential analyzer and an RF electron temperature probe (RF petturbated 

Langmulr probe, part of the Resonance Rectification Probe). 

Sheath variations occurred with this experiment-  However, the vehicle 

and antenna potential could be defined, and it was found that the antenna 

potential was zero at certain times during the flight [Riahar-dc,   1965r. 

The experimentally determined potentials are shown in Figure 20 as a runction 

of the voltage step applied between the vehicle and the antenna-  It can be 

seen that at step 5, the antenna potential is near zero and that the sheath 

must be collapsed for this condition. Thus the theory for no sheath ran be 

applied at this time to determine electron temperature. 

Program TEP601 was used to calculate electron temperature tor the step 

5 case over a limited region of the flight where good results were obtained. 

The results are shown m Figure 21, along with measurements irom the crher 

two instruments.  There is considerable scatter m the measurement of the 

resonance frequencies due to telemetry noise and other expenmenf al limi- 

tations. Hence the temperature values show large variations irom what must 

be the true values.  In addition, the true temperature '-alnes must alsc vary 

greatly as well, since the antenna is in an active auroral region character- 

ized by disturbed temperature and density variations-  Since each independent 

instrument measures at an independent time, some differenies between instru- 

ments is expected due solely to the vatlations m the jonospheri. medium 

The general agreement between all the measurement.', ib hc-en to be quite 

good when the above arguments are kept in mind. 

In an attempt to further observe the correlation between the vai ^.ous 
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techniques, the data under all sheath conditions was analyzed with the 

collapsed sheath theory and the results 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 were 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, yet 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 usaal acceleration term, there were 

forces due to electric and magnetic fields, electron collisions and gradients 

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 rhe electron fluid was found from this 



H 

force equation. This expression was then combined with the continuit> and 

Poisson's equation to produce a second order partial differential equation 

in terms of the electron density variations. Solutions to this equation 

were found to be expressible as the well known Hankel functions. Boundary 

conditions then determined a unique solution. From a knowledge of the charge 

density, Poisson's equation was solved and the potential m the region was 

then defined. The fields were then easily determined and antenna impedance 

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 effects. The result was an impedance expression rhat 

included all the important plasma parameters discussed earlier, especially 

electron temperature. 

The results of the theoretical calcuation 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 for a range of parameters in which it was valid 

to make comparisons.  In addition, a comparison was made to expeiimental re- 

sults. The agreement was good, at least to within the limits ot the accuracy 

of the experimental parameters.  In contrast to all the other theories, 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 

"'V.'JEgfe*^'1'''' ■■■■«'• 
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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 Technique (see 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 

■ r velengths; 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 well 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 

Igotroplc Medla-Capacltor 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. In 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/$ (Al) 

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

Law 
j7sD-d3 

C - -^T- (A2) 

In terms of the free space capacitance C and from the relation valid 

->■     ->• 

in free space D = e I, it is found that 

C   ^s D'dS 
I | ^ ■■* 

Co  ejl  E-dS 
(A3) 

^S'.'.^X: 
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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 

C _ £ 
C " e (A4) 

where 

-»■    ■*■ 

D » eE 

The antenna impedance Z can now be obtained from 

Za= l/jcüC 

Ratcliffe  [19621 derives an expression for e expressed by 

e = e o    L1  1-3 zj 

where 

Y    
2/ 2 

Z = v/u) 

OL, = radian plasiia frequency 

w - radian operating frequency 

v ■ electron collision frequency 

Thus the antenna impedance Z is 

-1 

Z a jwC  ju)Co  L
1  l-jZ_ 

(A5) 

(A6) 
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1  F    XZ       . (1-X) + 22 ] 
wCo La-X)2 + Z

2 " :, (1-X)2 + Z
2J 

(A7) 

In this expression, it is assumed that the antenna probe dees not radiate. 

In actual practice however, even a very electrically short antenna will 

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

R - P /I 
r   r a 

(A8) 

where 

P  ■ total radiated power 

I  « antenna current at terminals, 
a 

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

dlpole 

2" -ß^r r 'Ve  6IT 

(2L) 
(A9) 

or 

62L 
' -ß TT (A10) 

where 

R resistance of monopole 

L » length of monopole 

ß = w/c = 2TTA 

c - velocity of light 

^ = wavelength 

»WPW—WM> 
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In a plasma medium y is invariant,but as shown above, e varies accord- 

ing to (A5). Thus, the antenna impedance Z  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/u where a is 

the conductivity of the medium. 

The antenna resistance is thus 

♦^ ß L r      -i 

Z 2   1 - T— (AID ar 6TI   [^  1-jzJ 

and the total impedance Z  is then 

-1  r  ß2L -1/2 
z
at->r  f-iqi]     +J^  f-iqil ^ 

The radiation term should be included whenever the antenna is not extremely 

short or when very small changes of resistance are of interest. 

Magneto-Iqnic Cold Plasma 

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

Isotropie. 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 

C    L lEsl ^ 
c = V (A13) 
0
   t     J JE |dS 

O'' '' s  s 

■•«js-y:.-. -;— ^mi0gT?ygSSSZ- ■ ' '■»'■•■<»* 
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r 

where jE I - magnitude of E at the antenna surface. 
s 

But by definition of [e] 

A-5 

D-l - I      E e E 
l.j  1 1J J 

(A14) 

I or 

x 11  y 22   z 33  .L. ij 
fM5) 

.here t.. = all cross products. 
1} 

Laus (A13) becomes 

C 
C 

Exell 

s  s 
dS + 

V22 
s I''si 

dS + 
Eze33 

s |Es| 
dS + dS 

iE 1 dS 
s 

(A16) 

At the surface of the cylindrical antenna 

E  *  JE I Cos e 
x    's1 (Al 7) 

E  =»  |L I Sin e 
y    ' s' 

(A18) 

E  - 0 
z (A19) 

Thus since E * 0 and the t . integrals all go to zero as they contain cross 

terms that integrate to zero, the equation becomes 

C     11 
C " e J 

0    o 

271 

I  1 Cos edSdr 
'22 

27r 

|E I Gin edSdr 1 s' 

rl 2* 
E Idedr 
s' 

L r2T\ 
E dSdr 1 s' 

(A2Ü) 

,_- ■*jmmmmmijrs*m; «ML tgHgi '^R  .'«"i1 ..», ■"•■■,•-'•- -'"J 
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It is assumed that E is not a function of 6. Thus (A20) becomes 
s 

r2v (lit 
C        ell       1   1 2 e22       1   1 2 
-   - -^   ~        Cos   606 + -^   ~        Sin  Öde (A21) 
C        e        2TI e        2ir 

"' o i o 

C    „    £11 +£22 
C    ' 2e 

o o 

According to Appleton-Hartree Theory [Ratcliffe,   1962] 

0  L   U(Y2 - U2)J 

"22 

Thus 

[XU2 + X(U2-Y2Sin2Y) 

U(Y2-U2)      J 

(A22) 

Cj^ - «^  |1+-T-^ ^-1 (A23) 

= e   r   x(u :YSinY)l (A24) 
0 L     u(Y -u > J 

§ -1 + 1/2 j- T^ -. ^ T/ j (A25) 

(A26) C 0 ! . v 1 - 1/2 (Y/U)2Sin2Y 
C 2 
o U(Y/U)Z - 1 

or antenna impedance is 

-1 

a  J"0  >Co L        UCY/U)2 - 1  J 

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

ionic theory of a cold plasma. 
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Comparison to Balmaln Theory 

■ The antenna Impedance of (A27) can be directly compared to the results 

*" of Balmaln (see Equation 10). As mentioned in the main text of this report, 

4 
Balmaln*s work is probably the best published to date on cold plasma antenna 

p Impedance. To compare these two theories, they were written up as Fortran 

subroutines known as ANTZ - BALMAIN and ANTZ-MAGNETO-IONIC THEORY. These 

B routines were successively used in a program called SlvP4MD that calculated 

ff and plotted the antenna impedance as a function of plasma frequency and 

for fixed exciting frequency (see Appendix B). The results have shown very 

I good empirical agreement except when the exciting frequency is near the 

plasma frequency. A typical sample of both theories is shown in Figure A-l r 
i and illustrates the areas of disagreement. Stone,  Weber and Alexander  [1966] 

r 
r 

|~ have also noted a theoretical discrepancy between Balmaln's theory and the 

theory of Herman and others when the plasma frequency is in the vicinity of 

I the exciting frequency.  In addition, it appears that their experimental 

evidence confirms that Balmaln'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 Balmaln.  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 

I 

^ll"^'..'"i|*",,W*"ll ■' 
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2  C 
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Z 
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Fig. A-l. Comparison of Balmain and magneto-ionic antenna theories, 
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equations are useu to find [e], but Instead of developing partial differential 

equations as In Chapter III, this derivation derives the antenna Impedance 

directly from e 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 '.quatxon  (25) • 

jw:; [Uv-jYCv x J ) ] « -p Vn + — V* 
m (A2Ü) 

Where 

-V* 

E 
O 

(A29) 

(A30) 

the force equation becomes 

2 

lie 
ju:. lUv-jY(v x O]  =   V(V.E) - ~ ? 

e m (A31) 

Now the usual assumption is maae [Hatoliffe,  1962, p. 13] that the velocity 

can be represented by a polarization P as follows 

P = -Ner 

P = +jüjP = -i;ev 

(A32) 

(A33) 

Thus 

I 
v = " ^ P Le 

and the force equation becomes 

(A34) 

frÄW ■*«<•   v "•..^ •~?jrnsz~ 
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2 
y e 

e XE 
o 

-2- V(V.E)  « -  [UP - jYP x C] 
ÜJ 

(A35) 

where 

2     2 2 2 wN /OJ    - Ne /me u (A36) 

Now tensor notation is Introduced. 

Let 

[A] 

Sx2 3x9y 3x3z 

a2 ä
2 

3
2 

ox3y 3/ 3y3z 

a2 a2 3
2 

.3x3z       3y3z       3z 

(A37) 

and 

-1 
[a] 

-U -jY 1Y J  z        J  y 

i\        -U        -JY^ 

-jY      -jY -U 
-    y        x 

(A38) 

where 

Y    "    YC^Yx + Yy + Yz (A39) 

Then the force equation can be written as 

— 

e X - 
0 

2 
u e 

E = [a] P 

However 

(A40) 

D - [e]E = e E + P 
o 

(A41) 

■iP^-■»--"•-•! 'A'y*»-*  - .* ;.•-( ---- 
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P -  UJE - e   [I]E 
o (A42) 

Thus 

eoX-i4A[Al E»  [a]       [[e]  - e  flp (A43) 

eoX[o]  -^ [a]   [ä]  -  [e]  - t    [I] (A44) 

or 

X[o] + [IJ --L [o] [A] [e] - e0 |X[o] + [I] (A45) 

now 

X[o] 
X 

2    2 
U(UZ-YZ)_ 

(U2-Y2)   (-JUYz-YxYy)   (.1UYy-YxYz)" 

(JUY2-YyYx)   (U2-Y2)   (-jUYx-YyYz) 

(-JUYy-YzYx)   (jUYx-YzYy)   (U2-Y2) 

(A46) 

[See Rataliffe,  1962; p.  182-184] 

[I] = 

1 0 0" 

0 1 0 

JD 0 1_ 

(A4 7) 

Let 

"-  [^   U] P4-  [A] 
w^ U(U -Y ) 

(A48) 
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where 

2    2 

then the elements of  [A]  are 

Au ■ (u2-Yx) ^ - Wt-W si+ iimy-W dr      (A49' 

2 2 2 
A..     =     (U2-Y2) r-l- _   (jUY -Y Y ) -V+  (jUY -Y Y ) -r-|-- (A50) 

12 x    3x3y        J     z    x y 2       ^    y    x z     3y3z 

2 2 2 
A..    =     (U2-Y2) -4" -  (jUY -Y Y  ) T-— +  (jUY -Y Y  ) -\ (A51) 

13 x    o -3z J     z    x y    3y3z J     y    x z 2 
o z 

2 2 2 
A0.     =     (jUY -Y Y  ) -2-- +  (U2-Y2) T-4- -   (ji^ -Y Y  ) T-|- (A52) 

21 J     z    x y        2 y    3x3y J    x    y z     3x3z 
ox 

2 2 2 
A„     =     (jUY -Y Y  ) T~- +  (U2-Y2) -~ -   (j'JY -Y Y ) -r—- (A53) 

22 ■J     z    x y    3x3y y 2 •J     x    y z     3y3z 

2 2 2 
A0_    =     (jUY -Y Y  ) -r— +  (U2-Y2) -r-^- -   (jUY -Y Y ) -~- (A54) 23 J     z    x y    3x3z y    3y3z J     x    y z 2 

2 2 2 
A31    ' -«VW ^1 + (JBYx-Y

yV  3^7 + ^"^  3^ (A55) 

A32    " "«""y-W i^ + «'"x-^V ^2 + ^"^ aTll <A56) 

2 2 2 
A„„    = -(jUY -Y Y  ) -r-— +  (jUY -Y Y   ) T~- +  (U2-Y2) -\ (A57) 33 J    y    x z    3x3z        J     x    y z    3y3z z 2 

Now let  [e]  « e     —y [T] (A58) 
0 U(U -Y ) 

Then the elements of  [Tl  are given by 

vx —X 
e      = E     [Xa      + I      + p-r- A. ,]  = en  r^-r-    T,, (A59) 
ij o ij ij       U(U

2
_Y

2
)     ^ 0 u(U2-Y2)       ij 



I 
I 
I 

I 
r 

r 
r 

r 
r 

Thus 

T^ - -ü(U2-Y2)alj - (U/X) (U2-Y2)Ii1 - VA^ 

Til « ^-Yp - (Ü/X)(y2-Y2) - 7A11 

12 

13 

21 

22 

23 

31 

-(jUY -Y Y ) - VA J z x y 12 

(JÜY -Y Y ) - VA,. J y x z     13 

(jUY -Y Y ) - VA„. J z x y     21 

(U2-Y2) - (U/X)(U2-Y2) - VA22 

-(jUY -Y Y ) - VA0- J x y z    23 

-(jUY -Y Y ) - VA01 J y x z     31 

T32 ' (^x-V^ ■ VA32 

33 (Ü2-Y2) - (U/X)(U2-Y2) - VA„ 
z iJ 

A~13 

(A60) 

(A61) 

(A62) 

(A63) 

(A64) 

(A65) 

(A66) 

(A67) 

(A68) 

(A69) 

Therefore [e] is 

I 

[e] = e 
-X 

0 U(U2-Y2) 
[T] (A70) 

where the elements of [T] are given above. 

The permittivity :ensor represents the hot, magneto-ionic medium.  It 

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

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

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

coordinates. 

—"'"-"^ --  ■-■■#■■,■;--" r- ~--3^m^'-"- 
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Hot Plasma Antenna Impedance 

The E field around the cylindrical antenna is given by 

t  - E(r)[Cos (e) x + Sin (e)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 

Y » 0, Y - Y Sin Y, Y - Y Cos y (A72) x     y z 

E  = E Cos 6 (A73) 
x    r 

E  = E Sin e ,_., 
y     r (A74) 

3E   9E  .  , 3E JO 
x   * dr + x dB 
3x m    3r dx   36 dx 

where 

Similarly 

2 
3 E   2E _ 2 , , . „ . 2 « 
 x m  o Cos e(.l+Sin 9 ) 

J        r bin e 

(A75) 

3E   3E   E 

ll^-sf^5111 e (A76> 

32E   2E 
x    o „ 3 
 2 = —3 Cos e (A77) 
3x    r 

E 
E =-^ 
r   r 

(A78) 
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3^E   2E 
 2. 9. sln

J
e (A79) 

a 
2    3 3y    r 

iA.^o Sin2 6 (l+Cos2 6) 
3x3y "3     „ ' '        T Cos e 

All partial derivatives with respect to z are zero as are all partial 

derivatives of E . z 

Thus 

and 

3  E 2 
1 x    Cos e 

E       .  2 "        2 
x    dx r 

2 
1 9 Ex 2 Cos e(l+Sln2 6) 

E    3x3y " 2C.   7 x        -^ r Sin6 

2 
1 3 Ey      2 Sine(l-fCos2e) 

E    3x3y ' 2^     „      "^ 
y       3 r CosG 

2 
1 a Ev      2 Sln2e 

E      , 2 " 2 
y    3y r 

A        »    TI2Sine(l+Cos2e)       ,..„      .   2Sln2e 
A ?    =    U  r ^ -   (jUYCosy) 5— 

1 r Cose tl 

kii   =   jUYc0SY ico^e + (u2.Y2sin2Y) 2cose(itsiu2e) 
r r Sine 

 „     n 2 r Cos 

(A80) 

(A81) 

(A82) 

(A83) 

(A84) 

-  u2 ^|!e . (jUYCoSY) 2cose(i+sin2e> (A85) 

r r Sine 

(A86) 

(A87) 

A22    .    jUYcOSY 2Sinyi+CoS   e)+ (ü2.Y2Sin2Y)  251^ (A88) 

. i-mmmmmfm^m 
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It follows that 

11 
U2-(U/X) (Ü2-YVVU2 ^il + JVUYCOSY 

2CoS e<1+Sin2 ^ (A89) 
r Sine 

12 

2 2 
*ivjn        mi2 2Slne(H-Cos   6)     ,   .xnnrn        2Sln   6 /Ann, -jUYCosy-VU    5 *■    + jVUYCosy  5— (A90) 

2^ r Cos 8 

21 

2 2 
.TTV„        „,„2    2C. 2 .   2Co8e(l+Sln  6)       4.nm„        2Cos   6    /i01. 
JüYCOSY-V(U -Y Sin Y)  0     ~ JVUYCOSY  5—    (A91) 

r2Siae 

,2 .^„^   2 2_v2x_tr,n2_v2c,  2    ?Sin e 
T22    -    U -Y Sin Y-(U/X)(U -Y )-V(U -Y Sin Y) 

Since 

-JVUYCOSY 
2Sine(l+Cos   6) 

2 
r Cose 

(A92) 

-e X 
[e] r^- [T] 

U(U -Y") 
(A93) 

[e] is now defined. The antenna capacitance is given by (A13) and with (A14) 

it is possible to write 

-e X 
o 

C 
C 

2 2 
U(U -Y ) 

I 
E.T.,E. 

dS 

(A94) 

E  dS 1 s1 

now since E =0, and r = R 
z s 

-X 

(U -Y ) 

2TT 

E T^E E T10E E T01E E T0„E 

|E I2 JE |2 |E |2 |E |2 
o    s s" 's s' 

f~&-**^ri'*m~j*Qm, 
"''■"•it1 i,u»^ -■ ' s*---*-■ i .Jr- *W ■*»■ : 
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by use of the following relations 

3TT 

o 

r3n 

0 

8Tr 

Sin  Bde « n 

Cos2 ede 

sinAede 
4 

(A96) 

(A97) 

(A98) 

3Tr 

cos4 ed e 
4 

(A99) 

3* 

sin2ecos2 ede in 
8 

(A100) 

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

it is found that 

1_ 
27r 

2Tr 
E T.-E 
x 11 x 

dS « j [U2(1-3V/2R2) (U/X)(U2-Y2)] (A101) 

fZn 

1_ 
2TT 

|E|2 1 s1 

12   2 
- ~  [5U V/2R^] (A1Ü2) 

1_ 
2Tr 

2TT 
E T91E y 21 x 

IE |2 
- T [(U2-Y2Sin4Y)(5V/2R2)] 

^ s 
(A103) 

• ^» •wmmvjsjm ■; m<m, BIIIJ. m ^W— 
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2Tr 
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E T E 
• y 220

Y = 7 [Ü2(1-3V/2R2)-(U/X)(U2-Y2)] (A104) 
|E |2   2 

o  's 

The capacitance Is then 

^ - l-(X/U)(l-(W2/2)Sin2Y)(l-4V/R2)/(l-W2) (A105) 
^ s 
o 

2 
This expression is identical to (A26) except for the AV/R term that 

represents the effects 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 (A105) was programmed and the results were plotted. 

An example it shown in Figure A-2. If it is compared 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 

4V/R2 « 1 
s 
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Fig. A-2. Magneto-ionic finite 

temperature theory impedance plot 

that this formulation would produce correct results. 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. 

"^P'-WLZ 



APPENDIX B 

COMPUTER PROGRAMS 

Introduction 

All of the following 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 impedance 

as a function of frequency.  The theory is contained in subroutine ANTZ 

of which there are four versions: 

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

(b) Balmain theory (d) Despain theory 

^-. --*~ iefr-^^r'%mr*w& pv« 
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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 

o 
versus frequency. Each plot is 8" x 15", the ordinate ranges from -10 to 

+10 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 

NPL0TS 

NRESLV 

NTAPE 

NSKIP 

NPRINT 

NPLT 

MTHY 

1 

ND0 

KGRID 

FMAX 

Function 

Number of separate figures. 

Number of separate data points per curve 
(resolution). 

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

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

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

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. 

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. 

Number of curves per figure. 

A dummy variable. May be set to any value. 

Maximum desired frequency (MHz) on the ab- 
scissa of the figure. 
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Variable Name Function 

FX 

FH 

FNU 

T 

R 

AL 

ANGLE 

RINIT 

XINIT 

M0DE 

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

Electron gyrofrequency (Hz). 

Electron collision frequency (Hz). 

Electron temperature (0K), 

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 M0DE is set to 1, 
jXINIT*F and RINIT are added to the antenna 
impedance.  If M0DE and MTHY are set to 2, the 
difference between free space and actual antenna 
impedance is produced. If MTHY is not 2 and M0DE 
is set to 2, the actual antenna impedance is pro- 
duced.  If M0DE 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 13A6 

3 13A6 

4 2110,2] 

Variables 

NPL0TS, NRESLV, NTAPE, NSKIP, NPRINT, MPL0T, MTHY 

Major Title 

Minor Title 

3E 12.6,14  ND0, KGRID, FMAX, FX, RINIT, XINIT, MODE 

6E13.6 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 ND0). Thus, if ND0 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 NPL0TS should be 2, all the cards after 

card 1 would be repeated for the second figure. 

The following subroutines are called by SWP4MD: 

Subroutine Name   Location   Function 

Calculate physical constants 

Skip over tape files 

Calculate antenna impedance 

Generate plot identification 

Generate plot pen movements 

Generate plot symbols 

Generate plot numbers 

Generate plot ending 

C0NSTS External 

SKPFLS System 

ANTZ External 

IDPL0T System 

PL0T System 

SYMBL4 System 

NUMBER System 

FINI System 

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: 

C0MM0N/IMPC0M/Z, F, FP, FNU, FH, ANGLE, T, R, AL 

where 

I 
Variable 

Z 

F 

FP 

Function 

Complex antenna Impedance 

Exciting frequency 

Plasma frequency 
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Variable Function 

FNU Electron collision frequency 

FH Electron gyrofrequency 

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 

/C0NSTA/. These constants can be obtained by a CALL C0NSTS statement in 

the main line program. Further definitions of the constants are included 

under the description of subroutine C0NSTS. 

The Despain theory version of ANTZ also includes an additional labeled 

common statement /FPHIC/AR, PHI where 

Variable Function 

AR Complex variable ctR 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 

If f***"   *T J*'> ff   --•->■ --- 
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PHI - H (AR)/(AR*H-(AR)) 
o        i 

where 

H  « Hankel function of the first kind, zero order 
o ' 

H. ■ Hankel function of the first kind, first order 

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

statement as follows: 

C0MM0N/APHIC/AR, PHI 

Subroutine INTERP 

INTERP is a interpolation subroutine that produces a interpolated value 

of Y0ÜT for a given XIN from the arrays of data XA and YA where NPTS is the 

f size of the array. 

Subroutine C0NSTS 

This subroutine calculates several physical constants. These constants 

arc transferred through a labeled cosunon statement as follows: I 
f C0MM^N/C0NSTA/PI, PI2, 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 1.38Ö44E-23 

EO 8.85434E-12 

•" ■——' ~'mmWmmmsmWKSHKI3 iiTTT" 
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Constants Value 

G 

UO 

ALPHAK 

3.0 

PI*4.0E-07 

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

Main Program TMPCI 

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        Location        Function 

Read In Input data 

Generate a plot grid 

Calculate ij' function 

Plot array of data as a line 

Generate a plot arrow 

Generate plot pen movements 

Write numbers on the plot 

Generate output listing 

End plotting 

End computing 

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

cards are called by this routine: 

Card No.     Format      Variables 

1 2I5,6E11.5   NT, NFP, R, AL, FPMAX, FPMIN, SHEATH, FH 

2 5E16.8       T(l), T(2), T(3), T(4), T(5) 

3 5E16.8       T(6), T(7), T(8), T(9), T(10) 

INPUT External 

GRID External 

SICALC External 

CURVEL External 

ARR0W System 

PL0T System 

NUMBER System 

OUTPUT External 

FINI System 

EXIT System 

Subroutine INPUT (TMPCI) 

.«ynaKr -~   M j in nmmmgagZT' ^ «- ^W <at*r-.-*. , V: **»*"<SW . ? 
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where 

Variable Name 

NT 

NFP 

R 

AL 

FPMAX 

FPMIN 

SHEATH 

m 

T 

Subroutine SICALC 

Function 

Number of curves per figure 

Number of calculated points per curve 

Antenna radius (m) 

Antenna length (m) 

Maximum desired value of parallel frequency 
(MHz) 

Minimum desired value of parallel frequency 
(MHz) 

Desired size of sheath In Debye lengths 

Value of electron gyrofrequency 

Electron temperature 

SICALC computes the ^ function of the Despaln antenna Impedance theory. 

It Is used In conjunction with main program TMPC1 and the Input variables 

are described under the description of TMPC1. Newton's method Is used In 

an Iteration process to find ij; from the Imput parameters. The following 

subroutines are called by SICALC: 

Subroutine Name        Location       Function 

Calculation of constants 

Calculation of Bessel Function 

C0NSTS External 

K External 

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. 

f^^mmmmg^mm 
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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 GRID 

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, the first variable in the call list. Option 1 takes 

all the control constants from the call list. Option 2 reads the control 

constants from input cards and puts the values in the call list 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        Call List 

1 (TITLE, SCX, SCY, XXB, XXE, YYB, YYE, NXX, NYY, XX15) 

2 (6HVREADR, SCX, SCY, XXB, XXE, YYB, YYE, NXX, NYY, XX15) 

3 (6HbREADb) 

4 (6HC0MM0N) 

The input variables are explained below: 

Variable Name Function 

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

SCX and SCALEX The number of major divisions along the 
abscissa. 

SCY and SCALEY The number of major divisions along the 
ordinate. 

mtm**^ ,.»* fmr  *" £■'. * "W'' 
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Variable Name Function 

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

XXE and X£ The largest value of the variable to be 
plotted along the abscissa. 

YYB and YB The smallest value of the variable to be 
plotted along the ordlnate. 

YYE and YE The largest value of the variable to be 
plotted along the ordlnate. 

NXX and NX The number of significant figures in the 
abscissa number labels. 

NYY and NY The number of significant figures in the 
ordlnate number labels. 

XX15 and X15 The desired length of the abscissa of the 
graph in inches. 

Cards are read where options 2 and 3 are used. 

Card No.      Format Variables 

1 13A6 HEAD (Label for abscissa) 

2 13A6 HEAD (Label for ordlnate) 

3 13A6 HEAD (Major title of figure) 

4 13A6 HEAD (Minor title of figure) 

5 6F10.5,2I5,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 generates a curve of line segments that connect the array of points 

*m •mm"!imfm»mnma 
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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 OUTPUT (TMPC1) 

OUTPUT prints a listing of the results of subroutine SICALC in a tabular 

form with a heading block on each page. 0UTPÜT is called by TMPTC1. No sub- 

routines are called and no cards are read by 01ITPÜT. All data is transferred 

through the labeled common statement /1NPTS/. 

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 

R 

AL 

PERCNT 

LIMIT 

CC 

Function 

Antenna radius (m) 

Antenna length (m) 

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

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

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

Sheath width in number of Debye 
lengths. 

■«|g»"IJ"*«,;ip--7,iw- ?»«• a *-^m -Ajr'B«* - ■* - - ryyyfco**;» IWWWLMI ■ 
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SEC 
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Function 

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

Format specification for main 
input data card deck. 

Series resonance frequency 
(MHz). 

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. 

The following cards are called by the program: 

Card No. Format Variables 

1 3F10.2,I5i 

7,2F10.2 
,E15. R, AL, PERCNT, 

2 13A6, A2 FMT 

3 FMT F, FP, SF.C, 0T 

4 FMT F, FP, SEC, 0T 

etc. 

The following routines are called: 

1 

Subroutine Name 

CRblDf, 

TEMPSP 

CRDIDF 

Location 

System 

External 

System 

Function 

Identify punchoo cards 

Calculate electron temperature 

End card punching 

' ÜE '"?fw""'' JWW . -- .. ,*., •■j'*:*—^t^£g^sm&p 
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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 by 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 length is then used to find the capacitance between the antenna 

and the outside edge of the sheath. The value of ^ in the Despaln theory 

can now be calculated. External subroutine ETTA calculates the argument 

of i  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 «5 (a'R) of the Despain 

theory for real numbers only. Given the value of (d, the subroutine 

determines a'R by a iteration process. A value of a'R is assumed. Thi 

corresponding value of «i is then determined. This value is compared to 

" ' \''rm*^ZZ*^Xi!ZiC~?~m^w^**-- '"»-°-~ »„«:-*■• ■- -af»-*n..:»--j»er-c»»---»~r-»-"sr~ 
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the original value of ^, and according to the difference between the values, 

the program either returns a value for a*P. or makes a better estimate of 

a'R and repeats the process until the difference is less than .ÜÜU01. 

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: 

r 

Variable Name 

NPL0TS 

NRESLV 

NTAPE, NSKIP 

NPRINT 

MPLT 

MTHY 

I 

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. 

I 
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Variable Käme Function 

ND0, KGRID 

FMAX 

FX 

F;I 

F-.U 

R 

AL 

ANGLE 

FNUC0K 

DEN 

ALT 

Dummy variables, may be any Integer. 

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

The value of the antenna exciting 
frequency (MKz). 

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. 

2 

3 

4 

5,6,7,8,9 

Format 

7110 

2110, 2F10.3 

6E13.6 

2E20.8, F10.3 

Variables 

NPL0TS, NRESLV, NTAPE, NSKIP, 
NPRINT, NPLT, MTHY 

DN0, KGRID, FMAX, FX 

FH, FNU, T, R, AL, ANGLE 

FNUC0N, 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 NPL0TS. 



B-16 

The following routines are called by IMPPLT: 

f 

Subroutine Name Location 

External 

Function 

C0NSTS Calculate physical const 

GRID External Generate a plot grid 

ANTZ External Calculate antenna imped- 
ance 

PL0T System Generate plot pen move- 
ments 

FINI System End plotting 

f 
f 

I 
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MAIN   PROGRAM  FOR PLOTTING  ANTENNA 

IMPEDANCE AS  A   FUNCTION OF  FREQUENCY 

SIBFTC   SHP^NO 
C     (»RUCKAH  FOR  CLCITiNG ANTENNA   MPEOANCE 

DIHCNSIUN   XXI1SIÜ).   HEADI50I,   XVZI^O).   XRI1910I 
CUMPLEX  /,/FlRST,ZSERIEt£SHUNT,tPARfZtNTSH 
CÜMMUN/IMPCOH/Z.F.FP.FNU.FH.A^LEfTtR.AL 
LOGICAL   NTFRST   ,   UTAPE   .   FIRST 
UTAPt   =   .FALSE. 
CALL  CONSTS 
RCAD   1.   NPLOTS.NRESLV,   NTAPE,   NSKIP,   NPRINT,   MPLT,   HTHY 
PRINT   I.   NPLOTSt   NRESLV,   NTAPEt   NSKIP,   NPRINT.   MPLT,   MTHV 

1 FUKMAfCTUO) 
NRl   =   NRESLV   ♦! 
NRX   *   1500/NRESLV 
IFMNTAPE.GE.OI.ANO. I Nl APE. LE.4 HUT APE-. TRUE. 
IF(.NOT.UTAPE»   r,o ID  8 

6 REWIND NTAPE 
7 CALL SKPFLSCNTAPE,NSKIP,01 
8 DO TU JNP »1, NPLDTS 
NTFRST =■ .FALSE. 
READ 9. (HEAO(JI.J*ltl3) 
READ 9, (HEAO(J).J-U.26l 

9 FURHAT(UA6I 
READ 10,NDO.KCRIOIFMAX.FX.RINIT,XINIT,CSHUNT,MOOE 
PRINT 3.NOO.KGRID,FHAX.FX,RINtT.XINIT.CSHUNT.NOOE 

10 FORMAT   (2I10.2F10.},3E12.5.U) 
3   FCRMAT(lHl,2Ilü.?F10.3.)E12.6.I4) 

FXM   =   FMAX»   l.0t*06 
FXX   »  FX»   l.0E*06 
SCALE   »   15.0/FMAX 
SCXCON  «   .1E*05/SCAL£ 

11 FP   «  FXX 
12 F   =   FXX 
13 00111   MM.   NOO 

READ Kr.FH.FNU.T.R.AL.ANGLE 
PRINT ?. FH.FNU.T.R.AL.ANGLE 

2 FORMATI lHlf6E13.6l 
K F0RMAT(6E13.6I 

FHX«FH«1.0E-06 
FNUX'FNU'l.OE-Oö 
IFIUTAPEI WRITt(NTAPE.15> F.FP.FXH.FH,FNU 
IF(UTAPE) MRITk(NTAPE»19) T.R.AL.ANGLE.SCALE 

15 F0RMAT15E16.8) 
KPAGC   «   52 
JK » NPRINT 
IF(MTHY.EQ.2) GO TO 26 

16 DO  25  K   >   1,   NRl 
AK   •   (K-n»(NRXI 
IFPNT   ■  AK/10.0 
F   «  AK»SCXCON 
rSHUNT»CMPLX(0.0,(-1.0/CSHUNT»F»PI2)) 
/SE«IE=CMPLX(RINIT,XINIT»F«PI2» 
FPNI '  F<i.lE-05 
CALL ANTZ 
GO TO 1551.552,553,5521,MODE 

551 KAA*REAL(Z)»RINIT 

4&m: ■■'-.■.  r f**&~ 1P— ■' 
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XA««AINA6(II«X1NIT*F 
952 CO TO 67 
553 2PAR«r»ZSHU*T/U*ZSMUNn 

RAA-»e*LCZP»RI*RE*L(ZSC«IEl 
X*A-*I«*C(ZPARI*AIM*G(ZS£RIEI 

554 GO  TO 67 
67 RA ■ RA* 

XA • XAA 
AM   «1.0 
IFIXA.EO.O.OI    XA-l.OC-37 
IFIXA.GE.O.OIGO  TO  17 
AM   »  -1.0 
XA   ■  -XA 

17 XT > AL0G10IXA) 
IF (MODE.EO.11 GO TO 66 
IFtXT.LT.l-2.0n XI"0.0 
XXIKI«XT*M 
GO TO 69 

68 IFCXT.LT.O.OIXT «0.0 
XX(KI « XT»AM/2.0 

64 IX « 1000.0«XX(K) 
AR« »1.0 
IF(RA.EQ.0.0iRA«t.0E-37 
IFIRA.GE.O.OIGU TO 18 
AR « -1.0 
RA « -RA 

18 RT « ALOCIOIRAI 
IF (MODE.EO.II GO TO 70 
IFtRT.LT.(-2.0)1 RT«0.0 
XR(K)«RT*AR 
GO TO 71 

70 IFtRT.LT.0.01 RT«0.0 
XR(K) « RT*AR/2.0 

71 IR « 1000.0*XR(KI 
IFIUTAPEI WRITE (NT.tPE. 51  IFPNT, IR .IX.RAA.XAA. F 

5 FORMAT (3II0.2X,3E16.8I 
JK « JK*l 
JJ « JK/NPRINT 
IF(JJ.LT.IIGü TO 25 
KPAGE » KPACE ♦. 1 
IF(KPAGE.LE.50)C0 TO 23 
KPAGE = 1 
PRINT 19 

19 FORMATIIHl) 
PRINT 20 

20 FORMAT! IH , ,.32H  
!  
2 _    ) 

PRINT    4. FX, FHX, FNUX, ANCLEi T.R.AL 
4 FUKMAT( 2Xf4HFH «,F5.2,UH  MHZ  ,  WH «.F4.2. UH  Ml.i  ,  NU •» 
1F7.4, I7H  MHZ  .  ANGLE «^5.2, 13H  DEC  ,  T -, FT.I, 1*H DEC K 
2  .  R -. F7.5, UH H   ,  L -, F5.2, 2H Ml 
PRINT 37t(HtADU).J«l,13l 

37 FORMAT!Ill ,2X,13A6,50H -   IMPEDANCE AS A FUNCTION OF DRIVING FREO 
IUENCY I 

I 

■j»p-W-- 



B-19 

PRINT 20 
PRINT 20 
PRINT 22 

22 FORNATIllOH FREQUENCV (MHZ»    RESISTANCE lOHMSi REACTANCE 
1 (OHNSI         PLOT« I INCHES!      PtOTR IINCHESI 
PRINT 20 

23 PRINT 2*t FPNT.KAA.XAA.XRIKI,XX(K) 
24 F0RNATI1H .F10.3,2E2S.a,2F20.3t 

JK«0 
25 CONIINUE 

GU TO 36 
26 ZSERIE'CMPLXtRINIT,XIN(T»FXX»PI2I 

ZSHUNT«CMPtXI0.0tl-l.0/(CSHUNT»FXX»PI2ni 
00 35 K - 1, NR1 
h'X   > <K-i;»(NRX! 
IFPNT » AK/10.0 
FP   »   AK*SCXCC«i 
FPNT  •   FP».lt-ü5 
CALL   ANTZ 
IFIK.EO.tl   ZFIRSW-ZSERIE 
GO   TO   («41,«42,*«3,4*4»,MODE 

441 RAA«REAL(Z)»RINIT 
XAM«AIMAG(Z>*XINIT*FXX 

CO TO 87 
442 RAA>REAL(Z>-REALlZFIRSTi 

XAA«AINACiZ)-AIMAG(ZFIKST) 
CO TO 87 

443 ZPAR-Z»ZSHUNT/(Z*ZSHUNT) 
RAA 'REAL(ZPAR)«REAL(ZSERIk) 
XAA>AIHAG(ZPAR)*AINAG(ZSERIE) 
GO TO 87 

444 ZPAR«Z*ZSHUNT/(Z«ZSHUNT) 
tF(K.EQ.l)   ZINTSH>ZPAR 
RAA   >REAL(ZPAR»-(REAL(Z(NTSHI-REAt{ZSERlE») 
XAA>AIHAG(ZPAR)-(AINAGIZINTSH»-AIMAGIZSERIEn 

87  RA   «  RAA 
XA   ■   XAA 
AM   '1.0 
IFUA.EU.O.O»   XA'1.0E-37 
IF(XA.CE.O.O»GO  TO 27 
AM   •  -1.0 
XA   <  -XA 

27 XT   «  ALOGIO(XA) 
IF(M0DE.E0.1>   GO  TO  78 
IF(XT.LT.«-2.0>»   XT'0.0 
XX(K)'XT*AM 
GO   TO   79 

78 IFUT.LT.O.OIXI   «0.0 
XXIK)   «   XT*AM/2.0 

79 IX   «   1000.0«XX(K> 
AR>   »1.0 
IFlRA.fc0.0.0»RA=1.0E-37 
IF(RA.CE.0.0)GU   TO 28 
AR   •  -1.0 
RA   «  -RA 
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2a RT • ALOGIOUAI 
IFINOOE.EO.l)   GO TO 80 
IFCRT.LT.I-Z.Oil   »T-0.0 
XRIKI*lir«Aft 
GO TO 81 

80 IFIXT.LT.O.Ol   RT-O-0 
XRiK)  • ST-4R/2.0 

81 III •  1000.0*XRCKi 
IfWIAPi)   WRITE (NT*PF,5J      IFrüfT, 1R, IX,RA«,X««,Fr 
JK  ■  JK«l 
JJ  -  JK/NMINT 
IFIJJ.LT.IICO  TO  35 
KMGE  -  KPAGE   ♦   1 
iFIKMGE .i,fe>5ÖI GO TO 33 
KPAGE ■ I 
PRINT 19 
PRINT 20 
PRINT 21.(HEAD(Ji.J>1.13> 

21 FORMATUH , 2X.13A6.A8H - IMPEDANCE AS A FUNCTION (IF PLASKA FREQUE 
1NCV  I 
PRINT 666. FX. FHX. FNUX. ANGLE« T.R.AL 

666 FORNATI 2X.AHF0 «,FS.2.14H  MHZ  ,  MH «.F4.2. 1AH mil     «  NU -. 
1F7.4, 17H MHZ  .  ANGLE -,F5.2, 13H DEC  ,  T «, F7.1. I4H 0E6 K 
2  . R -» FT.!.. 11H N  .  L *. F5.2. 2H Ml 
PRINT 20 
PRINT 20 
PRINT 22 
PRINT 20 

33 PRINT 24. FPNT.RAA.XAA.XRIKI.XXtKI 
JK-0 

35 CONTINUE 
36 IFIUTAPEIENO FILE NTAPE 

IFINPLT.EQ.OIGO W 111 
IFINTFRSTIGO  TO 106 
SCFP  -  SCALE>FX 
M1B-ISCALE*FX-1.$1/2.0 
WlE-WlB^l.5 
M2B  -   ll3.5»SCALE»FX»/2.0 
H3B  ■ W2B *  «OS 
A1B-H1B+1.5S 
A2B«N2B*1.6 
YVS - 0.0 
an «o.o 
KI   > K 
CALL   I0PL0T 
CALL PLOT   12.0,5.3,-31 
FPP«FX»SCALE 
L  »  150./SCALE 
LL  -  L/10 
00100J«1.L 
AJ ■ J 
AJ ■ AJ»SCALE/10.0 
CALL PLOT (AJ.0.0.21 
CALL PLOT (AJ,♦0.1,31 
CALL PLOT IAJ.-0.1.2I 

1 
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100 CALL PLOT (AJ.O.O, 3» 
IFtMPLT.NE.il 60 TO 101 
CALL PLOT (fPP,*0.l,3» 
CALL PLOT IFPP,-0.l,2l 
CALL SYKdL4(FPP-.05,*0.25i0.15flHf,0.0,l) 
CALL SYM814(FPP».02,*0.2,0.1,1HP,0.0,1> 

101 00 102J -IfLL 
AA > LL*1-J 
BJ - AA«SCALE 
CALL PLOT(BJ,*.15,31 
CALL PLOTtBJ,-.15,2» 

102 CALL NUMBERI8J-0.17,-0.30,0.15,AA,0.0,1) 
IFiMPLT.NE.il GO TO 103 
CALL SrM8L*J6.35,-.65,0.2,12HF»EQUEMCY-MC,0.0,12l 

103 CALL PLOT (0.0,-4.0.31 
IFINOOE .NE.ll CO TO 222 
DO 105J -1,17 
JC » J-9 
CJ ■ JC 
CV - CJ/2.0 
C£ « CJ 
IFICJ.LT.O.OI CZ - -CJ 
CALL PLOTIO.O, CY .21 
CALL PLOmO.l.CV «21 
CX - «10.0 
IFICJ.LT.O.OI GO TO 114 
CALL NUMBERI-O.l.CY-O.l ..15.CX  .90.0.01 

104 CALL NUMBERe-.25,CY»0.1,0.1,Ot,90.0,01 
105 CALL PLOT (0.0,CV,3I 

GO TO  406 
222 DO 405 JJJ-1.13 

JC-JJJ-7 
CJ-JC 
CY>CJ».66666666 
C2-CJ 
IF(CJ.LT.O.O) CZ—CJ 
CZ-CZ-2.0 
CALL PLOT(0.0, CY ,2) 
CALL PL0TI*0.1,CY ,21 
CX - «10.0 
IFICJ.LT.O.OI GO IO 114 
CALL NUMBER(-0.1.CV-0.1 ..15.CX  .90.0.01 

223 CALL NUMBER!-.25.CV«0.1.0.1,CZ.90.0.01 
405 CALL PLOT I0.0.CV,3I 
406 CALL SYMBL4(-.5,-1.8..2,24HANTENNA IMPEDANCE I OHMS 1.90.0.241 

CALL SYMBL4J0.0 .-4.5 . O.Z.HEADI11.0.0.78) 
CALL SVMBL413.35.-4.7 , 0.1,HEAD!141,0.0.781 
CALL PLOTUO.0,-4.0,3) 
CALL PL0TI15.0,-4.0,2) 
00 118 J - 1 , 17 
JC " J - 9 
CJ • JC 
CY - CJ/2.0 
CALL PL0T(15.0,CY(2) 
CALL PL0T(14.9,CY,2I 
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118 CAIL  PLOTIlS.O.CYrSJ 
CALL PLOT(   0.0,**.0t2J 

106 NTFRST -TdUe. 
FIRST     -.TRUE. 
DO  109 K »  1«  NR1 
AK  -   IK-U»NfiX 
AK  - AK/100.0 
XV -  XXIK» 
IFUV.GT.^.O)   XY ■ 4.0 
iF(xr.LT.C-4.0n   XY « -4.0 
IF   t   FIRSTI  CALL  FL0T(AK»XY.3I 
FIRST «  .FALSE. 
CALL FLOTUK.XY.ZI 
IFtHPLT.NE.il   GO TO   109 
IFIAK.LT.HIEI   GO TO  107 
IFUK.GT.AIB)   GO TO   lof 
IFtXY.GT.YYSIYVS -  XY 
IFIXY.LT.YYNIYYN - XY 

107 IFIAK.LT.M2BI   GO TO  10S 
IFIAK.6T.imi   GO  TO   108 
IFtXY.LT.XYSIXVS -  XY 
IFIXY.GT.XYNIXYN - XY 

108 IFIKI.EQ.OI  GO TO 109 
IFMXY.GE.0.01.ANO. I XYY.LE.0.01160 TO  115 
XYY  ■  XY 

109 CONTINUE 
FIRST •   .TRUE. 
DO  110 K-1,NR1 
AK  -   (K-1I*NRX 
AK  > AK/100.0 
RR • XRIKI 
IFIRR.GT.4.0)   RR • 4.0 
IF(RR.LT.(-4.0n   RR  • -4.0 
IFI FIRST I CALL PLOT |AK.RR,3) 
FIRST • .FALSE. 
CALL PLOT (AK.RR.2I 
IFCNPLT.NE.IIGO TO 110 
IFUK.LT.H2B) GO TO 110 
IFIAK.GT.U3B> GO TO 110 
IFIRR.GT.RYSIRYS ■ RR 
IFCRR.LT.RYNIRYN - RR 

110 CONTINUE 
111 CONTINUE 

IFINTHY.NE.IIGO  TO 112 
IF(NPLT.E0.0>   GO TO   113 
IFtMPLT.NE.DGO TO 112 
IFISCFP.LT.1.0160 TO   112 
IF(YY$.6T.3.0)VSM -   YYN -   .5 
IF(YyS.LE.3.0iySW ■   YYS  ♦   .5 
IF(VyS.LT.O.OtVSN -   YYM -   .5 
IFmS.LT.<-3.0mSM -  YYS  ♦  .5 
CALL   SYNBL4(H1B.YSU.0.1,17HANTENNA REACTANCE(0.0ti7l 
IF((SCFP-15.0).GT.(-1.6)»   GO TO  112 
IFIXVS.LT.t-3.onXSW  -   XYM *  .5 
IFIXYS.GE.i-3.0HXSH ■  XYS -  .5 

TC; 
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IFIXYS.CE.I O.OIIXSH - XVN ♦ .9 
IFIXYS.GE.I 3.C)IXSH > XTS - .S 
IFUYS.GT.l  3.01 IRSM > «VN - .5 
IFIKVS.LE.I   3.01IRSH  •  RVS ♦   .» 
IFim.LE.t   O.OMHSM • RVH -  .5 
IFIRyS.LE.i-S.OIIRSU • RVS * .5 
CALL  SVNSLtl   M2B.XSKt0.ltl7IUNTI:NN* RCACTANCf»O.OtlTI 
CALL  SVHeLMMZBtRSH.O.l.lRHANTENNA RESISTAMCEtO.O.lRt 

112 CONTINUE 
CALL PLOT (18.0.-9.3.-31 

113 CONTINUE 
IF i UTAPE t RE MINONTAPE 
IF(NPLT.EQ.O) STOP 
CALI FINI 
STO*' 

11* CX - -10.0 
CALL NUN»ERI-0.l,CT-.22..15,CX,90.0,0» 
tF(NOOE.NE.l) GO TO 223 
60 TO 10« 

119 CALL SVN0L4IAK-.03t.l7..0T. 3MT -.90.0.31 
TT ■ T 
IFtT.EQ.O.OI TT - l.OE-36 
KAT - ALOGlOtTT) 
TAK - KAT ♦? 
TX -.17 ♦ TAK*.09636363 
CALL SVNBL4IAK-.10.TX-.09t.l9tlH.t90.0.1l 
CALL SVN8L4 ( AR - .03 . TX , .07 . IHK, 90.0*1) 
CALL NUN8ER(AK-.03..41..07.T.90.0tOI 
RI > 0 
CALL PLOT (AR.XY.SI 
GO TO 109 
END 
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SUBROUTINE TO CALCULATE ANTENNA 
IMPEDANCE ACCORDING TO MAGNETO- 

IONIC THEORY 

O »IBFTC ANTZ    MAGNETO - IONIC THEORY 
C FUNCTION SUBPROGRAM FOR CALCLATION OF ANTENNA IHFEOANCE 

SUBROUTINE ANTZ 
COMPLEX U,U2, VUtOtZ 
C0MM0N/C0NSTA/PI»PI2,ENASS.AMASS(Q.CK,E0.G,U0tALPHAK 
COMMON/IMPCOM/Z.F.FP.FNUtFH,ANGLEiT.R,AL 
CL-AL0G(AL/R1 
IFIF.LE.O.Ot GO TO 1 
MF-PI2«F 
C0«PI2«E0*AL/CL 
IF (FP.LE-O.O) GO TO 2 
F2>F*»2 
FP2«FP»«2 
X-FP2/F2 
Y-FH/F 
2-FNU/MF 
U>(l.C,0.OI-(0.O.l.O)«Z 
Y2»V«Y 
U2-U*U 
YU-Y2/U2 
VR-(IG*CK*TI/(2.0>EMASS«R*ftl«FP2l 
0«(0.0,1.0)»WF*Cao(U>(YU-I.OI*(l«-tfR)*IX-<X»YU«SINIANGLEl*«2l/2.n 
IF(REAL(DI.Ea.O.O.AN0.AINAG'0I.Ea.O.OI CO TO XI 
Z«U*(VU-1.0|/0 
RETURN 

1 Z«(0.0.-.IE*37) 
RE TURN 

2 Z —(0.0,1.0l/(WF»COI 
RETURN 

U PRINT t2.YU.U,X 
12 FORMAT«I4H ERROR IN ANTZ , SE16.8) 

RETURN 
END 

'sgrms- ■ 
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SUBROUTINE ANTZ ACCOROINO TO 
BALMAIN THEORY 

tIBFTC   AMT2 LIST 
c   FimrmN SUBP^HGRAH FI« CAICULATION OF ANIENNA IMPEDANCE 

SUBWOUriNt   ANT/ 
COMfLI-X   U>A2.EKOtEKP,AA?,AA,FH.FR   ,AK.J,TTtCSOKTtCLnG,TNH*Gt*AltZ 
rnhMPN/CONSIA/P|,PI2,FMASSiAKASS,a.CK.eO,G,UO,ALPH*K 
CnMMnN/iMPCOM/Z,rfFPfFNUtFH,ANCLF,l«<t.AL 
WF   «   PI2»F 
FJ   «   F»F 
fPZ   »   FP»FP 
X   '   FP2/F2 
V   *   FM/F 
?    «   FNU/MF 
U   «   Il.OfO.O)   -10.0.1.0)*l 
FKÜ   »   II.OtC.OI   -   X/U 
FKP   »   (l.O.C.0»-X»U/(U»U-V«Y) 
AA?   *   EKP/EKÜ 
rr «10.0,0.01 
IFiT.LT.l.CllOO   TO  2 
A2   «   iF2«ALPHAK/T)*(X-Ül 
AK » R»CSJRTiA2> 
TT > IbKO - ( l.OlO.OI)/l(2.0,0.0)*AR) 

2 AA « CS0RT(AA2) 
RAD » PI«A*GU'/1H0. 
SN2 > S1N( RAO »••2 
CN2 » COSI RAD )»«2 
FM . CMPLX(SN7,0.0» ♦ AA2«CMPLX(CN2,0.0I 
FR .CSORTCFM) 
AAl ■ (AA*FR)/((2.0,0.0»»FK| 
TNMAG = TI 
IF((Rt:AL(AAn.t0.a.U).ANO.(AIHAG(AAn .EO.O.OHGO TO 3 
TNMAG « -CtnGCAAl)  »TT 

i   2aAA.((ALOG(AL/R)-l.C)*TNMAa)/n(O.O,l.OI«EKP«FR|«iPI2»MF»e0»ALI> 
RETURN 
fcNCi 

■'»••-■-^.r-Y*"1*'  '•»" g.-,-»; T*.'*»» 
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SUBROUTINE  ANTZ   ACCORDING  TO 

WHALE  THEORY 

ESUOROurtNt   ANT7 
COMPLEX  2,ARCtA2C 
COMMnN/CONSTA/PI.PIZ.EMASS.AMASS.Q.CK.EOtC.HCAL^HAK 

COMHON/IHPCUM/   £fF,FP,fNUfFH.ANCLttT.K.AL 
DIMENSION   XROilOO),   BKKOI1ÜOI 

I LOGICAL   FIRST 
REAL   LAND 
IP<FIRSTf   GO   TO     11 
FIRST'.TRUE. 
DATA  BKR0/.50t.52..S3*..5$,.S6%t.S8..60t.6I».62..63St.6A*,.6%5..66 

15..67,.675,.685,.695,.70f.f05,.710..715,.72,.725..728..73,.711,.7J 
125,.758,.7*0,.7*5,.7*8..750,.T55,.758,.759,.760,.762,.763,.76«,.765 

3,.77,.772,.77,.765..755,.75,.7*,.735..7?,.715,.70,.695..665,.6^..6 
*3,.6l5,.600..5fl0..565..555,.5*5..53..52..51,.505..*95..*85..*7S,.* 
56S..*55t.*50t.**0,.*35,.*30..*2,.*l5,.*10t.*05l.*02,.39St.390,.365 
6,. 380,. 3 75,. J70,. 368,. 365,. 360.. 355 ,.350,. 3*0,. 325,. 315,. 305,. <?95, 

r 7.290,.?80,.275,.270,.265/ 
DATA   XRO/.10,.11,.12,.13,.1*,.15,.16,.17,.18,.19,.20..21..22,.23,. 

12*..25,.26..27..28..29..30..31,.32..33..3*..35,.36,.37,.38..39,.*0 
2..*l..*2..*3..**..*5..46,.*7,.*a..50,.55,.60,.65,.70..75,.80,.L'5,. 
390..95.1.0,1.1,1.2,1.3,1.*,1.5.1.6,1.7,1.8,1.9,2.0,2.1,2.2.2.3.2.* 

^_ *,2.5.2.6,2. 7,2.8,2.9,3.0,3.1,3.2,.-  3,3.*. 3. 5.3.6, 3. 7.3.8.3.9,*.0,* 
i 5.1.*.2.*.3.*.*.*.5.*.6.*.7.*>8.*.   ,5.0.5.5,6.0.6.5,7.0.7.5,8.0,8.5 
| 6,9.0,9.5,10.0   / 
* 11   CL   >  ALOC(AL/R   i 

IFiF.LE.O.OI   GO  TO  1 
HF   »PI2»F 

i CO   «  PI2»E0»AL/CL 
S XO   «  -1.0/(WF»C0I 

IF(FP.LE.O.O)   GO   TO  2 
F2   «  F»i»2 
FP2»  FP»«2 

FX     •  FP2/F2 
IF(X.EO.l.O)   GO  TO  1 
IK   «  XO/d.O  -   X» 
IFIT.LE.O.O)   GU   TO  3 
V «  SORT(G>CK*T/ENASS) 

f LAMO »625.0«SORT«TJ/FP 
-I RO  -R ♦ *.0*LAMD 
| C2  «IC0/AL)«»2 

IF(X.GE.l.O) GU TO 3 
A2 «(1.0 -X)«FP2»ALPHAK/T 

,- AR « SURT(A2)«R0 
f Z.-:* »*.0»(ZX»»2) 
i CALL INTFRP (XKO,BKRO,AR,H»ETA,100) 
' PVI«PI2»£0»RO»S0RT(1.0-XI/lX»V»C?»AL«MfiETA»»2) 

PVI2» PVI»«2 
, IF<2X*.GT.PVI2)GO TU 3 

Rl» .5»tPVI ♦ SORT{PVI2-2X*)) 
1 R2» .5»IPVI - S0RHPVI2-2X*! ) 
; /R «Rl 

IF(Rl.Gr.R2l2R»«2 
/ » CH^LXiZR.ZXI 

' RETURN 
j 11'   CMPLX10.0,-ie*37l 

KE1UKN 
2 I   *   CMCLX(0.0,X0» 

RETURN 
3 2« CMPLX(0.0,ZX) 
RETURN 
END 

-y^m- 
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SUtftOUTME TO CALCULATK  ANTENNA 
IMMOANCE ACCONOINt TO OCtPAM THIONY 

•IIFTC  MITZ DESrAIN THEORT     12/OI/«S 
C    SUMOUTINE TO CALCULATE ANTEMNA  IMPEDANCE ACCOROIMC TO OEiVAIN TKEOKV 

SUCMMTINE ANTZ 
COMPLEX U,A2,U2,$2,«U20W,**,C$0«T,PHI,I,ÄO 
CONNON/CONSTA/Pl.PIZ.EHASSfAMASS.Q.CKfEOfCtUOfALPHAK 
C0NN0N/IHP,:0N/Z.P.FP.PNU.PH(AN6LE«T.II.AL 
COMMON  /FPNIC/AR.PHI 
CL-ALOC(AL/RI 
IFIF.LE.O.O)  CO TO 1 
MF*ri2«F 
CO«P12*EO*AL/CL 
XO—(O.O.I.OI/tMFKOI 
IF   IFP.LE.0.01 GO TO 2 
F2"F««2 
FP2-FP««2 
X-FP2/F2 
V-FH/F 
Z-FNU/MF 
U>l 1.0»0.0I-I0.0.1.0I«Z 
Y2»V»V 
||2«U*U 
SZ-IU2-V2I/IU*XI 
IFIT.LE.O.OI  CO TO 3 
A2-iS2-il.0«0.0)l*FP2»ALPHAK/T 
AK-R*CSQIITIA2I 

5 IF(IIEAL(A«n   6,7,B 
6 tFUIMASIAftmittT.lO 
7 IFIAINAe(AK>t9.17tt0 
«   IFIAINACIMM9I««!! 
9 *«—A« 

17  IFIAIHASIAID.LE.O.OI  AA-AII*I0.0,.1E-16I 
10 CALL APHICF 

7-XO»IPHI/CL-S2)/H 1.0,0.0»-$2» 
RETUM 

I Z-(0.0.-.lE*37l 
RETURN 
Z-XO 
RETURN 

3 Z'-XO»S2/Ml.O,0.0)-S2» 
RETURN 

11 PRINT  l2,ARtFH.FINStALPr4AKfTtR 
12 FORMT! UH ERROR  IN ANTZ   .  TCU.tl 

RETURN 
END 



I 
I 
r 
f 
r 

B-2i 

r 

SUMOUTINC FOR CALCULATION OF 

PHYSICAL  OONSTANTS 

MIFTC CONSTS 
SUMOUTINE CMSTS 
COMMON /C0NSTA/ri.fI2.EMASS.«N*SS*Q,CK.E0tC*  UO.ALIMUK 
PI   -  3.1«19fi26S 
P12  *2.0»H 
EMASS • 9.10t3E-9I 
AMASS - EMASS*1»6.12*26.9 
0 -t.6020frC-t9 
CK - 1.980**E~29 
ED - •.t5«J*E-l2 
C - 3.0 
UO - PI •♦.OC-OT 
ALFHAK > 4.0*fl»PI*ENASS/IG«CK) 
RETURN 
ENO 

f 

INTERPOLATION   SUBROUTINE 

SUBROUTINE  INTFRP(XA,YA.XIN.YOUT.NI>TS> 
CirENSION XA(lOr),VAC 1001 
1*1 

i   IFIXAIim.CE.XIN.AND.XAIII.LT.XINI  60 TO 2 
IFII.GE.INPTS 23)  GO TO  2 
:>i*i 
GC  TO  1 

2 yCUT-(IXII-X«(I«l))*IXIN-XACI«2ll»YAIM/((XAII)-XAIl4ll)«(XAIII-XA 
l(I«4lin>«tlXIN-XA(in*IXIN-XA(l»2)l>YAIUll/IIXA(I«l)-XAn>:»(XA(I 
24n-XA(I«2)ni*(IXIN-XAini*IXIN-XA!I«l))>YA(I*2)/IIXA(t*2)>XA{i«l 
3>)*(XAIU2)-XAIII))I 

RETURN 
ENO 

ZSSfm 
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SUBROUTINE  FOR  CALCULATION  OF 

PHI   FUNCTION 

»IBFTC  APHICF     DECK 
SUBROUTINE   «PHiCF 
LOGICAL  NTFRST,V»L1,V*L2,VALl.tf*L* 
DOUBLE PRECISION XR, XI .PHIft .PHII .PI. PI I.PII 2.CM?ft. CPI2I.PIM .PI3 

U.CPMI.CP4I.CP3R.CP}I.JR.JI.CMULTR,CNULTIfC0V0R.0CV0I.AK.«I.BR.BI 
2.VR,YI,V2R,y2I.B0Rr«0I.8lR.BU,BJ0R.8JOI.BJlR,BJII,BNOR,BN01,BNIR, 
3SNlI.TJOR.TJOI.TJtR.TJlI.TNOR.TNOI,TNlR.TNII,F.SrBORS.BOIS.BlRS.BI 
«IS.F1,SH.BN1RS.8N1IS.BJIRV.BJ1IS.BFR,BFI,OLOC,0*TAN2,HO«.H01.H1S,H 
51I.X8«,X8I,XBOR.X8<JI,POR.POI,OOR,OOI,P1R.P1I,QIR,QII,TPOR,TP01.TOO 
6R.TO0I,TPlR.TPlI,TQlRfTQlI.Ot02«ON2.M.O4a.O«,Oa«O2Qt F2.XBIR,X8 
7II.X8QIR.X80II. RPO.ROO.RPl.ROl.PORS.POIS.QORS.OOIS.PIRS.PIIS.O 
eiRS.OHS.OORSI.OOISl.OlRSl.OUSl 

COMPLEX «R.PHI 
COMMON  /FPHIC/ARtPHl 
XR>RE*LIARI 
XI<AIMAGIARI 
VALl«.FALSE. 
VAL2-.FALSE. 
VAL3-.FALSE. 
VAL4-.FALSE. 
tF(NTFRST)   CO  TO  I 
NTFRST-.TRUE. 
PI>3.1415926535897932 
PII-l.OOO/PI 
PII2>16.0OO*PII 
CPI2R-PII2 
CPI2I-O.ODO 
PI4I   -PIM.OOO 
Pi)4>PUI*3.000 
CP4R-PIM 
CP4I-0.000 
CP3R-PI34 
CP3I«0.000 
JR>0.000 
JI-l.ODO 
CHULTR(AK.AItBR.BII>(AK*BR-AI*BII 
CMULTI(AK.AI.BRtBI)-(BR*AI«AK*BII 
COVDR(AK.AIiBR,Bn-IAK*BR«AI*BI)/IBR«BR«BI*BII 
COVOIIAK,AI.BR.BIi>(AI«BR-AK*BI1/I8R«BR«BI*BII 

I  VR-CMULTR(.500,0.000.XR.XII 
VI-CNULTI(.500.0.000.XR.XII 
K-l 
IFdVR.EO.O.OOOI.ANO. (VI.EQ.O.OII   K-2 
GO  TO  (3,41,11 

4 VR>.10-17 
YI-O.O 

3 V2R-CNULTRIVR,VIiYR.VII 
y2l-CMULTIIVR,VI,YR,Yn 
IFIIXR**2«XI**2l.6E.64.000i   GOTO 13 
B0R-1.000 
B0I-0.000 
B1R-B0R 
B1I-B0I 
BJOR-BOR 
BJOI-BOI 

W"yM> —   j — —WWW« 
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BJlft>80* 
8J1I»B0I 
BNM-0.000 
SNOI-0.000 
BNtR-BOft 
BN1I-B0I 
TJOR-BOR 
TJOI-BOI 
TJIK-BOK 
TJ1I-B0I 
TNOR-BNOR 
TNOI-BNOI 
TNIR-BOR 
TNll-BOI 
F-1.000 
S-0.000 
00     9 K-tilOO 
BORS-BOR 
B0IS-80I 
B1RS-BIR 
B1IS-BII 
Fl-F»1.000 
B0R—IB0RS»V2R-80IS>V2II/(F>F) 
BOt —fB0IS»V2R»B0RS»Y2n/JF»FJ 
B1R —IBlRS»y2R-BlIS*V2II/IF»Fll 
811—IB1IS»V2R»BIRS»V2II/JF»F1I 
S-S>1.000/F 
SN-2.0D0*S ♦!. .OO/Fl 
BJOR-BJOR«80R 
BJOI-BJOKBOI 
BJ1R-8J1R*81R 
BJ1I-BJ1I«B11 
BHO«-BNO«*BOR»S 
BNOI>BNOI«BOI*S 
BNlR-BNlRf'BlR'SN 
BNlI-BNlimioSM 
IF(BJOR.NE.TJOR.OR.BJOI.NE.TJOIi   CC TO 8 
IF(BJ1R.NE.TJ1R.0R.BJ1I.NE.TJ1II  GO TO 7 
IF(BN0R.NE.TN0R.OR.BN0I.NE.TN0n   CO  TO  6 
IF(BNlR.NE.TfUR.OR.BNlI.N£.TNlI>   GO TO 5 
GO   TO   10 

5 TN1R-BN1R 
TNll-BNlI 

6 TNOR-BNOR 
TNOI-BMOI 

7 TJ1R-BJ1R 
TJil'BJII 

8 TJOR-BJOR 
TJ0I-8J0I 

9 F-Fl 
10 BN0R>2.000*BN0R 

BN0I-2.000»8N0I 
BN1RS-BN1R 
BN1IS-9N1I 
BJ1RS-BJ1R 

mi i IWIIII TTunrjTixr^ "zr: "^' 
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BJllS-itJll 
BNlR»CHULTR«BNlRS,BHlIS,Y(l,Yt)»CDVOrH    l.OOO.O.OOO.Tfl.y11 
BNll»CHULTUBNlRS,BNUS,VRtYn*COVOM    I .000,O.OOO,TR, VII 
BJIR«CMULTR(8J1RS,BJ1I5,YR,VII 
BJlI«CMULTI(BJlRS,8JlIS,YR,Yn 
BFR'2.0D0«<.577215664901932«  *.500>OLOG( VMYMYUYI )l 
6FI.2.0D0»DAl*N2(YI,Y»l 
BNOR-lCHULTR(BFR,BFI,«JOR,BJOn-BNORI»PH 
BN0I-lCMULTICBFR,BFI,BJOR,BJOII-8NOn«PII 
RNlR-lCNULTRtBFR,BFI,BJlR,BJlII-BNlRI«PII 
BNlI«(CNULTI(BFR,BFI,BJlR,BJir»-BNin»Pn 

11   M0««BJ0R*C1ULTR(JR,Jl,BN0R,BN0n 
H0I-BJ0l*CMULinjR,JI.BNOR,BNOH 
H1R«BJIR»CMULTR(JR,JI,BNIR,BN1II 
HII-BJII*CMULTI(JR,JI,BNIR,BN1M 
PHIR-CDV0R1H0R,H01,(CMULTR(C«'JLTRJYR,YI,H1R,H1I lfCKUJ.THYR,YI,HlR, 

lHlll,2.000.0.000n.<CNULTI(CMULTR(YK.YI.HlR.Hin.CNULTItYR,VI.HlR, 
2Hin.2.000.0.0001)1 
PHII.CDV0I(H0R,H0I,JCmjLTRICNULTRlY»,YI,HlR,Hlll,CI1ULTUY»,YI,HlR, 

1H111,2.000,0.00011, (CNULTI (CMJLTRI YR.YI ,HlR,HlH,CMUlTn YR, YI ,Hl», 
2H1II,2.000,0.0001II 
PHI- CMPLX(PHIR,PHIII 
RETURN 

13  X8R-CMULTR(16.000,0.000.YR,YII 
X8I-CMULTI(16.000.0.0DO,YR,YII 
XS0R<MULTR(X8R,X8I.X8R,X8n 
X80I«CMULTI(X8R,X8I,X8R,X811 
N-2 
iF(IX8QR.EQ.O.OI.*ND.(XeQI.EQ.O.OI|N«l 
GO  TO  m,15),N 

1*  X8QR-.10-17 
X80I'0.000 

15  POR-1.000 
POI-O.OOO 
QOR-POR 
OOI-POI 
P1R>P0R 
PlI-POI 
01R-3.0D0 
Oil-0.000 
TPOR-POR 
TPOI-POI 
TQOR-POR 
TQOI-POI 
TP1R- POR 
TP1I-P0I 
TQ1R-01R 
T01I-01I 
D-1.000 
F-1.000 
X8IR»C0VDR(1.0D0,0.000,X8R,xen 
X8II>CDVDI(1.000,0.0D0,X8R,X8II 
X8QIft-C0VORIl.OD0,0.ODO,X8QR,X8Qll 
X80II-COVOI(1.000,0.000,X80R,X8QI) 
00  20 K-1.500 

»^-f "•" j«,..--■-. ,1f. ^v    »r-  . 
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ON2-O-2.0OO 
D2-0*2.000 
IH-0«4.000 
04e«04*04 
D6-0»6.000 
00-0*0 
O20*O2*O2 
fl-f+l.OOO 
F2-F«2.000 
«ro—o20»oo/«i!»Fn 
RQO—020*0«Q/1FI •F21 
RPt—0N2*D*02*04/tF*Fll 
R01—0«02*04»06/ (Fl •F21 
F0ftS-l(X80IR«RP0l»TF0R-IX8ail*RP0i*TMI) 
P0IS<>l(X8QIR*RPOI«TP0I«txa0II*RFO)«TPOR) 
OORS-llxaQIR«ROO)«TQOR-IXIOII*ReO)«TOOI) 
00IS«IIX80IR«R00I*T00I«IX8QII»R00)*TQ0RI 
PIKS>IIX80IR>RFll»TFlR-fXeOII«RFll«TFlIi 
PlIS-IIX8QIR«RPll*TPn«(X80II>RFll*TFlRI 
01RS-IIX8Q|R»R0lI»TQIR-IXSOII*RQil«rcin 
Q1IS><IX8QIR>R01I*TQ11*IX8QII«R01I*TQ1RI 
IF1VAL1I  GO TO 32 
IF((01RS*QlRS«QlIS»01IS).LE.tTQlR«TQlR*T01I«TQlin   GO TO  19 
VALl-.TRUE. 

92   IFIVAL2I   GO TO 33 
IFIIP1RS*P1RS*P1IS«P1ISI.UE.(TP1R«TP1R»TP.II»TP1I>I   GO TO  18 
VAL2-.TRUE. 

33 IF(V*L3I   GO  TO 34 
IF{!OORS»QO«S*QOIS»0OIS).U.lT00R»T0OR*VOOI«T0On)   GO TO  17 
VAL3>.TRUE. 

34 IFIVAL4I   GO TO 39 
IFI(PORS»P0RS*POIS*POI^i.LE.ITP0R*TP0R*TPOI*TP0I)l   GO  TO  16 
VAO-.TttUE. 

39   IF(VAL1.AN0.VAL2.AM0.VAL3.AN0.VAL4)   GO TO 21 
GO  TO 693 

16 POR>PORS*POR 
P0I-P01S«P0I 
IFCTPOR.EQ.POR.ANO.TPOI.Eg.POIl   V4L4-.TRUE. 
TPOR-PORS 
TPOI-POIS 
GO TO 35 

17 Q0R-0ORS«00R 
001-001S*OOI 
IF(TOOK.EO.QOR.ANO.TQOI.EO.0011   VACJ».TRUE. 
TOOR-QORS 
TQOI-QOIS 
GO TO  34 

18 PIR-PIRS^PIR 
PtI-PlIS»Pll 
IF(TP1R.EQ.P1R.AND.TP1UE0.P11)   VAL2-.TRUE. 
TPIR-PIRS 
TPII-P1IS 
GO TO 33 

19 Q1R-01RS*Q1R 
01t-01IS«QlI 

rr- 
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IF(TQlR.EQ.QlR.ANO.TQtI.E0.0111 VAL1-.1RUE. 
TQIR-QIRS 
TQtI-QlIS 
GO TO 92 

693 O-O* 
20 F-F2 
21 0ORS1-00R 

QOISI-OOI 
QlRSt-QlR 
Q1IS1-Q1I 
QOR—CMULTRIQORSl.OOISltXSIR.XSIII 
QOI—CHULTItQORSl.Q0IS1.X8IR.X8111 
QlR«CNULTRIQlRS1.01ISltX8IRtX8III 
QlI-CNULTI(01RSltQlISItX8tRtX8IIt 
PHIR -C0VOR(CMULTR(JR.JI«IP0R«CNULTR(JRtJItQORtaOIIItlfOI«CNULTIIJ 

lRiJlt00RtQOIIII.ICHULTIIJRtJIt(POR»CMULTRlJR.JI.Q0RfOOIIIt(POI«CNU 
2LTI(JR.JIt00R.Q0IiniiCHULTR(2.000.0.000. CNUtTRIVR.YI.IPIRKNULTR 
9(JR»JI.QlR.aiII).(PlI»CNULTIIJR.JI.0tR.01ini.CNULTIiyR.YI«(PlR*CH 
tULTRUR.JI.QlR.QlIII.IPmCNULTIURtJIiOlRtQlimitCMULTIU.OOO.O 
S.OOOtCNULTRIYR.yitCPlR^CMULTRURtJIfQlRteilllflPlI^CMULTIIJR.JItOl 
6RtQlIin.CMULTI(YR.Vt«IPlR»CNULTRIJR.JI.QlR«61IllttPlKNtJLTItJRlJ 
TifQiR.aiinni 
PHII -COyOI(CMUiTR.JR.JI«IPOR«CNULTR(JRtJItOORtOOnitlPOI«CNULTIiJ 

IR,JI.0OR.QOIin.(CMULTHJR.JI.|POR*CMULTR(JR.JI.QOR,QOI)I.IPCI«CNU 
2LTI(JR.JI.00Ri00niMfCNULTR(2.000.0.000. CHULTRtYR.YI.IPIRKNULTR 
3(JR.JI.01R.aiM>.(PlI*CNULTIIJR.JI.QIR.01I)lltCNULTI(YR.YI.IPlR«CN 
4ULTR(JR.JI.QlR,QlIll.fPlI«CMULTI(JR.JI.QlR.QlIini.CMULTII2.000*0 
S.000.CMULTR(YR,YI,(PIR»CNULTR(JR.Jt.01R.Qlin.lPII*CI«ILTIIJR.JI.Ql 
6RtQll>n.CMULTI(VR.VI,IPlR«CNULTRIJR.JI,0IR,Qlin,(PII«CNULTIIJR.J 
ri.QiR.oinnn 
PHI-  CNPLX(PHIR.PHII) 
RETURN 
END 

'»•—"-*<-. —-■T<i!ij«iiiJi »I«in, »■■',- -3 .«~ 
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MAIN PROGRAM FOR  CALCULATING  AND 

PLOTTING   SERIES  AND  PARALLEL RES- 

ONANCE  FREQUENCIES WITH ELECTRON 

TEMPERATURE AS   A   PARAMETER. 

»1BFTC  THf»TCi 
CONNON   /INPTS/   TCIOI,NT,FPIl500ltMFP,R,*L,SUl500I.SSIlO,15001, 

1   SHEATH,FH,FS(1500) 
00  6  KKK-1,6 
CALL   INPUT 
CALL G(U0(6HVRfA0R,SCALEX,5CALEy,Xe,XE,rB,rEfNX,NV,K"5l 
PRINT ).(T(Ki,K«1.10l 
PRINT «.NT.NFP.NX.NV.IFPIKt.K'USI 
PRINT 3,SCALEX,SCALEY.XB.XE.YB.YE.Xl5,RtALfSHEATH,FH 
00 2  J «l.NT 
CALL SICALCITIJ)iRtAL.FP.Sl.NFP,SHEATH.FHi 
00 1  K -l.NFP 
FS«X»-S0RTIFH»»2*SI(KI»»2»IFP(ICJ4»2-FH»»2II 

1 SSU.Kl -SIIK» 
CALL CURVELIFP.FS.NFP.XB.XE.V8.VE.X15) 
FFF-(FS(NfP)-VBI»9.0/«VE-VBl 
FF«|FP(NFP)-XBI*X15/(XE-XBI 
AJ-J-l 
CALL ARROW (FF.FFF.O.O I 
CALL PLOT (tFF*1.0).FFF,2l 
CALL PLOT((FF*2.0I.AJ.2 I 
CALL PLOT ((FF«3.0).AJ.2I 

2 CALL NUMBERt(FF*l.T5>,AJ,.l25,T(JI.0.0,0l 
3 FORMATdH   tllE12.6l 
t,  FORMATdH ,4I10.5EI6.8I 

CALL OUTPUT 
•• CALL FINI 

6 CONTINUE 
CALL EXIT 
END 

SUBROUTINE FOR READING INPUT DATA 
FOR MAIN PROGRAM TMPTCI 

SIBFTC   INPUT 
SU6RCUTINE   INPUT 
CCCPCN  /INPTS/   TdOfKT.FPdSOOI.NFP.R.AL.SIl 1500), SS( 10,15009 . 

1   SHEATH.FH.FSIISOO) 
READ   l.NT.NFP.R.AL.FPHAX.FPMIN.SHEATH.FH 

1 FCRKAT(2I5,6E11.5I 
READ 2.(T(J).J -1.101 

2 FCRFATI  5E16.8) 
AK «   NFP  -1 
DELF   «tFPMAX-FPflNJ/AN 
DC  3   J  »   l.NFP 
AJ-J-l 

3 FPtJ)»FPHIMAJ»DELF 
RETURN 
END 
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SUBROUTINE   FOR   PRINTING   DATA 
OUT  OF   MAIN PROGRAM   TMPTC1 

SLEROUTINE  OUTPUT 
CCm*   /IHPTS/  T110)tNT,FP(l5O0»,NFP,R,*L,SII15O0),SS«lO,l50OJ, 

1   SI-E«TH,FH,FS( 15001 
DIMENSION   1(10) 
LCC1CAL   FIRST 
FIRST  «.TRUE. 
R   •   R*1.0E«02 

13  KPAGE   «   52 
CC   3       J   «   l.NFP 
KP«GE  ■  KPAGE   ♦   1 
IFIKPAGE.GT.SOI   GO   TO  4 

1 PRINT   2   .   FP(J),(SS(K,J>,K -I,NT» 
2 FCRPATI1H   ,FU.3,10FI2.3) 

IFI.NOT.FIRST)  CO TO  3 
CC   3 K«1,NT 
SJ(K,J)«SCRT(FM««2*SS{K, J)»«2«(FPU)»»2-FH««2)) 

3 CCNTINUE 
IFI.NCT.FIRSTIRETUftN 
FIRST  -.FALSE. 
GC   TO  13 

4 KPAGt-1 
PRINT  5 

5 FCRMAT(lHl) 
PRINT   6 

6 FCRHATdH  ,132H  

IFiFIRST)   PRINT     7 
IF(.NCT.F1RST)PRINT12 

7 FCRHATdH   .   90H 
1CVL1NDRICAL   ANTENNA   PSI   CALCULATIONS ) 

12   FCRMATdH.lOSH CYLINDRICAL   AN 
HENNA CALCULATIONS  OF   SERIES RESONANCE    FREQUENCY ) 

PRINT   6   ,R.   AL.FH 
8 FCRKATUH   ,24X,10H  RADIUS  -   .F6.4.17H  CH     ,     LENGTH •   .F6.4. 

12eF  PETERS     •     GYRO  FREQUENCY -,F   5.3   .UH MEGACYCLES   ) 
PRINT  6 
PRINT   4 

9 FCRPATI 92H PARALLEL FREQUENCY 
1 ELECTRON  TEMPERATURE ) 
CC 10 L>1,10 

10 IIL) ' TIL) 
PRINT ll.(I(L)tL>l«10) 

11 FCRMAT(16H        (MEGACYCLES)   •   16,♦^•K      ,   9(ISt4H»K     )) 
PRINT  e 
GC   TC   1 
EMD 

..*- fmgr"w •-. »TT-'J». 
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SUBROUTINE TO CALCULATE   SEMES 

RESONANCE FREQUENCY 

IIBFTC   S1CALC 
■SUBROUTINE   SICALC(T,R,*L,FPtSl,NFP,SHEATH,FH ) 

OJHtNSION   FPdSOOl   ,   SI (15001 
COMMON   /CONSTA/   PI,PI2.ENASStAMASStOtCK.EOtGfUO.ALPHAK 
HEAL  K 
CL   ■  ALOC(AL/ft> 

»CALL  CCrtSTS 
DBYCON  ■S0RTICK/K.O*PI2»EHASSII*1.0E-O6 
SI2 >.l 
DC   7     J   -l.NFP 
I   •  MFP»l-J 

rlF(FP(LI.LE.FHI   CC  TO   10 
ALPFT   -ALPHAK»(FP(L)»»2-FH««2)/T 
DBVLNT   -  OBVCON»SORT(T)/FPa> 
RS   -  R   ♦   D8YLNT«SHEATH 
SHTCON - ALOC(RS/RI 

FN  «  0 
CO  TU  3 

1   SI2-AN*.04 
2   SI2-.5»SI2 
3   S2   «1.0 -SI2 

_ N   "  N*l 
i AN  «  N 
I IF(N.GT.IOO)   GO   TO 8 
i A2  »  S2»ALPFT 

IFIA2.LE.1.0E-18>  A2   ■   1.0E-18 
AR   -  RS*SgRT<A2l 

FRKAR   >  K(0,ARI/K(lfARI 
KKM  *   1.0-RKAR«»2 
S22  » 2.0«S2 
SI2P   «   (SI2*RKM>S22*(SHTC0N*RKAR/ARII/IRKM+$22*CU 
SLOPE   *   1.0  ♦   RKM/(S22«CLI 

JOEL     «(SI2P -SI2J 
(F(SL0PE)2t2,4 

4   IFISI2P   »2,2,5 
5 IFISI2P-   1.016,1,1 
6 SI2  «  SI2P 

ftFUBStOEU.GT..001)00   TO  3 
7   SKLI   'SQRT(SI2i 

RETURN 
8 PRINT 9,UEL,SI2,AR,T,FPUI,SL0PE 
9 F0RMAT(31H SICALC HAS FAILED TO COVERGE.  ,6E16.8) 

GO TO 7 
10 SI2«a.O 

GU TO 7 
END 

mm. pB—^j», TT^S^Ik^'' """"■l 
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SUBPUNCnON PmOMM FOU CALCUUTION 
OF THE KSSCL FUNCTIONI K0 AND K, 

REAL PUNCriON KIN.XI 
«ML I 
K - 0.0 
IFIN.LT.O) N —K 
IFIN.GE.2) RETURN 
lF(X.eQ.0.0)60 TO 1 
IFIN.CQ.ll 60 TO 3 
IFU.CT.2.01 60 70 2 
Y > X/2.0 
t2 - v«y 
Y4 - t2»Y2 
Y» • Y4«Y2 
y« • Y4«V4 
Y10 - V6»V4 
V12  •  V6«Y6 
K      - -M.0CIYi>ItN»X)-.ST72tSM ♦.422TM20»Y2 «.230*f7M*V4 

1«  .0348I990»Y6 ♦  .0026269MYR ♦.00010790»V10 ♦  .gi0000T4O*V12 
RETURN 

1 K-1.0E«97 
RETURN 

2 2 - 2.0/X 
22 • 2*2 
23 - 22*2 
24 - 23>2 
29 - 24*2 
2« - Z9«2 
K -  1.29331414 -.07S3239MZ ♦  .021Rt96«»Z2 - .01M2446«Z3 

1«  .008S7aT2*24 -.00291»40«29 ♦.000S320t«2« 
K - K«EXP(-X)*IX»»I-.9)I 
RETURN 

3 IPIX.6T.2.0I60 TO 4 
V ■ X/2.0 
Y2» Y»Y 
Y4- Y2«Y2 
V6- Y4«Y2 
Y8> Y6*Y2 
Y10-Y«»V2 
V12-Y10»Y2 
K - AtOSIVI«IIN.XI  *tl.(j *.19443144«Y2 -.6T2T8979*V4-.U19«M7»V6 

1-  .01919402*YB -  .00110404«Y10 -  .000046S«Y12)/X 
RETURN 

4 Z -  2.0/X 
22- 2*2 
23- 22*2 
24- 23»2 
29- 24« 2 
26- 29*2 
K >   1.29331414 «.23498619«2 -  .03695620*22 ♦  .0190426O23 

1 -  .00780393*24 ♦ .00329614*29 -  .00068249*26 
K - MEXPC-X)*(X*»l-.9n 
RETURN 
END 

■"■ÄTn"- —■•^-%r, 
*■**'**$**&*'.■ 
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SUdFUNCTION PROGRAM FOR THE CALCULATION 
OF THE BESSEL FUNCTIONS ^ AND I, 

RIAL FUNCTION IINiXI 
CCUSLE PRECISION V.FAGNfFACN.FJtSUM.VEXNiFKiFKN 
V-X/2.0 
I "CO 
IFIN.LT.OI N - -N 
F»CN -.1.0 
FKH -1.0 
IFIN.EQ.OI GO TO 4 
DC I J • l.N 
FJ -J 

1 F*CN - FACN'FJ 
SUM -(Y*»NI/FACN 
TERM ^ SUM 

2 DO 3 K -1 , 500 
FK  - K 
FKN - K » N 
TERM -   TERMY«VSIFKN*FKI 
SUM «  SUM ♦  TERN 
SS-SUM 
IFII.EQ.SS  I   RETURN 

3 I  •  SS 
RETURN 

^  SUM    m   1.0 
TERM -   1.0 
CO  TO 2 
END 

SUBROUTINE FOR DRAWING A CURVE 

FROM  AN  ARRAY OF DATA 

»IBFTC CURVEL 
SUBROUTINE CURWELUX.Af ,Nf XB,XE.fB,VE,X15» 
DIMENSION  *XllO)>AVIIOt 
LOGICAL FIRST 
FIRST  -   .TRUE. 
OX   «XE-XB 
DV  «VE-VB 
SCX-X15/0X 
SCV-9.0/0V 
00     1     J   -l.N 
X   -lAXUI-  XBI'SCX 
v -urm- VBUSCV 
IF(X.GT.X1%)  CO   TO 3 
IFU.LT.O.OI   GÜ   TO 3 
IF(V.GT.9.0I   GO   TO 3 
IF(V.LT.O.O)   CO  TO 3 
IF(FIRSTiCALL  l»L0T«XiYf3) 
CALL  P10T«X,Y,2» 
FIRST   «   .FALSE. 
CO TO I 

3 FIRST « .TRUE. 
1 CONTINUE 
RETURN 
ENO 

^~*53BE^P!SIV* ■' 
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SUBROUTINE TO PRODUCE A LABELED 
GRID FOR PLOTTED DATA 

SUeROUTINE CRIIXTim.SCX.SCV.XXB.XXE.VVB.YYEtNXX.NYY.XXISI 
:     «LTEftMTE  ARGUMENTS GRI0I6H READ   I     .     6RID(6HVREA0R)   . GRIDIAHCOMNONI 

ClfENSICN    TITLEC92) 
COK»ON/RLTCNN/HEAOI65)fSCALEXtSCALEV,XBtXE«YBtVE.NX.NV,XJ5 
CALL HOLICMN.bHCOMMONI 
IFITITLEIl)   .EQ.CNNI  SO  TO  106 
CALL HCL(REA0IN.6H READ   ) 
CALL HOLIREADER.6HVREA0R) 
IFKTITLEdl.NE.REAOERI.ANO.ITITLEIU.NE.REAOINII   00 TO  104 
READ  tOl.lHEAOUI.J  -l.52> 

101 FCRHAT(13A6I 
READ  102.   SCALEX.SCALEV.XB.XE.YB.YE.NX.NY.XIS 

102 FCRHATI   6F10.9.219. 1F10.9I 
PRINT  1000 

1CC0 FCRMATUHll 
PRINT 1C2.SCALEX « SCALEV.XB,XE.VB.YE.NX.Ny.X19 
PRINT 1C00 
IF!TITLE!D.EQ.REAOINI  GO TO 103 
SCX • SCALEX 
SCY « SCALEY 
XXB ■ XB 
XXE  -  XE 
YY8 - YB 
YYE - YE 
NXX  «  NX 
NYY» NY 
XX19 -  X19 

103 CALL  IDPLOT 
CC  TO  106 

104 CALL  IDPLOT 
CC 109 J - 1.92 

109 HEAOU) - TITLEIJI 
SCALEX -SCX 
SCALEY -SCY 
XC - XXB 
XE - XXE 
YB - VYB 
YE - YYE 
NX - NXX 
NY - NYY 
X19> XX19 

106 CCNTINUE 
IF{SCAL6X.LT.0-0» SCALEX - SCALEX 
IF(SCALEX.GT.100.0) RETURN 
IF(SCALEY.LT.O.O) SCALEY - -SCALEY 
IFISCALEY.CT.IOO.O» RETURN 
IFIX15.LT.0.0)   X19 - -X19 
1FIX19.Gf.100.0)  RETURN 
X - 0.0 
Y  "  0,0 
AN - N 
CALL PLOT( 4.0,1.49.-3) 

12 CALL PLOTtO.O .9.0. 2) 
CALL PLOTIXIS .4.0. 2) 
CALL PL0T(X19 .0.0. 2) 
CALL PLOTIO.O. 0.0. 2) 
CX-(XE -XB)/SCALEX 



I 
I 
I 
i 
i 
I 
r 
r 
r 

r 
r 
r 

B-40 

nt»( Yf - YBI/SCALCV 
Al - X1S/SCALEX 
AXIO -AX/10.0 
AV • «.O/SCAtEY 
AVtO MV/10.0 

1  V«V«AV10 
IFIY.6E.  «.0     1 «0 TO 2 
CUt PLOT 10.0.V.2) 
CALL nOTIO.l.V.ZI 
CALL KLdTIO.OtT.SI 
60 TO 1 

2 V ■ «.0 
CALL nCTI0.0t9.0t2l 

3 X • X*AI10 
IFIX.CE.X1S   I 60    TO 4 
CHL KOTIX  .9.0.21 
CULL nOTIK  .«.«.21 
CALL PLOTIX  «9.0.31 
60    TO    3 

4 C«LL nOTIXl« ,9.0.21 
5 T •» -*Y10 

IFIY.LC.0.01  60 TO * 
CHL H.0TIX19.  Y.2  1 
C*lt nOTIXl»-.l.V.2 
CALL nOTIXIS .V.3  1 
CO TO S 

A X  >X1» 
CALL nOTIXIS .0.0.2) 

7 X > X -AXIO 
IFIX.LE.0.0)  60 TO • 
CALL PLOT IX.0.0.21 
CALL HOT  IX.0.1.2) 
CALL HOT  IXt0.0.3i 
60    TO    7 

t X > 0.0 
Y ■ 0.0 
XS  -  1X15-13.AJ/2.0 
CALL FLOTIO.O,  0.0.   2 ) 
NNX - 0 
NNY * 0 
IF1X£)200.200}2C1 

199  IFfYE1210.210.21l 
2C0 XA  - ABSim 

CC  TO  199 
201  XA-XE 

GO   TO  199 
210 YA  - ABSIYBI 

6C  TO 212 
211 YA ■ YE 
212 CONTINUE 

IFIXA.LT.1000.1 NNX ■ NX - 3 
IFIVA.LT.1000.1 NNY - NY - 3 
IFIXA.LT.  100.) NNX - NX - 2 
IFIYA.LT.  100.) NNY - NY - 2 
IFIXA.LT.     10.) NNX • NX - I 
IFIYA.LT.     10.) NNY • NY - I 
IFIXA.LT.       1.) KM - NX 
IFIYA.LT.       1.)  NNY - NY 

I 
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IFINNK.LT.O)   NNX >  0 
UINNV.LT.OI   NNY -  0 
XSM » NX 
YSN - NY 
SMCEX  -     .07>XSN 
SMCEY  -    .07«YSN 
IFIXE.LT.O.O)  SMCEX - SMCEX ♦  .07 
IFIYE   .LT.O.CISPACEV - SPACEY ♦  .07 
XN - X8 
VN - Y8 
CHL NUraElliX-SMCEX.-.29..19.XN.0.0.MNXI 
CALL NUIIBERI-.10fY-S9ACEVt.19.YN.«0.0.NNV) 

9 Y ■  Y ♦«Y 
YN - YMOV 
IFIV.GT.9.0)   CO TO  10 
CALL NUMtEltl-.10fV-SrACEY,.19tYN.«0.0>NNYI 
CALL FLQTiO.O.Y.SI 
CALL FL0T(X19 .Y.2I 
Y • Y ♦ AY 
YN • VN ♦ OY 
IFIY.CT.9.01 60 TO 10 
CALL nOT(Xl9*Vt9l 
CALL rLOTIO.0(V.2l 
CALL NUIItBI|-.10.V-SrACEY..19.YNt«0.0.NNY) 
CC TO 9 

10 X > X *AX 
XN - XN«OX 
IFIX.CT.X19   )  60 TO  11 
CALL NUMERIX-SMCEXf-.29..19.XN.0.0.NNXI 
CALL nOTIX.O.O.S) 
CALL FLCTIX.9.0.21 
X •  X ♦  AX 
XN  « XN 4 OX 
IFIX.6T.X19   I  60 TO   11 
CALL PLCTtX.9.0.31 
CALL PLOTtX.0.0<2) 
CALL NUPBERIX-SPACEXf-.29..19tXN.0.0.NNX) 
6C  TO  10 

11 CALL SYHBL4n.69*XS,-.99..19.HEADm,0.0.7a) 
CALL SVM9L4IXS.  -l.00t.20  .HEAOI2T)tO.0.781 
CALL SYP8L4ll.694XS,-1.30(.19tHEA0l40ii0.0t7SI 
CALL  SYH8L4I-.39.-.99..19 «NEA0IU)*90.0«78I 
RETURN 
ENC 

r~vyt*-*~ -f   m. m*-*-** ■*-f*ir •»• »r.- 



I 
I 
i 

1-42 

1 

MAIN PROQRAM  FOR CALCULATION OF 
TEMPERATURE FROM SERIES  AND 
MRALLEL RESONANCE FREQUENCIES 

$I8FTC   TEP601 
OIMtNSION  FHT(U; 

IS FURHAT(12X.2Fa.2tF10.2,2F9.0«10X.I6l 
COMMON   /KEN/  R.   AL«   PERCNT,   LIMIT,   CC,   S,   TST4RT,F,FP,T,KK,N 

1 FONNfcT   I3F10.2,   15.  £15.7,   2F10.2I 
Rt*0   1,  R,»L,PtRCNT,LIMIT,CC,S,TST*RT 
PRINT1,   R,AL.PERCNT,LINIT.CC.StTSTART 
K«l 
READ 2.  FMT 
PMINT2,   FMT 

2 FORMAT mA6.   »21 
CALL CRDIOS 
PRINT  3 

3 FORMAT   IIH1.   8X.  «KTINE.   2X.   6NSERIES.   5X,   3HPAR,   SX.   SMSEC,   2X. 
1   8HNEH   TEMP.   2X.   8H0L0  TEMP.   SX,   3HALTI 

8 READ FMT.   F.   FP,   SEC,   OT 
CALL   TEMPSP 
PRINT   IS,  F,FP,SeC,T,OT,K 
PUNCH   IS,   F,FP.SEC.T,OT,K 
K* K*l 
GO  TU  8 
CALL  CROIOF 
CALL  EXIT 
END 

SUBROUTINE FOR CALCULATION 
OF THE ETA FUNCTION 

tIBFTC   ETAA 
SUBROUTINE ETAAI   Y   .  ETA»  KL) 
REAL K 
N-0 
AJ -0.0 

! AL  "0.0 
KL* 0 
IF  <V.6T.0.O)6O TO  1 
ETA «l.OEOT 
RETURN 

1 X-1.0 
OX -  .5 
DYH ■ Y «.00001 
DYL - Y -.00001 

2 IFIX.LE.O.OIX -1.0E-37 
KL- KL*1 
IFIX  .CT.   1.0E«30)   GO TO  S 
IF   IN.CT.SOOI  GO TO 5 
PHI  - KI0,X|/(X*KI1,XM 
IFIPH1.CE.0VHI  GO TO 3 
IFIPHI.LE.OYL»  CO TO * 
ETA - X 
RETURN 

3 AL    «AL  «1.0 
AJ     - CO 
OX    - OX  «1/2.0 
X  -  X+OX 
CG  TO 2 

4 AJ    ■ AJ  ♦1.0 
AL    - 0.0 
PX    - 1X»AJ/2.0 
X  > A -OX 
CO  TO 2 

5 PRINT ft  ,  X   ,¥  .OX   .PHI 
ft FORMAT!IftH ETA HAS FAILED  .4E20.8) 

ETA -  X 
RETURN 
END 

"^y^sri 
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SUBROUTINE FOR CALCULATINO ELECTRON TEMPEATURE 
FRO« SERIES AND PARALLEL RESONANCE FREQUENCIES 

SISFTC   TeufSP 
SUBROUTINE TCMPSP 
COMMON  fKBtf  ».  AL,   MERCNT.  UNIT, CC,   S,   TSTMT.   F,  f*,   T, KK, H 
0«T« PI/3.U19«269/,  EN/9.1MX-91/,   EK/1.9»0*4e-2S/*   6/3.0/. 

1   «/O.O/.   FH/1.4/.   E00/t.t9434E>12/ 
P12- FI*PI 
TC0tt>tEN/(6«EKii««.0E«12*PI«FI 
0eyCCN-IEK/(4.0»  PI2*ENI) 
DEtCON • SQftTI08yCON)*1.0E-06 
CKCN-  0.0 
IFICC  .CE.  1.01 60 TO 22 
CKQN*i2.0*I«AL/CC)»EOO 

22 EM- EM.FH 
N«0 
KK*0 
FP2 - FMFF 
F2 - F*F 
FN2- FF2-FH2 
FC2 - FF2-F2 
IF   IFN2  .LE.  0.01 CO TO 29 
IFI   F  .LT. FH1  CO TO 2S 
FN- SQRTIFN2I 
SI2-  IF2-FH2I/FN2 
S2-  1.0-SI2 
T-  TSTART 

32     TEST - T 
0LEN6T- OBVCON*SQRTITI/FN 
RS« R«0LEN6T*S 
PHI- SI2>«L0Ct«L/RSl - S2«IAL0C|RS/RI   ♦ CKONI 
IF   IPHI   .LE.   0.01 CO TO 2« 
CALL ETAAIPHI.  ETAS.  KL) 
KK*KK*KL 
T-    TCaN*RS«RS*FC2 /CETAS»ETAS! 
H*H*l 
IF IN .CT. LIMIT! CO TO 36 
IF IS .EQ. 0.01 RETURN 
IF IUBSIT-TEST)/T) .CT. PERCNT) CO TO 32 

28 T- 0.0 
RETURN 

36 PRINT 37. F. FP. T. N« KK 
37 FCRMAT UHI. 21HT00 MANY ITERATIONS I. 2F9.2. F10.0. 217. INI I 

RETURN 
END 

«n; *im P*mf  •■ '*■ r v -fi' ■ 
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MAM raoMAM ran PLOTTHQ 

ANTENNA IWMTANCC VCRSUS MACTANCC 

• IBFTC   IIVriT HAIN MOCftAN F« HOTTIMC AMT Z  VS II AND I 
C    MOMAM FOR PLOTTI«» ANTENNA  INFEOANCE  AS A FUNCTION OF A AND X 

DIMENSION HEAOISOItTEM     III} 
COMPLEX  1,10 
LOGICAL  FIRST 
CONNON/IHFCOM/Z.F.FF.FNU.FH,ANCLE.T.R.AL 
COMMON /CONSTA/FI.PI2.EMASS,AMASS.Q.CK.EO.C. UOtALFHAK 
CALL CONSTS 
ALFH-ALFHAK 
READ 1 .NFLOTS.NRESLV.NTAFE.NSKIF.NFRINT.MFLT.MTHV 
PRINT! .NFLOTS.NRESLVtNTAFE.NSKIFtNFRINT.NFLT.NTHV 

1 FORMAT!7110) 
DO  32  JNF  -   l.NFLOTS 
READ  10   .NOO.KCRIO.FNAX.FX 
FRINT  J  .NOO.KSRIP«FMAX«FX 

3 FORMATUHltZIICZFlO.)) 
10 FORMATI2I10.2F10.3I 

FX«FX*.1E*07 
FMAX-FMAX*.1E«0T 
READ  1A.FH.FNU.T.R.AL.ANCLE 
FRINT 2,FH.FNU,T.R.AL.ANCLE 

2 FORMAT! IH1.6EU.ft» 
14 F0RNATI6E13.6) 
20 F0RMAT!2E20.a.F10.3) 
21 FORMAT!1K1.2E20.«> 

READ 20.FNUC0N • OEN.ALT 
PRINT 21 , FNUCON • DEN 
CALL SRIDIANVREADR.SX.SV.xa.XE.YB.YE.HX.NT.XlSI 
SCX * X15/!XE-XBt 
SC* • ».0/!VE-Y>» 

C    PLOT FOR  10 CONSTANT TEMPERATURES 
DATA TEM/2SO.,350*«900.,TOO.,1000..1400.«2000.,2800*.4000.,5*00. 

1 . 4000. 
F - FS 
FP - 0.0 
T • 0.0 
CALL ANTZ 
ZO - I 
RES -NRESLV 
REF -FNAX/RES 
PRINT 1000 

1000 FORMAT IIHli 
PRINT70.SCX .SCY (F.FP.T.Z.RES.REF 

70 FORMAT!9E14.frI 
PRINT 1000 
0030JT -1,11 

•9 FL'RMATI127H     PLOT X       PLOT V       OP FREQ      PLA FRE 
10  TEMPERATURE   RESISTANCE    REACTANCE        FUN 
2 REF   //,19H TEMPERATURE EQUALS,F20.1.eH DEGREES..12HALT. EQUALS. 
3 F10.2,  3M KM///» 
PRINT 88 

aa FORMAT !1H1I 
PRINT 89,T.ALT 
IFINTHV.EQ.il FNU ■ FNUCON*OEN*T 
IF|FNU.GT.2.*PI»FX) ALPHAK>ALPH«5.0/9.0 

I 
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PXO - 0.0 
PYO  ■  0.0 
FIRST   ».TRUE. 
JL  ■  0 
00 28 JF-l.NRESLV 
FJ  •  JF-l 
FP  -  FJ«REF 
CALL  Aim 
1 *  I -  10 
PXO  -  PX 
PYO  -  PY 
PY     -IREAL<ZI-Y8I*SGY 
PX     -UtMAGIZI-XBMSCX 
IFINPRINT.E0.0.*MD.JF/5»5.e0.JF»   PRINT   TO.PX.PY,F,FP,T,ZtFNU.REF 
IF(PX.GT.XI9I   PX  -  XI5 
IF(PX.LT.O.O)   PX  - 0.0 
IFIPV.LT.O.OIPY-O.O 
IF(Pt.CT.9.0|PY>9.0 
IFIFIRSnCALL  PL0T(PX,PYf3I 
FIRST  -.FALSE. 
CALL   PL0TIPX,P¥,2» 
JL   -  JL  ♦I 
IF(JL.LE.  NPLTl   CO TO 28 
JL  •  0 
OXX  -  PX-PXO 
OYY  ■  PY-PYO 

100 IFIOXX) 103.101,103 
101 IFCOYY) 102,28,102 
102 OXX - .1E-06 
103 S • OYY/OXX 

S2 - S*S 
DY -.0S»SQRTIS2S(S2*1.0n 
OX •.09*S0RT(1.0/(S2  »1.01t 
IF(S) 104,105,105 

104 OX - -OX 
105 CALL PL0T«PX-DY,PY*0X,3» 

CALL PLOT { PX*0V,PV-0X,2) 
CALL PLOTI PX. PY. 3) 

28 CONTINUE 
29 T >TEN(JT) 

IFULPHAK  .NE.ALPHI   ALPHAK-ALPH 
30 CONTINUE 
32 CALL PL0T(X15«4.0.-1.45,-31 

CALL FINI 
STOP 
END 

Brrjr-v ■••»- - 
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