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ABSTRACT

The following resear.-h programme has been performed under
Contract AF 19(60*)-7334+

An experimental investigation of the behaviour of a micro-
wave horn antenna in the presence of a plasma sheath generated in helium,
has been conducted at a frequanc-y of 9o7Cr (x-band)o The effect of
the plasma sheath on the far-field radiation pattern of the horn antenna
is to decrease the signal level at normal incidence (by as much as 25db
at "cut-off" conditions) and to redistribute the energy of the radiation
pattern over angle so that at large scanning angles the sidelobe level
may exceed those measured when the plasma is absent. The plasma does
not, however, present a serious mismatch to the antenna indicnting that
the plasma is not highly reflecting.

A simplified theoretical model which considers the plasma as
a uniform, infinite slab and takes into account diffraction around the
edge of the experimental plasma c3ontainer can be used to account for mazy
of the significant features which are observed.

A comprehensive series of investigations designed to test the
validity of various theoretical treatments of plasma properties and to
assess the accuracy of various microwave systems for determining the
properties of plasmas which are finite in extent using free-space micro-
wave techniques have been performed. Theoretical results have been
obtained for prediction of plasma effects such as plasma boundaries,
refractive defocussing, non-uniformity of plasma and diffraction due to
finite size of the plasma. l..easurements on various experimental geometries
demonstrated the influence of the dielectric- boundaries of the plasma
container, the effect of multiple reflections within the measurement system
and the precautions which must be exer(ised both in the measurement and
interpretation of the results. Measurements of plasma properties using a
number of different microwave arrangements were assessed and the limitations
of the various systems shown. Finally, free-space microwave determination
of the properties of a plasma generated in helium and in argon have been
made.

. Preliminary considerations have been given to the investigation
of antenna properties in the presenze of a plasma sheath which is anisotropic
due to the presence of a static magnetic field. A magnetic field apparatus
suitable for such investigations and capable of generating magnetic field
strengths in excess of 4500 gauss with a working diameter of 7" has been
assenbled and tested.



TABLE OF CONTENTS

INTRODUCTION .. . . . . . . . . .. .. . . . I

II ANTENNA PROPERTIES IN THE PRESENCE OF ISOTROPIC IONIZED MDIA . 4

(a) Experimental Techniques ....... .. ......... 4
Containment and generation of the plasma
Microwave arrangement and techniques

(b) Antenna Pattern and Impedance Measurements in the Presence

Far-field antenna patterns of Plasma 0 9
Antenna impedance

(c) Radiation Pattern of a Microwave Horn in Presence of an
Infinite Plasma Slab .. . . . . . ... . . . . ... 14

Application ot reciprocity theorem
Application of diffraction theory

III MCROWAVEE•MASUREMENTS OF FINITE PLASMAS ......... . . 24

(a) Theory of Microwave Properties of Finite Plasmas . . . . .. 25
Effect of Boundaries on Transmission and Reflection of E-N
Waves by a Plasma ......... ... ....... 25

i) "Unbounded" plasma model
ii) "Plasma slab" model
iii) Plasma slab bounded by dielectric plates
iv) Comparison of the three models

Refractive Defocussing by Uniform Plasma Slabs and Cylinders 34

ý i) Plane wave incident
ii) Spherical wave incident (point source)
iii) Focussed beam

Effects of Non-uniformity of Plasma . . . . ... . . .. 40

(i) Plasma properties varying in direction of propagation
- no boundaries
- effect of boundaries

(ii) Plasma properties varying normal to direction of
propagation

Electromagnetir. Wave Propagation Through Laboratory Plasmas
as a Diffraction Problem .... .................. . .o 52

(i) Application to point source illuminating finite plasma
slab

(ii) Application to plane wave illumination of plasma whose
properties change in radial direction

(b) Experimental Study of Microwave Systems ............. 59
Microwave System of Transmitting and Receiving Horn Antennas 61#

(i) Stray scattering
(ii)Influence of plasma container on microwave measurements

Multiple reflections
(iv) Diffraction effects



-2-

Microwave System Containing Transmitting and Receiving Lenses 70

i) Field intensity around the focus of the receivin; lens
ii) Field intensity as function of position of receiving

lens system

- multiple reflection&
- diffraction effects

Microwave System Consisting of Transmitting Lens and Receiving
Horn . . . . . ..* .o . * . .. . . .. .. 77

(c) Free-Space Microwave Measurements of Plasma Properties . . . 79
Free-Space Microwave Measurements of Plasma Using Various
Microwave Arrangements ................ ,...... 79
Free-Space Microwave Determination of Plasma Properties in
Helium and Argon . . 0 . . . . . . . . . . . . . 88

W i) Helium
ii) Argon

IV PRELIMINARY CONSIDERATIONS AND FACILITY FOR INVESTIGATION OF
ANTNNA PROPERTIES IN THE PRESENCE OF ANISOTROPIC IONIZED MEDIA. 99
(a) Preliminary Consideration ... * . * . .. . o .. * 99
(b) Experimental Facilities . . . . . ... . .... . 102

V CONCLUSIONS. . . . .. . ..... ......... 107

VI REFERENCES . ..... . . .............. 112



I INMODUCTION

A great deal of attention is being given at present to the per-

formance of antennas in the presence of ionized media and in particular

to the effect of a plasma sheath on communications to and from radio

systems engulfed by the plasma sheath. The aim of the work performed

under Contract AF 19(600)-7334 was to investigate experimentally and

analytically the effect of ionized media on the properties of microwave

antennaso

An experimental investigation of the influence of an isotropic

plasma sheath located in front of a microwave horn antenna on the radia-

tion pattern and impedance of that antenna was conducted. The plasma

sheath was generated by a 60c/s discharge in helium contained in a

cylindrical container. The effect of this plasma sheath on the radiation

characteristics and impedance of the microwave horn antenna was measured

in detail at a frequency cf 9.7Ga using a fast-acting microwave phase and

amplitude measuring system. Using the reciprocity theorem, analytic

expressions were derived for the radiation pattern of a microwave horn

in front of an infinite plasma slab. These predictions did not agree

with the experimental values. By using a theoretical model which treats

the plasma as a uniform infinite slab and which considers diffraction

around the edge of the experimental plasma container, most of the

important features of the measurements could be explained. This illustrated

importance of diffraction effects due to the finite size of the plasma on

the experimental measurements. In order to simulate the influence of a

plasma sheath on the radiation pattern of a microwave antenna in the

laboratory, a finite plasma contained in a dielectric bottle and a "real"

microwave measurements system must always be used. The result is that

some refraction, reflection, absorption and diffraction effects are

present. It was thus necessary to ascertain these effects in detail in

order to either eliminate or minimize their influence and to be able to

make a detailed quantitative interpretation of the experimental results.

Consequently, a comprehensive series of investigations designed

to test the validity of various theoretical treatments of plasma properties
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and to assess the accuracy of various microwave systems for determining

the properties of plasmas which are finite in extent using free-space

microwave techniques was undertaken.

Theoretical results were obtained for prediction of plasma

effects such as plasma boundaries, refractive defocussing, non-uni-

formity of plasma and diffraction due to finite size of the plasma.

Measurements on various experimental geometries demonstrated the

influence of the dielectric boundaries of the plasma container, the

effects of multiple reflections within the measurement system and the

precautions which must be exercised both in the measurement and interpre-

tation of the results. Measurements of plasma properties using a number

of different microwave arrangements were assessed and the limitations of

the various systems shown. Finally, free-space microwave determination

of the properties of a plasma generated in helium and in argon were made.

Having thus gained considerable insight into the effect of the

limitations of the finite size of the plasma, it is now possible to

design and conduct more quantitative experiments on the properties of

antennas in ionized media. A natural extension of the aforementioned

study of the effeot of an isotropia plasma sheath on the characteristics of

a microwave antenna is to perform similar measurements in the presence

of a plasma immersed in a static magnetic field and hence ascertain if

the sheath can be made transparent through the use of magnetic fields.

In order to perform such investigations a magnetic field facility is

necessary. Sucýh a magnetic field apparatus has been set-up and tested

and preliminary considerations of the investigation of antenna properties

in the presence of anisotropii' plasma sheaths has been made.

The research programme conducted under this contract can thus be

divided into the following phases:

1. Investigation of Antenna Properties in the Presence of

Isotropic Ionized Media.

2. Microwave Measurements of Finite Plasmas.

3- Preliminary Considerations and Facilities for Investi-

gation of Antenna Properties in the Presence of Aniso-

tropic Ionized Media.
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The first two phases have been described in detail in scientific

reports. Consequently, only a brief account of these investigations will be

given here. This report also zontains preliminary consideration of antenna

properties in the presence of anisotropic media and a description of a

magnetic field facility set-up for such investigations.

As a result of the investigations conducted under Contract

AF 19(604)-7334 the following scientific reports and papers were written:

Scientific Reports

G.G. Cloutier "Antenna Properties in the Presence of Ionized Media"
M.P. Baohynski AFCRL-62-191, March (1962).
K.A. Graf

M.P. Bachynski "Microwave Measurements of Finite Plasmas"
G.G. Cloutier AFCRL-63-161, May (1963).
K.A. Graf

Papers Published

GoG. Cloutier "Antenna Radiation Patterns in the Presence of a Plasma
M.P. Bachynski Sheath"9 Proco. Sympo on The Plasma Sheath, Plenum Press.

G.G. Cloutier "Antenna Characteristics in the Presence of a Plasma
M.P. Bachynski Sheath", Proco Sympo on E-M Theory and Antennas, Pergamon

Press, pp. 537-548 (1963)o

M.P. Bachynski "Electromagnetic Properties of Finite Plasmas"
K0A. Graf RCA Review XXV, March (1964) - (to be published).

The following papers were presented on work conducted under AF 19(604)-733,4

G.G° Cloutier "Antenna Radiation Patterns in the Presence of a Plasma
M.P. Bachynski Sheath", 2nd Sympo on The Plasma Sheath, BostonApril

10-12 (1962).

G.G. Cloutier "Antenna Characteristics in the Presence of a Plasma
M.P. Bachynski Sheath", Sympo on E-M Theory and Antennas, Copenhagen,

June 25-30 (1962).

M.P. Bach~ynski "Free-Spaae Microwave Measurements of Plasma Properties"
G.Go Cloutier PTGAP International Symp., Boulder, July 9-11 (1963).
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II ANMW. PROPERTIES IN THE PUESNCE OF ISOTROPIC IONIM 3II

Experiments have been conducted which were designed to examine

the influence of an isotropic plasma sheath located in front of the

aperture of an x-band (9o7Gc) horn antenna on the far-field radiation

pattern and impedance of that antenna. The experimental techniques,

radiation pattern and impedance measurement of the antenna in the

presence of plasma and theoretical investigations and interpretations

are described belowo

(a) Experimental Techniques

Containment and Generation of the Plasma: To approximate a

slab of plasma, the plasma was confined in a cylindrical glass container

terminated at both ends by parallel low loss dielectric (polystyrene)

plates. The size of the container was limited by the requirements for a

uniform discharge throughout the entire volume and by the amount of power

required to generate a sufficiently intense plasma (for the x-band micro-

wave region) in this large volume° The final size of the container

(see Fig. 1) was 8 inches in diameter and 4-3/1. inches long corresponding

to a thickness of the order of 3M5 wavelengths at x-band.

In order to apply power to the gas in the container, two flat

electrodes made of non-magnetic stainless steel were located within the

container at a distance of 6-1/4 inches apart. Outlet and inlet

connections for evacuating the plasma container and admitting the gas

into it were also provided. The plasma is generated by applying a

60c/s voltage through a 1001 step-up transformer to the electrodes.

Typical operating conditions are a voltage of 900 volts r.m.s. across

the discharge and a current of one ampere both suitable monitored by

an ammeter and voltmeter located in the circuit. Due to the relatively

high power generation in the plasma (- I kilowatt), it was necessary to

operate the discharge in short bursts of not more than one second to

prevent overheating the container. Synchronization of the measurements

with the firing of the plasma was accomplished from a main control switch.
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Helium gas was employed for the discharge and introduced into

the plasma container through a fine control needle valve in series

with a pressure regulator and a high pressure helium reservoir. In

order to prevent accumulation of impurities in the plasma container

and to insure reproducibility of the plasma conditions, a continuous

gas feed system was used in which a small helium flow rate maintained

the gas pressure in the plasma container at a constant value. The

arrangement of the plasma container, the discharge electrical supply

unit and the gas handling system are shown in Fig. 2.

Microwave Arrangement and Techniques: The microwave trans-

mitting horn (15db gain) is also shown in Fig. 2, together with the

plasma container positioned on a rotary turntable. The receiver horn

and auxiliary microwave system is located in the far-field of the

transmitter. The turntable is motor driven and the angle of rotation

is determined by a synchro-generatoro The entire microwave arrangement

is located within an anechoic room in such a way as to eliminate reflec-

tion from the walls.

The microwave measurements are carried out using the "multiple

probe" technique developed by Osborne'. The multlprobe system allows

simultaneous measurements of phase and amplitude to be made over a wide

dynamic range and at a very rapid sampling rate. The resulting display

on an oscilloscope trace is a polar plot of amplitude and phase, i.e.

the magnitude of the radius vector corresponds to the signal amplitude

and the polar angle to the phase of the microwave signal. The system

can be used for measurement of either the transmitted or reflected signal.

In this experiment a system was developed to display on an

oscilloscope the changes of phase and amplitude of the microwave signal

transmitted through or reflected by the plasma as the plasma character-

istics changed during one-quarter of a cycle of the 60 cycle gas dis-

charge. By applying to the oscilloscope a series of sharp brightening

pulses at a repetition rate of 10 Ko/s, the measurements were displayed

as a series of bright spots as shown in Fig- 3. In this manner )0

points or 40 values of the plasma properties could be sampled in one-quarter
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Fig. 3: Typical measurements of transmission of electromagnetic waves
through a time-varying plasma using the multiple probe technique
at a frequency of 9.*7GO * The radius vector of the polar d~isplay'
corresponds to amplitude while the polar angle is a direct
measure of the phase of the microwave signals.
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Pig. 3: Typical measurements of transmission of electromagnetic waves
through a time-varying plasma using the multiple probe technique
at a frequency of 9.7GO. The radius vector of the polar display
corresponds to amplitude while the polar angle is a direct
measure of the phase of the microwave signals.



cycle of the discharge. Figure 3 illustrates a typical display of

microwave transmission measurement across the bottle. The points

appearing near the edge of the screen correspond to the sero voltage

o~ndition across the discharge and it is seen that as the disoharge

intensity is inoreased, a large attenuation and phase shift is

observed for a x-band (9.7Go) signal passing through the plasma.

Note the continuous unambiguous display of phase change in excess
of an angle of 3600. This is another of the advantages of the

multiple probe technique and display. In addition, scale expansion
for greater accuracy at the high attenuation levels can also readily

be done.

The optimum conditions under which a uniform plasma in helium

of sufficient electron density to markedly affect x-band signal

frequencies could be produced was experimentally determined to occur

at pressures ranging from 0.30 to 1.0 torr. At low pressure, the

electron density is insufficient, while at higher pressures the dis-

charge becomes non-uniform constricting itself to the region between

the electrodes. For the measurements presented here, the helium

pressure was maintained at 0.85 torr which assuming a uniform plasma

slab corresponds to a plasma frequency of about 0.8 of the signal

frequency at x-band at the peak of the discharge cycle.

(b) Antenna Pattern and Impedance Measurements in the Presence of

Plasma

Far-Field Antenna Patterns: The far-field antenna radiation

patterns in the presence of a plasma were measured in the following way.

Since the discharge could only be run for a short interval of time due

to the large amount of power dissipated in the plasma container, a

record of the phase and amplitude of the received signal for a fixed

scanning angle was obtained over a quarter cycle of the discharge by

means of the multiple probe sampling system. Consequently, it was

only necessary to run the discharge a fraction of a second for the meas-

urements at a given scanning angle. The same procedure was then repeated
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at two degree intervals of scanning angle. The far-field radiation

patterns for a given plasma intensity could then be obtained by

plotting the attenuation of a given dot on the multiple probe display

as function of the scanning angle. The phase variation with scannin

angle for a specifi plasma could similarly be obtained from a plot of

the phase angle variation for a given dot. The dots on the displays

are synchronized with the gas discharge and can thus be used as time

markers corresponding to different plasma properties. The antenna

radiation patterns for other plasma intensities are, of course, can-

structed from the positions Of other dots on the multiple probe displays.

For the above procedure to be valid, the electronic microwave

sampling system must be kept stable during a complete set of measure-

ments and the discharge must be accurately reproducible for each angle

of the scanning range. The tests and procedures to achieve this are

described in detail by Cloutier and Baohynakia.

Typical measurements of the far-field radiation pattern (both

amplitude and phase) of a microwave horn in the presence of a sheath

of plasma are shown in Fig. 4. The variations shown in Fig. 4 were

obtained at x-band (9o7Go) with the electric vector of the transmitting

horn set in the horizontal direction. (A similar result is obtained

with the other polarization)o.

The general characteristics of the x-band radiation patterns of

the horn antenna in the presence of a plasma are the following. A pro-

nounced minimum is observed at normal incidence and this mini4- becomes

predominant with increasing plasma density. The side lobes of the

antenna pattern tend to increase relative to the main lobe power level

and at large scanning angles (30-40o) may be greater than their no

plasma value. The phase front emanating from the plasma covered antenna

tend to become more planar with increasing electron density. Due to

the limited size of the plasma container it is evident that the effects

at large scanning angles are seriously affected by diffraction around

the edges of the container. At greater electron densities (WPIN > 0.75

where P = plasma frequency, w = signal frequency), the received signalp
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is generally more than 15 decibels below the signal received at normal

incidence in the absence of the plasma. These patterns are not shown

in Fig. 4, but their power levels lie well below those illustrated.

Auxiliary measurements of phase shift of a microwave signal

transmitted directly across the plasma were used to evaluate the

electron concentration and hence the plasma frequency. The evaluation

of the electron concentration was based on the theory for a uniform

slab of plasma of thickness equal to that of the interior of the plasma

container. This gave average electron concentration of 10' electrons/cj?

at the peak intensity of the gas discharge. Since microwave measurements

of attenuation are much more sensitive to the geometrical arrangement

of the experiment, it is consequently much more difficult to obtain

accurate conclusions regarding the collision frequency.

Antenna Impedance: The signal incident on the plasma and

reflected back into the transmitting horn creates a mismatch at the

transmitter. This effect of the plasma on the impedance of the trans-

mitting horn was also examined using the multiple-probe system. The

multiple-probe system gives a very convenient direct Smith chart display

of the antenna impedance.

Typical variations of the antenna impedance with plasma properties

at x-band frequencies are shown in Fig. 5. The multiple probe display

has been expanded to correspond to a preset nominal voltage standing

wave ratio (VSWR) at the outer ring of the record. The centre point

of the display corresponds to a VSWR of one and the transmitting horn

has been matched to the plasma container when there is no plasma. The

variation of the antenna impedance is then given by the spiral trace

starting from the origin and tracing out the antenna impedance over one-

quarter cycle of the gas discharge (from the no plasma intensity).

At x-band, even for plasma densities approaching the "cut-off"

condition, the VSU introduced by the plasma does not exceed 1.70.

Comparing the VSWR measurements with transmission measurements (Fig. 3)

it can be seen that, as expected, the highest mismatch corresponds to

conditions of least transmission or greatest attenuation. It thus appears
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Fig. 5: Measured antenna impedance in the presence of plasma sheaths
of different properties at x-band (9.7Gc).



"", -

that even at high electron densities most of the microwave energy

penetrates into the plasma where at the peak plasma intensities a great

fraction of the incident energy is absorbed and/or scattered by the

plasma. The results are consistent with calculation based on a loasy

slab of plasma3 .

(c) Radiation Pattern of a Microwave Horn in Presence of an Infinite

Plasma Slab

Application of Reciprocity Theorem - Using Lorentz's reciprocity

theorem it can be shown' that the field 3. (2), due to a source T1,

observed at point T, in the far-field may be expressed by

NJ (2) = "j, (H, X. - Ha x l)oni d (d)

where a is a vector along E (2),

Sis a unit vector normal to the surface si

and In and Ha are the fields due to a dipole source at Ta.

From Equation (1) it is seen that the field due to the source Z may

be evaluated at Ta from a knowledge of the fields due to T, and Ts on

the surface sq . It can be shown that by properly choosing the surface

si it is possible to greatly simplify the problem of evaluating the

radiation pattern of an antenna in the presence of a plasma sheath. The

experimental arrangement may be represented by the schematic diagram of

Fig. 6.

The surface of integration Nj is chosen as an infinite plane

lying between the aperture of the transmitting horn T, and the surface of

the plasma slab facing the transmitter. In our experiment the receiving

horn Ta is located in the far-field of the plasma slab. Therefore a
wave launched from Ta can be regarded to a good approximation as a plane

wave incident on the plasma slab. The field on si, due to the point

source at Ts can thus be written as

la(o) = T(O) B&o(O)

Ka(o) = T(O) Hgo(o) 
(2)
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where T(O) is the amplitude transmission coefficient of a plane wave

incident on the plasma slab at an angle 0. Eao, Has is the amplitude

of the field incident on the plasma slab. The field on as due to the

transmitting horn TI is given by the phase and amplitude distribution

of the field in the aperture of the horn. Since T(O) is independent

of position on sa, Eq. (1) becomes

E,(2) = T(O)a (Hae xE , -HIxIo). n C. (3)

Furthermore since Elo, H,° can be described by a plane wave the integral

over sa essentially represents the far-field radiation pattern of the

transmitting horn TI. Therefore the radiation pattern of the horn in

the presence of a plasma slab can be expressed by

EI(2) = T(O) Us(O) (4)

where U, (O) is the far-field radiation pattern of the horn TI. Equation

(4) is extremely useful since it shows that the radiation pattern can be

computed simply from the knowledge of the transmission coefficient of the

plasma slab and the far-field radiation pattern of the transmitting horn.
The above derivation is justified as long as the absorptivity of the plasma
to microwaves is not too large i.e. within the limits of the geometrical

optics approximations.

The transmission and reflection coefficients of an infinite
slab of plasma d bounded by free space when a plane electromagnetic

wave is incident on the plasma at an angle 9 are given by9:

TT = - (Z s2+'Pd÷ sin'Qd)÷ 2Zr cosh Pd sinh Pd + sinh Pd
-1

+ cosh' Pd + 2Zi sin Qd cos Qd] (5)-

RRe = TTe(L'+ le)( sineh Pd+ sina Qd) (6)

where:
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TT*, RRU are the power transmission and reflection coeffioients reepeotively

D (P+ jQ)d
=. [(4-¶F --T)- ÷ •'- ½(<.- iU,)]½

q = [ /(K -7•ie )E÷Ki a +xKr- sif6)1

I D

Kira

Kr=~ 1 - + Pa/.)

W, Vpp vP are respective3,y the radio frequency, plasma erequetoy and

effective collision frequency,

and for a horizontally polarized incident field (Z perpendicular to

plane of incidence)

_Z Q , k cos e 8+0 P÷
Zr = Loose RQ"+ fl

Z I-,E Fcosae - V' - Pa-.zi -- LcosO (Q'÷+ )

L = -(Q/P)Zi

N = (P/Q)zr

while for a vertically polarized incident field (E in plane of incidence)

___;_K + k'ooa-l
Zr Ke I -F 0rcosT(~K) P+

ZI I-k'c+ IF

Zi= Kr ~ i co-11 QFK¶

L Z



181
- 18 -1

Based on the above derivation of the transmission ooefficient

for a plane wave incident on a plasma slab, computations were made for a

plasma characterized by (u/u) - 0.75 and (w/o) - 0.1 . The thickness of

the plasma slab was set at three wavelengths (A n 3cm).

The computed values of the power transmission coefficient TT*

are plotted in Fig. 7 on a decibel scale as function of the angle of

incidence on the plasma slab. The radiation pattern of the microwave

horn in the presence of the plasma slab was then obtained (using Eqn. 4)

by adding graphically the power transmission coefficient in decibels to

the measured radiation pattern (in dbs) of the microwave horn. The

resulting curve is also shown in Fig. 7. It is seen that the attenuation

caused by the presence of the infinite slab of plasma at normal incidence

is 7 decibels and that no increase in the power received is predicted as

the scanning angle is increased as is observed in the experimental measure-

ments.

Application of Diffraction Theory: A direct theoretical investi-

gation of the experimental arrangement is prohibitively complicated and

hence a suitable simple model which can lend itself to theoretical analysis

and which adequately describes the experimental arrangement must be sought.

Since the major complexity of the experiment is introduced by the finite

size of the plasma container a series of measurements were conducted on

the influence of the container on the radiation pattern of the horn. In

this way it was established that the effect of the entire container could

be effectively approximated by the outside dielectric plate of the plasma

container alone, as shown in Fig. 8. Furthermore using diffraction

theory4 and taking into account the directivity of the microwave horn

antenna, the effects predicted analytically agree well with experiment.

Consequently, the theoretical model adopted for comparison with the experi-

mental determinations of the effect of a plasma on the radiation character-

istics of a microwave horn was that of a horn radiator located directly

behind an infinite uniform slab of plasma with a dielectric plate on the

opposite side of the plasma representing the plasma container.

With this theoretical model it is possible to apply diffraction

theory taking into account the presence of the plasma. The derivation of
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this solution can now be carried out in a manner analagous to the deriva-

tion for diffraction by a dielectric diso conducted previously. The

field intensity in the far-field region when a plasma slab is located

between the source and the dielectric plate as given by the soalar

Kirchhoff diffraction theory can be written*

I(q) = [ka)' - qI][ (Is,. Is)a+ (13 + 14)'] (7)

where q = ka sinO

k = 2wA, A is the free-spaoe wavelength

a = radius of the dielectric plate

9 = the diffraction or scanning angle measured from the normal

to the plate,

- ekytpr e-Pr" oex(katxt +. r2) 3. (qr)rd. (8a)J, = (/5 .ar

0

ro4 0 e-ayap '+ r' ePr sin(kaaari pr JO-(or)rdr (8d)

a, -nor+ (n*no?) (do)

0

°fe-ka,p•r' e-Fr" sin(kaa,/D-•-).r ° ~(ar) 7rd8d

and

£ =n +o ÷(÷ n%r) z = 1- ÷(,.)
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M a nor= a ,l
2. 1,

n i 2= \ i" = effective electron(I ) collision frequency

d = thickness of dielectric plate n = dielectric constant

of the plate

p = d,/a is the normalized distance between the source and the

dielectric plate

di = distance from source to dielectric plate, which is the thickness

of the plasma

Jo is the Bessel function of the first kind

r = p/a is a normalized radius vector

p = radius vector in polar co-ordinates

•"PP* is the illumination function approximating the directivity of

the horn pattern. • is selected to fit the main lobe of the

radiation pattern

ro is the upper limit of integration.

The analytic solution (7) is sufficiently involved to require

computation on an electronic computer. Figure 9 shows such theoretical

curves obtained for the following parameters:

a = 10 cm X = 3.1 cm

d = 1.9 cm P = 1.33 om

n = 1.58 cm re= 2 cm

d, = 14. cm

These values correspond to the experimental conditions for x-band
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Fig. 9: Theoretical far-field radiation patterns for a microwave horn
in the presence of an infinite plasma slab and including
diffraction effects due to the edge of the plasma container.
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measurements except that the actual plasma thickness in the experiment

was 3.5X. Due to the directivity of the source, the upper limit of

integration could be taken as ro = 2. The computed patterns displaY

only the main lobe of the radiation pattern since the approximations in

the theory are no longer valid for scanning angles larger than 20 degrees.

In agreement with the experimental observations (Fig. 4) the

power received at normal incidence decreases rapidly as the plasma

intensity increases, resulting in a deep minimum in the radiation

pattern at normal incidence. The effect of increasing collision

frequency is also shown and results in an effective lowering of the

overall power level of the far-field radiation pattern. The iredicted

power level is, however, greater than that measured experimentally.

This may be due to the fact that reflection at the plasma boundaries,

refraction at the first dielectric plate and nonuniformity in the plasma

are not considered in the analysis.

It thus seems essential, before going on to investigate the

effect of more complex plasma sheaths(such as a plasma which is anise-

tropic due to the presence of a static magnetic field) on antenna behaviour,

to ascertain in detail the influence of these diffraction, reflection and

refraction effects. Once these phenomena are known and better under-

stood, then their influence can be either eliminated or minimized and

better quantitative interpretation of the effect of the plasma sheath

itself on antenna behaviour can be made. Such a series of investigations

is described in the next chapter.

III MICROWAVE MEASUREMENTS OF FINITE PLASMA.S

In practice laboratory plasmas are finite in extent; they may

be contained by material walls, the boundaries of the plasma may not be
well defined and the plasma may be non-uniform in both space and time.

Similarly the practical measurement system may not produce a plane

incident wave, the source and the receiver both have finite radiation

patterns, the plasma may be located in the near field of the source and

multiple interactions may occur between any of the source, the plasma
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container, the plasma and the receiver. The result is refraction,

reflection, absorption and diffraction phenomena which are. not easy

to define and interpret but the understanding of which is essential

before accurate quantitative determination of plasma properties is

possible.

Although a number of microwave free-space measurements of

plasma have been reporteds'- 0 and some of the above limitations have

been mentioned, there does not appear to have been a systematic attempt

to assess the predictions of various simple theoretical models of the

plasma, develop theories to account for the influence of the afcre-

mentioned effects and to test the accuracy of various microwave arrange-

ments for determining the properties of plasmas which are finite in

extent.

As part of the research under Contract AF 19(60L)-733l

theoretical predictions have been developed and typical numerical

values calculated for plasma effects such as plasma boundaries,

refractive defocussing by the plasma, non-uniformity of the plasma.

Experiments on various microwave arrangements have been conducted to

show the influence of the dielectric boundaries of the plasma container,

the effect of multiple reflections within the measurement system and

the precautions which must be exercised both in the measurements and in

the interpretation of the results0  Measurements of plasma properties

with different experimental arrangements have been tested and the limita-

tions of the various systems ascertained. In addition, free-space

measurements of the properties of a slab or sheath of plasma generated

in helium and argon using the "optimum" microwave arrangement have been

made 0  This work is sumuarized in the following sections.

(a) Theory of Microwave Properties of Finite Plasmas

Effect of Boundaries on Transmission and Reflection of Waves by

a Plasma: MarW calculations on the effect of a plasma on an incident

plane electromagnetic wave are based on a theoretical model in which the

influence of the boundaries of the plasma are completely ignored. The
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electromagnetic wave is considered to traverse a region of plasma equal

in extent to a given physical dimension but the effect of reflection

from the interface between the plasma and freespace and multiple

reflections within the plasma are neglected (see Fig. 10a). This

"unbounded plasma" model thus prediots the attenuation and phas4 shift

that the plasma would introduce to a plane homogeneous electromagnetic
wave traversing a given distance in an infinite, uniform, isotropic

plasma.

A more realistic model (Fig. 10b) considers a plane, homogeneous
wave normally incident on a uniform, isotropic "plasma slab" bounded by

free space. In this model both reflections from the interfaces and

multiple reflections within the plasma are taken into account.

In a laboratory plasma, the plasma is very often contained by

material walls. A theoretical model to take into account the effect of

the material container is a slab of plasma bounded by two flat dielectric

plates (as shown in Fig. I Oc)o

Calculations of the attenuation and phase-shifts introduced by

a plasma to an incident electromagnetic wave based on these three models

have been made and compared for various plasma parameters. The predictions

of the different models give an indication of the range of validity of

each model and the accuracy of measurement of plasma properties to be

expected when free-space microwave techniques are used.

(i) Unbounded Plasma Model - In a uniform, neutral plasma of

electron density n and effective collision frequency v, the dielectric

constant can be written for a harmonic time varying field (eqwt) asi:

K~~_ /! K-ai= ~ (+(/y)- (9)

N NS

where:
w p is the plasma frequency = (ne'/mie)

e,m are respectively the electronic charge and mass
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eo is the permittivity of free space

V is the radian radio frequency

N,S are normalized electron density and collision frequency

parameters given by: N I= (w/6), ; S - V/W

For a plane homogeneous electromagnetic wave the propagation

constant (y), attenuation constant (a) and phase constant (•) can be

written as:

y - jP (0o0)

/IKK- r i
a = ý(lOb)

P= K 2) (100)

where:

I I Z = k7

and k = 2irA is the free space wave number.

For a wave propagating a distance d in the plasma, the trans-

mission coefficient T, and the reflection coefficient R are given by:

T 1 i-ead (la)

R =0 (11b)

The attenuation of the wave after propagating a distance d in

the plasma is given by:

ad = •ýr--3Z) (12a)

The phase shift which occurs when PA changes from unity (no

plasma) to some value defined by the plasma is:

q ~~~ ~ ~ ~ / [I I P-) I IIIII I (I 2b
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(ii) "Plasma Slab" Model: The theory for an "unbounded plasma"

is very simple to apply. It is usually considered quite accurate if the

refractive index of the plasma is close to unity, in which case reflections
from the plasma - freespace interfaces will be insignificant. To check

the validity of such assumptions, calculations were performed to determine

the attenuation and phase-shift of a plasma slab sharply bounded by free
space. Writing down the boundary conditions at each interface and

solving the electromagnetic equations gives the transmission coefficient

for normal incidence ' '0 as:

ET

T = -= [cosh(ad÷+jpd)+ (Zr- Jzi) sinh(ad.+ jpd)]" (13a)

The reflection coefficient (applied to the fields) is similarly

obtained and found to be

R =TL[Zi(N)k-+ j Zr()] 1nh (a+ijP)d (1.3b)

where:

The incident energy which is not reflected or transmitted by the

plasma slab is absorbed; the absorbed power A is given by:

A = I -1R*- TT* (1)+)

where the R*, T* refer to the complex conjugates of R and T respectively.

(iii) Plasma Slab Bounded by Dielectric Plates: Laboratory

measurements on plasmas are usually significantly affected by the

container in which the plasma is confined. Even when the index of

refraction of the plasma is close to unity, the combined effect of

reflection from the container and the plasma may be significant. To

study the magnitude of this effect, calculations were made for a model

consisting of a plasma slab bounded by two dielectric plates. The

geometry was as shown in Fig. 10c.
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At normal incidence, the wavesin the plasma and the dielectric

will be plane waves. Nine "composite" waves representing all possible

reflections are of interest. One can write all the boundary conditions

of the electric field and the magnetic field across the various inter-

faces. Solving the resulting equations for the transmission and

reflection coefficients of the slab of plasma bounded by dielectric

plates in free-space gives@:

T [c= osh' y'd'+ sinh* y~d' + ( + Z,) sinh2vld] coahyd

+ ( + Z_.L sinh 2Y'd' + 0.L+ osh' y'd'

+ /ZoeZ.+ szih) y 'd jinhyd(1 .,

R sinh y'd' cosh y'd' cosh yd

+ iz - Z osa' y'd'+ (zaZ. - sineytd]Binyd] (i5b)

where:

y, y' are the propagation constants of the plasma and the

dielectric plates respectively,

d, d' are respectively the thickness of the plasma and a

dielectric plate,

Zo, Z1, Zs are the impedances of free space, dielectric and

plasma respectively.

If the dielectric plates are considered lossless, the propagation

constant of the dielectric y' will be purely imaginary.

y = 1, = jk (- = 2W

where u is the index of refraction of the dielectric plates.
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The impedances of the dielectric and plasma can be written in

terms of the freespace impedance as:

zI =2 z L = =zA (.=.A=)

where:

K, is the dielectric coefficient of the dielectric.

(iv) Comparison of the Three Models: The plots of the

attenuation and phase shift dependence on electron density for the three

models show that the phase-shift is perturbed less by the interface

conditions than the attenuation for low values of electron density.

Since, very generally, phase shift is associated primarily with electron

density and attenuation with the electron collision frequency, the effect

of the interfaces makes the collision frequency more in doubt than the

electron density.

A polar plot of the amplitude and phase of a transmitted signal,

calculated for the three models, is shown for comparison in Fig. 11. The

curve drawn in each case is for collision frequencies (v/A) of 0.03 and

001. Because of interface effects, and the thickness of plasma and

dielectric plates which were used in the calculations, the deviation for

the three curves is more pronounced at some electron densities than at

others. As an example of the effect of the boundaries, note that for

a phase shift of 3600, the electron density (n/ne) measured by all

three methods is 0.8.

The "unbounded" theory shows less than 3db attenuation; when

the dielectric plates and the interfaces are taken into account more

than 6db attenuation is obtained. This is a significant difference.

Conversely, it can be deduced that an attenuation of 6db would give

a collision frequency of 0.03 by the "dielectric plate" calculations,

and a collision frequency of about 0.06 by the "unbounded" theory.

As the collision frequency increases the differences between the various

models becomes less and less significant.
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It is also interesting to note that the difference between

the unbounded theory and the plasma slab model are not significant

for low electron densities (N < 0.4); however, the effects of the

dielectric plates on the plasma slab at these low electron densities

ar.e important due to the "matching" effects on the incident field.

Refractive Defocussing by Uniform Plasma Slabs and Cylinders:

Microwave systems used for the free-space measurement of plasma properties

can be broadly classified as to the type of incident wave front. The

arrangements most often employed are of the type that result in either

an incident plane wave (by the use of auxiliary lenses), a spherical

incident wave (unfocussed point source) or a highly focussed bean

(using lenses or other focussing devices) to give a high degree of

spatial resolution.

Since the refractive index of the plasma (M = K•) will, in

general, not be equal to the refractive index of free-space (MO = 1),

then refraction will occur at each boundary between plasma and free-space.

Using the concepts of geometric optics, the electromagnetic energy can be

considered as travelling along ray paths or rays which are normal to the

planes of constant phase of the wavefronto (We shall neglect in the

sequel the situation which can arise"' whereby the rays do not coincide

with the direction of energy travel - ioe. the direction of the Poynting

vector is not normal to the phase front ioe. inhomogeneous plane waves.)

The net result of the refraction is that the incident beam of energy is

spread out or defocussed by the plasma. (This is due to the fact that

for the plasma p < 1; for a dielectric with refractive index greater

than unity (p > 1) a focussing of the beam results.) The plasma can

thus be considered as a lens of refractive index leis than unity. The

net result of this refractive defocussing is that the energy density of

the radiation in the region where it can be measured by a microwave

receiving system has been decreased not only by the amount of energy

absorbed by the plasma but also by the amount by which it has been spread

out. Consequently, in order to obtain a measure of the energy absorbed

by the plasma (and hence get a measure of collision frequency) some
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estimate of the refractive defocussing is essential.

Subject to the limitations of geometric optics (dimensions

large compared to wavelength, losses in plasma small, eto.) it is

possible to derive expressions for the refractive defocussing by

uniform plasma slabs and plasma cylinders. These are discussed in

the sequel.

(i) Plane Wave Incident: For a plane wave incident normally

on a slab of plasma no refractive defocussing occurs as shown in Fig. 12a.

A plane wave incident on a uniform, cylindrical plasma will be

refracted. With reference to Fig. 12a let the extreme ray of an

incident beam of radiation of radius a be intercepted by a plane of half-

width A located a distance R from the centre of the cylinder of plasma

of radius r. The angles of incidence and refraction are respectively

ai and 'n, while the other parameters are defined in the diagram. Using

Snell's Law and geometric considerations, it is easy to show that in the

small angle limit:

a r

r+ 2(1-I )R
P

When the refractive index of the plasma is unity (p = 1), then

a = ao or

A

For an extreme ray of radius A, the effective radius of the

beam of incident radiation which is intercepted is a. The effect of

the plasma is to reduce the radius of the incident beam which is inter-

cepted from ao to a. A measure of the refractive defocussing effect in

one dimension is then:

a r 1

We shall call i? the "refractive defocussing coefficient" or in most cases
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the "refractive defocussing".

Note that if A > 1, then q > I, i.e. we get focussing.

For a plane wave incident, the defocussing coefficient i is

a measure of the beam of energy intercepted by a receiver of aperture

dimension A, located at R in the presence of the cylinder of plasma
relative to that intercepted when there is no plasma cylinder. Notioe

that for a plane incident wave the spreading or defocussing of energy
occurs only in the plane normal to the cylinder axis and no defocussing

effect is present along the axis of the cylinder.

(ii) Spherical Wave Incident (Point Source): A spherical wave

incident upon a uniform slab or cylinder of plasma will result in

refractive defocussing of the incident beam as shown in Fig. 12b.

To determine the refractive defocussing for a spherical wave

incident upon a uniform slab of plasma we can proceed as before. The

result is

Ro - d

and

a 1- d _ _a*-d Como (17&)

In the small angle approximation, coso • I, sio-* 0 and:

1(17b)

For a spherical wave emenating from a point source, the total

energy received depends on the cross-sectional area of the beam normal

to the direction of propagation - i.e. it is proportional to as. Hence
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the reduction in received power due to refractive defocussing is given
by i7a. A typical variation of 7* with electron density is shown in

Fig. 13.

For a spherical wave incident on a uniform cylinder of plasma,

following the procedure as before (see Fig. 12b) the relevant equations

become:

a r(4 - r)
A r(R.+o) + - 1) RRo

and

17 =N (1O8)

A similar result to Eqn. (18) has been obtained previously by

Heald 1"". Notice that this is the refractive defocussing (power) for
"a line source located parallel to the axis of the cylinder of plasma, i.e.

"a cylindrical incident wave. For a point source, the reduction in power
due to refraction defocussing will be given by the product of Zqns. (i7b)

and (18) since the defocussing will be two dimensional.

(iii) Focussed Beam: A focussed beam incident on a slab of
plasma and focussed at the centre of the slab will be defocussed as shown

in Fig. 12c. From Snell's Law and geometric considerations we arrive

at:

'7 2 o -,u (19)

The reduction in power for a focussed beam incident on a slab of

plasma will be proportional to 77' since i is the refractive defocussing

along a radius of the incident beam and the total incident power is pro-

portional to the area of (radius)' of the incident beam.

An incident beam focussed at the centre of a uniform cylinder

of plasma will not suffer refractive defocussing in the plane normal to

the axis of the cylinder (see Fig. 12c). There will, however, be
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refractive defocussing in the direction along the axis of the cylinder

since in the axial direction the cylinder will present a plane rather

than cylindrical surface. This refractive defocussing is given by Eqn.(19).

Effects of Non-Uniformity of Plasma

(i) Plasma Properties Varying in Direction of Prepagation

No Boundaries: Consider a plane wave incident normally on

a slab of plasma of thickness d. Let the electron density be a function

of position in the slab in the direction of propagation only. Since

the plane wave is incident normally on the slab of plasma no refractive

defocussing effects will occur even if the plasma properties vary in the

direction of propagation.

Initially, neglect the effect of the plasma boundaries so that

the reflected wave and multiple internal reflections within the plasma

can be ignored. (We shall return to these later.) This is a reasonable

assumption for a dilute plasma or a very lossy plasma.

Considering only the wave transmitted through the plasma then,

the phase change A and attenuation A, introduced by the plasma are:

d d

AO=k Lz zA, = kf a) z(20)

0 
0

where:

p(z), a(z) are the phase and attenuation coefficients respectively

and k = 2r/A the wave number in free space.

It is advantageous to normalize the phase change and attenuation

with regard to the thickness of the slab. Setting s = s/d yields:

=a = I kd = ds (21)

0 0

The effect on a plane wave introduced by the plasma slab is then:

-kd(A - j At)
Se A:)
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When the losses in the plasma are small K >> Ki (this is

the only type of plasma for which present free-space microwave techniques

are applicable) we can write:

L1s.Ki -N- s) (22)

where: 3(..C s
N(3)= fa

For a dilute lossless plasma N(s) << I so that

I

L3 _1Z_ 3 and A = -4f N(s) ds (23)
0

Thus for a dilute plasma the change in phase depends only on the

total electron density along the path and not on the electron density

distribution. In the sequel we shall not make the dilute plasma

approximation in considering the effect of the form of the electron

distribution on the phase of the transmitted electromagnetic wave but

will retain the restriction that K >> Ki.

The effect of the electron density profile on the phase of an

electromagnetic wave transmitted through a plasma has been considered by

Wharton 1' and by Motley and Heald"., We shall adopt the slightly more

general results due to Johnston' 7 o

Consider the electron density profile in the slab of plasma to

be given by a "barn roof" type of distribution of the form:

N A N 0<S< (i-A)

(24.)
N-=N•A÷ (1").(s-{1-A?)"] (1|-A) <c s <c 1 2

where:

N is the maximum normalized electron density

. iu wu I II I I I I I I I II



A(41) is the height of the "shoulder" and is also the

ratio of the average electron density to the
maximum electron density - i.e. the average

electron density in the slab is A N.

The normalized phase change introduced by a slab of plasm of
this form of electron distribution is then:

o-A

0 1-A

2 C1l-A (TA A 1I-A\ (I % AA -.L'l Nm (25

For a uniform slab, A= 1, N =Nm and we go back to the original

integral (Eqn. 21) to obtain

(A§)A-i = (1N) 1 (26)

A plot of A§ vs. N for different density profiles (different

values of A) is shown in Fig. 14a. If we now normalize the results to

correspond to slabs of equal total electron content (equal values of AN%)

the result is shown in Fig. 14b. The striking feature to note is that

the phase is quite insensitive to the electron density profile even for
densities corresponding very near to the plasma frequency but depends

almost exclusively on the total electron content. It is thus

impossible with phase measurements performed at a fixed frequency to

ascertain with any degree of accuracy the electron density profile.

Only measurements performed at a number of different radio frequencies

on the same plasma can hope to give an indication of the electron

density distribution. This corresponds to keeping A fixed (same plasma

conditions) and varying Nm (by changing the radio frequency).

An indication of the dependance of the attenuation on the
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Fig. 14 (a) Variation of phase change introduced by a plasma withnormalized electron density for different spatialdistributions of electron density, (After Johnston'*).(b) Variation of phase change introduced by a plasma withaverage normalized electron density for differentspatial distributions of electron density, (After Johnston"o).
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the electron density profile is of value for analysing experimental data.

To a first approximation, the effective collision frequency is independent

of the electron density and will be considered as a constant throughout

the slab in the ensuing discussion. In a plasma where r > Ki, the

attenuation coefficient becomes:

k 7T - N-s) (27)
k r N -N(s)

For the "barn roof" distribution of electron densities given by

Eqn. (24), the normalized attenuation coefficient is:
I

ý .0 - N ) *
0

A = . +1-A A A

These are the standard integrals which yield:

AI- mt3 m -~~N

(29)

For a uniform slab (A = 1, N= N) we go back to the initial

expression (Eqn. (21)) to obtain:

N
m

A plot of A/w/* vs N for different density profiles is shown in

Pig. 15a. Again normalizing the results to total electron content of the

slab, (Fig. 15b) reveals that the effect of the density distribution is not
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Fig* 15 (a) Variation of normalized attenuation introduced by a plasma with normalized
electron density for different spatial distributions of electron density

(b) Variation of normalized attenuation introduced by a plasma with average
normalized electron density for different spatial distribution of eleotron
density.



significant until Nm : 0.8, i.e. the electron density must be at least

80% of the cut-off density before the attenuation becomes sensitive to

the electron density profile. It is thus apparent that single frequency

measurements of either or both phase and attenuation will give little

information on the electron density distribution throughout the plasma.

Simultaneous probing at multiple frequencies offers some hope in this

direction.

Effect of Boundaries: The effect of the electron density

varying in the direction of propagation (u-direction) on the fields

reflected and transmitted by a plasma slab have been considered by a

number of people (see for example Buddenle, and Nicoll and Basu"g) with

probably the best set of numerical results being recently obtained by

Albini and Jahne"',p for a "trapezoidal" electron distribution - i.e.

a uniform slab of plasma bounded by symmetric linear ramps of electron

density. Such a "trapezoidal" electron distribution (in the notation

of Albini and Jahn) is shown in Fig. 16. Note that changing ZeA is

equivalent to changing the electron density profile whereas changing

ZtA simply changes the thickness of the slab. The total electron

density over a cross-section of the slab is Nm(Zt-Zo), while the average

electron density is Nm(1 - (Zo/Zt)). Taking the numerical results of

Albini and Jahn and plotting them against (Zt - Zo)A for different

values of the "ramp" distance ZoA results in the curves shown in Fig.17.
Note that (Zt - ZO)A is the normalized width of a uniform plasma slab
of electron density equal to the maximum density of the trapezoidal

distribution and containing the same number of electrons as the slab of
width Zt and having a "trapezoidal" distribution of electrons along its
width.

Figure 17a shows the variation in amplitude of the reflected

and transmitted signals with slab thickness for different "ramp" distances

(Z•A) for a lossless plasma of dielectric coefficient K = 0.25. As

expected, the more gradual the "ramp", the better is the "match" of the

plasma and hence the more the signal which is transmitted through the

slab and the less the signal reflected from the plasma. The important

point to notice is that the positions of the maxima and minima of both
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Pig. 16:# Trapezoidal distribution of electron density inaplasma slab as used by AJbini and Jahn (ref. 20, 21)in computing effect of spatial electron distribution
on transmission and reflection of eleotromagnetio
waves.
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the reflected and transmitted signals depend on the total electron density
or the physical length of a uniform plasma slab, and not on the actual
physical dimensions of the slab. This is the case until the "ramp"
dimensions become quite significant (ZoA o 0.50).

The effect of losses on the behaviour of the amplitude of the

transmitted, and reflected waves is shown in Fig. 17b for a plasma of
dielectric coefficient K = 0.24 - j 10o. In the presence of losses the
signals become less sensitive to the shape of the boundaries. In

particular the transmitted signal does not depend significantly on the

shape of the electron density profile.

As before the minima and maxima which have become drastical•y

damped occur at the same position for "ramp" distances up to 0.5A. when

the slab dimensions are normalized to those of a uniform slab.

The phase of the transmitted and reflected waves8* can also be

put in a normalized form which shows their dependence on the total electron

content and relative insensitivity to the shape of the electron density

profile. Albini and Jahn plot the total phase shift of the transmitted

wave 0T upon passing through a plasma slab of thickness Zt and include the

free space path as well. To put this result into the form of the phase

change introduced by- the plasma A§ it is necessary to subtract from 0T the

plasma change in a path length Zt in free-space. Thus,

Z t
At = 2W

In Fig. 17c and 17d are shown plots of the phase shift of the

transmitted wave introduced by the plasma normalized to total electron

density. The phase shift is very nearly the same as calculated for the

unbounded plasma. The effect of boundaries is to make the phase undulate

slightly about the no boundary value. The influence of losses does not

introduce any significant modifications. The density profile changes the

phase very ilghtly - by an amount which cannot be used by the present day

precision of plasma microwave measurements to give any reliable informa-

tion on the density profile of the plasma.
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For the phase of the reflected signal consider the reflections

to occur from the slab as if the boundary was located at the midpoint

between where the plasma starts and where the maximum electron density

has been reached. This is again replacing the slab by an equivalent

(in total electrons) uniform slab of the maximum density. We, therefore.,

take the phase of the reflected wave asR & calculated by Albini and Jahn"

and add 2w/A Zo to their result (since the effective boundary of the slab

is considered to be at Zo/2 and the wave has to travel this distance

twice). Thus:

S 2vAor MR +. Zo z

Plots of I4r vs (Zt-Zo)A (i.e. slab width) are shown in Fig. 17c
and. 17d. Only at values of Z0 /% > 0.5 does the character of the reflected

phase depart notably from that of a uniform slab whose electron density is

the same as the maximum of the "trapezoidal" electron distribution and which

contains the same total number of electrons as the "trapezoidal" slab.

(ii) Plasma Properties Varying Normal to Direction of Propagation:
Consider a plane wave normally incident upon a plasma slab. The properties

of the slab are constant throughout the thickness of the slab, but depend on

the distance from the centre of the plasma slab. That is the electron

density n(r) varies in the direction normal to the direction of propagation.

At the incident boundary of the slab (z = 0), the phase front of the

incident plane wave coincides with the front face of the slab. At the

second boundary of the slab (s = d) the phase of the wave emanating at a

height r above the centre line of the slab is:

S= kd [1 -1 TI-N(r) ]

The phase difference between the wave coming through the slab

at height r to the phase of the wave coming out at the centre of the

slab (r = 0) is

A0 (r) - A(o) = kd -/- -/N(r) + (30)
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where:

No = and no, the electron density along the width of themeow
slab position r = 0

N(r) = n(r)

Rqn. (30),is thus the equation of the phase front (surface of

constant phase) of the wave emenating from the plasma. In physical

space the important parameter is the optical path length. The surface

of the constant path length is given by:

O(r) = k = d[- (r) + V1 - No] (3)

This is the shape in free space of the planes of constant phase

given in terms of physical dimensions.

Considering that the phase fronts are orthogonal to the

direction of energy travel, the ray incident upon the slab of plasma at

height r is refracted so that it emerges at some angle *(r) given by:

ta O,(r) --- dA dN(r)-- (32)
dr 2 Il. I r)

If the beam of incident radiation of radius a is intercepted by

a plane of half-width A located a distance R from the second surface of

the slab then the refractive defocussing (j) intorudoed by the non-uniform

electron density variation of the slab can be determined from:

A- a d (dN(r)/dr)r-a
tan $(a) = - 2 (33)

or
a +d -R dN~r)/dr (34)

A variety of different variations of the electron density with

direction normal to the direction of propagation and the corresponding
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refractive defocussing coefficient are possible. A convenient distribution

for laboratory experimental purposes is the parabolic distribution,
N(r) = No(1 -r(r/ro)') where ro is the radius of the plasma and r represents

the amount by which the electron density has decreased at the edge of the

experimental plasma relative to the electron density at the centre (No).

Despite the fact that the resulting equation for 1(a) is transcendental

it can be very readily solved.

Numerical results for a parabolic distribution of electron

densities as determinedfrom Eqn. (34) are shown in Fig. 18. As can be

seen if the plasma is non-uniform then very strong attenuation effects

can be obtained due to these refractive effects.

The geometrical optics type of refractive defocussing as we
have considered cannot take into account the phase difference between the
various rays (from different radii) as they reach the receiving antenna.

In order to do this, resort must be made to diffraction theory.

Electromagnetic Wave Propagation Through Laboratory Plasma. as a

Diffraction Problem: Most laboratory scale plasmas are only a few wave-

lengths in extent and hence when the properties of the plasma are to be

measured using electromagnetic waves, diffraction will play a major role
in determining the electromagnetic energy that emanates from the plasma

and its distribution in space.

When considering diffraction phenomena, the Kirchhoff scalar

diffraction formula, although not rigorous in its formulation, has enjoyed

considerable success when applied to actual physical problems. Using
the scalar diffraction formula, the field u at point p may be written:

u~) jk3 a - 8* jk\ ]dS (35)

where: 3 is the distance of the field point p to the surface of integration

Sis the value of incident field (amplitude and phase) at the
element of integration

n is the normal derivative in the plane of integration

S is the surface of integration.
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Fig. 18: Phase and attenuation of a plane incident wave transmitted through a slab
of plasma including the offect of dielectric plates and of lateral defoousing
in one-dimension for a parabolic distribution of electron density in
direction normal to direction of prop,-ation, (A= po).



(i) Application to Point Source Illuinating Finite Plasm. Slab:

To consider the diffraction phenomena introduced by a finite plasma, let

"a source of electromagnetic energy be situated at point S (see Fig. 19a)

"a distance (R-d) from a uniform slab of plasma cf thickness d. The

exit pupil of the system is an aperture of radius r located at the exit

position of the plasma slab. (In practicese, it is found that the

exit pupil of a finite plasma container determines the major diffraction

effects so that the above model is a good approximation to a cylindrical

slab of plasma of radius r and thickness d.] This exit pupil is taken

as the surface of integration. The problem is then to'determine the

incident field over the exit pupil and perform the integration according

to Eqn.(35) in order to evaluate the field at the point p. The result

can be written:

u)-1('R RI+[ d)- -adý , -ffe l -ek(g+ i . )a'i= k .2£ k a, J UO(1)e •

• k U• I oos(*-)ld,0

*eik~IoR'~~ (36)

where:

RI' = C(R÷x)'÷p']i

Ue = free-space radiation pattern of the source representing both
the strength and directivity of the radiation.

[2d, {13(I)

9 -[2(R-d (i + (Rad~pk

and the other parameters are defined in Fig. 19a.

Making the substitution:
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Fig. 19: (a) Geometry, for derivation of diefraltion due to a plaama slab located in front

of a eircula.. aperture in a metal screen.
(b) Optical distance travelled by radiation from source to exit pupil ofdiffracting system.
(o) Optical distance travejlled by radiation through plasma and from exit pupilto field point p.
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P - ÷4 f ) + '

S= I';"a
jt P

e a k(R.+ R,(/k - 1)d)

the integration with respect to 0 is readily executed to give:
I,,cp•. • .-•' .- .(.€0--il''• .•• ,

u(p) = @cj -ad Jol*-a (eQi) 1 dl (37)
0

where Jo is the zero order Bessel function of the first kind.

For the field along the principal axis of the systemLjK.O

so that:

u(p) = e. e- l e-(La)I e"I' 0 e-• d 1 dl (38)

0

Consider the field along the principil axis for a losaless

plasm& (a = 0) which is uniformily illuminated from a point source

located at S (i.e. Ue(1) = uo = constant). In this case:

I

e (2&') ]e- ad
U0e

0

The intensity along the principal axis is thus:

I(p) = k8a Fsia(P/2fl'

This is just the field along the principal axis of a circular

aperture. To study the influence of the plasma we must consider the

parameter P. After some algebra we can write:
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The effect of the plasma is thus to decrease the value of

(P/2) since the term P4 / [d+ (R-a) P4) decreases as p/k decreases.

The effect of the plasma is to shift the axial radiation pattern of the

system.

When the plasma is lossy (a j 0) and if the direotivity of

the incident radiation can be approximated in the form:

UO(i) = uo 8-0012

then Eqn. (38) can be written:

= .(2ra&' e0 f e-J[P" *f+POJ1'
U4~ MI Ij d

0

i~a ~-j[p- j (afa'+p ]ý /2 -s[ P - i(afe +on)
An@' 2 P -(ia..+i)

T40 intensity along the principal axis is then:

1(p) = 0g-0 + . a() cooa [ Pcos( + ctfa') - CosPl (42)

The effect of the losses in the plasm on the intensity is the

same as the effect of using a directive antenna.

(ii) Application to Plane Wave Illumination of Plasma Whose

Properties Change in Radial Direction: Consider a plane wave incident

on a slab of plasma as shown in Fig. 19o. The plasma is considered to

be non-uniform with the electron density N(r) depending upon distance

r from the centre of the plasma. A ray incident upon the plasma at r

emerges from the plasma at angle •. Assume a perfect lens is located a

distance R from the second surface of the slab. The energy at the focus
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of the lens is then readily determined if we know the field distribution

incident upon the lens. We then find" from a-plane incident wave and a

parabolic variation of the radial electron distribution

(u)p PC O- (Pd +.... (43•)

where:

W= * (Rs+ Qd) 7'(po'/ro')

S = r NC) (I + No +No')

No' = No/(1÷ v'r+ 'I')

17 = r/p

r= radius of plasma

pC = radius of lens

Note that P and W are complex so that the expression is not as simple

as it seems. When the plasma and the lens are the same sise: pC = re

and the values of j7 calculated in the previous section are applicable.

(otherwise n is calculated from Eqn. 31+ with A set equal to p.).

In the limiting case of:

(a) uniform plasma: r - 0, so that S= 0, Q = 0 and W 0.

u(p) k jR + R) -( ()

.~~~ ~~ • I I I I II
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(b) lens against plasma: Ru 0, = a 1, W ukQd

U(P) _ .ak -j0 b -jk(P.Q/2)d sin r o -)
2 ~Re LkQ

Numerical results for a parabolic distribution of electrons are shown in

Fig. 20 which illustrates the effect of the non-uniformity in electron

density, the effect of the distance of the lens from the plasma and the

effect of collision frequency. One can, for example, perform measure-

ments at different positions from the plasma in order to determine the

degree of non-uniformity of the plasma. Note that the non-uniformity

in the electron density of the plasma and the geometry of the arrangement

(Rd/ro*) have a far-greater influence on the electromagnetic wave passing

through the plasma than does the collision frequency.

(b) Experimental Study of Microwave Systems: MaW microwave

measurements of plasma properties by free-space propagation techniques

have been carried out without a detailed knowledge of the possible influence

of various effects such as refraction, reflection and diffraction on the

actual measurements of a signal transmitted through the plasma. One of

the aims of the microwave measurements presented in this section is to

show how important these effects may be in some given experimental con-

figurations. It is also intended to demonstrate experimentally how

these effects can be minimised and what is the optimum experimental

arrangement for a given plasma container and microwave transmitting and

receiving antennas.

An extensive series of measurements have been carried out on

three basic experimental arrangements in order to establish the microwave

characteristics of the measuring systems in the absence of a plasma.

The three microwave systems which have been the subject of investigation

are represented in Fig. 21. In Fig. 21a the cylindrical dielectric

container terminated by flat polystyrene plates is illuminated by a

microwave horn; the receiving antenna is also a microwave horn. This

I I I I I I I I I I I I I I !M
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Fig. 20a: Phase and intensity of an incident plane wave transmitted through a slab
of plasma and diffracted by a circular metal screen forming the exit pupil
of the microwave optics system showing the effect of non-uniformity in
electron density in the direction normal to the direction of propagation
(A parabolic distribution of electron density in the lateral direction and
A a re z po is assumed).
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Fig. 20b: Phase and intensity of an inoident plane wave transmitted through a slab of

plasma and diffracted by a circular metal screen forming the exit pupil of
the microwave optics system showing the effect of the distance of the
receiving lens from the exit pupil, (A = ro = po).
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Fig. 20a: Phase and intensity of an incident plane wave transmitted through a slab
of plasma and diffracted by a circular metal screen forminng the exit pupil
of the microwave optics system showing the effect of various values of
collision frequenoy, (A a po a re).
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arrangemeat can be described by a point source illuminating the dielectric

plates between which a plasma slab is generated. A spherical phase front

is incident upon the dielectric container. Such an experimental arrange-

ment has the advantage of simplicity, but the theoretical interpretation is

somewhat difficult since both the transmitting and receiving antennas are

concerned with spherical waves.

The use of microwave lenses is the most practical way of lauching

and receiving a plane wave in a usual laboratory arrangement. At micro-

wave frequencies practical lenses can only be a few wavelengths in size

.and, therefore, diffraction effects become important. Such an arrange-

ment is shown in Pig. 21b. In both cases the transmitting and receiving

feeds are located at the focus of the transmitting and receiving lenses.

From the optical point of view the plasma slab is then illuminated by a

plane wave. However, due to the limited size of the lenses and the plasma

container, diffraction effects will take place which must be taken into

account when comparing theory with measurement.

A third possible arrangement is that shown in Fig. 21o. In

this case a lens may be used to launch a plane wave incident on the plasma

and a microwave horn is used to detect the transmitted signal. The

alternate arrangement which consists in launching a spherical wave with a

microwave horn and receiving with a highly directive system such as a

lens is also possible and is equivalent to that shown in Fig. 21cp (ro-

vided the plasma satisfies the condition of reciprocity).

Microwave System Consistiag of Transmitting and Receiving Hern

SAntennas: A series of measurements have been performed using the comfig-

uration shown in Fig. 21a and the following effects studied:

(i) Stray Scattering

Stray soattering is defined as the energy emerging from the

transmitting antenna, which reaches the receiver after reflection from

objects surrounding the plasma container. Stray scattering can be reduced

or eliminated by placing a metal screen around the plasma container and by

surrounding the antennas and the plasma container with microwave absorbing
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material. In this way any energy not directed toward the plasma container

is prevented from reaching the receiving antenna. The degree of stray

scattering depends naturally on the direotivity of the transmitting and

receiving antennas. It was found that the use of a metal screen, when

open waveguide antennas are used, greatly reduces the large fluctuations

in the received signal observed in the absence of the metal screen. The

stray scattering is less important when using a more directive 15db-horn.

However, even in this case considerable reduction of the undulations due

to the received rf energy are observed when a metal screen is used.

The use of a metal screen around the plasma container gives
rise to a stronger diffraction effect due to the sharp discontinuity in

the refractive index at the periphery of the cylindrical container. This
is not really a disadvantage since even without the metal screen a

certain amount of diffraction takes place which, when mixed with the
stray scattering, cannot in general be treated theoretically. The theo-

retical treatment of the diffraction by an aperture in a metal screen is
well known and for the case of a circular aperture this problem can be

solved.

For all the measurements discussed in the sequel, a metal screen
2 feet by 2 feet has been used around the cylindrical container and some

microwave absorbing material has been placed around the microwave propaga-
tioc system. With this arrant ement stray scattering is essentially

eliminated and it is possible to examine the influence of other factors

on the microwave measurements. The other factors which have been

studied are the presence of the plasma container, various types of micro-
wave feeds, and various positions of the transmitting and receiving antennas.

(ii) Influence of Plasma Container on Microwave lbasurements

Tests have been carried out to determine the influence of the
plasma (dielectric) container on the microwave measurements. For a given

position of the transmitting horn on the axis of the cylindrical bottle
the receiving horn was displaced along the axis of propagation and the field

intensity was plotted as function of the position of the receiver. The
cylindrical container was then removed and the same procedure was repeated.
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Measurements were also obtained by leaving in position the cylindrical

section of the container and removing the two flat polystyrene plates.

The set of data so obtained are shown in Fig. 22. During these

measurements the transmitting 15db horn was located against the flat

face of the dielectric container and kept in the same position when

the container was removed. It is interesting to note that, although

larger undulations due to multiple reflections are observed when the

plasma container is present, the general shape of the curve remains

essentially unchanged whether the dielectric bottle is present or not.

The curve obtained when only the cylindrical section of the container

is in place indicates that the undulations observed are mostly due to

the flat faces of the plasma container.

(iii) Multiple Reflections

In order to facilitate the interpretation of the undulations

observed in the field intensity one can use the simple model of an

electromagnetic wave propagating through the system and being reflected

at various surfaces.

This model has been useful in explaining the series of experi-

mental curves shown in Figs. 23a and 23b which illustrate these multiple

reflection effectsc In Fig. 23a, the power received by a 15db gain

horn is plotted as function of the position (da) of the receiver for

three positions (d,) of the transmitting horn. The transmitting horn

was displaced away in step$ of one quarter wavelength. The regular

undulations with a period X/2 observed as the receiver is moved away

from the dielectric container are just those predicted by such a model.

The results shown in Fig. 23b illustrate the case when the

thickness (t) of the dielectric slab instead of the transmitter position

(d,) is changed. For these measurements the cylindrical container was'

replaced by dielectric plates of various thicknesses. It is seen that

as expected the magnitude of the undulations passes through maxima and

minima when the thickness of the dielectric plate is increased by a

quarter wavelength. The small inset diagram in Fig. 23b illustrates

more specifically this effect since it presents the amplitude of the
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undulations as a function of the thickness of the dielectric plate.

(iv) Diffraction Effeots

As mentioned earlier because of the limited dimensions of

the screen aperture (size of plasma container) diffraction effects will

be strong. Therefore, particular care should be given in setting up.

the experiment so that changes in the transmitted signal (amplitude and

phase) in the presence of a plasma are not too greatly affected by

diffraction effects.

An illustration of how critical is the.position of the trans-

mitting and receiving antennas on the energy diffracted in the receiving

plane is shown in the experimental measurements of Fig. 24 obtained

using 15db horns to transmit and receive the signal. Even more pro-

nounced effects are seen if less directive antenna are used.

The diffraction effects can be predicted by using the Kirohoff's

formulation of the problem as discussed previously.

From the curves shown in Fig. 24, it appears that for any posi-

tion of the transmitting antenna, the optimum position of the receiver

would be at least 10 wavelengths from the dielectric container where the

power appears less sensitive to the position of the receiver.

Microwave System Containing Transmitting and Receiving Lenses:

One of the disadvantages of using microwave horns to illuminate the plasma

under investigation is the fact that one has to deal with spherical waves

and as shown previously these waves are strongly affected by refractive

defocussing through a plasma slab. In order to reduce the defocussing

effects and to work with an experimental arrangement which is closer to

the theoretical model of a plasma slab, an experimental study has been
carried out to investigate the microwave characteristics of a transmitting

system (see Fig. 21b) using microwave lenses. In this case it is possible

to simulate the conditions of plane wave propagation and thus facilitate

the interpretation of microwave measurements in the presence of a plasm.

The following discussion will describe two types of measuremnts:
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(i) Field Intensity Around the Focus of the Receiving Lens:

For these experiments the transmitting system was formed by a 15db horn

located at the focus of an 8-inch diameter microwave lens. Another lens

identical to the transmitting lens was located on the receiving end.

Both lenses were located on the axis of the plasma container and at a

distance of 8-inches from it. The receiving feed was moved along the

axis of propagation of the system and the field intensity was measured

as function of the position of the receiving feed.

In Fig. 25 are shown two sets of measurements obtained when

using a 15db gain horn and an open waveguide as the receiving feed.

For each feed type a measurement was obtained with and without the plasma

container in the plane (metal screen) separating the transmitting and

receiving systems. It is seen that the dielectric container does not

appeciably affect the field intensity variation around the focus of the

receiving lens except for the multiple reflections which produce the

regular undulations and which will be discussed later on. Therefore,

as far as the interpretation of these results one can neglect the

presence of the plasma container.

(ii) Field Intensity as Function of Position of Receiving

Lens System: In the previous discussion of the theoretical model of a

plane wave transmitted through a plasma slab it was found that an increase

in electron density, when the electron collision frequency is small,

produces effectively a reduction of the optical path length across the

plasma slab. In the experiments described here the change in the

optical path length is produced by displacing the receiving lens system

along the optic axis. These measurements essentially simulate the
effects produced by a plasma (except for electron collision frequency)

and permit establishing a priori the optimum experimental arrangement for

investigating a plasma slab located in a circular aperture of a metal

screen. This, of course, implies that the plates of the dielectric

container Are matched to free-space. In the present experiment the

optical thickness of the plates is one wavelength and these reflections

should not take place at the walls of the container.
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In the discussion of the microwave measurements obtained with

horn-feeds illuminating the plasma container and measuring the field

intensity of the transmitted signal, it was found that two important

effects, namely multiple reflections and diffraction had to be considered.

In a similar way these effects are found to be the most important ones

when using microwave lenses.

Multiple Reflections

When using microwave lenses, multiple reflections may be

more serious than without lenses, since one deals essentially with

plane waves and since additional reflecting surfaces are added to the

microwave transmission system by the presence of the dielectric lenses.

In Fig. 26 are shown a series of measurements of field intensity as

function of the position of the receiving lens system for fixed distances

(Pa) between the receiving horn and the receiving lens. It is noted

that the amplitude of the undulations passes from a maximum value to a

minimum value by changing the position (Ps) between the receiving horn

and the receiving lens. Also the amplitude of the undulations passes

from a maximum value to a minimum value by changing the position (Pa)

of the receiver with respect to the lens by a quarter-wavelength.

The interpretation of these results can be demonstrated as

before by examining the various components of the incident plane wave

reaching the receiver after reflections at different planes in the

system.

The presence of lenses in the microwave system introduces an

additional source of reflection for the sampling signal. It is

possible to reduce the reflections at the lens surfaces by adding

quarter-wave matching plates to the lenses, Two such matching plates

were made of polystyrene following the design proposed by Morita and

Cohn". These plates were placed against the flat face of the semi-

convex lenses. The reflection on the curved surface of the lens facing

the feed are negligible since the energy emerging is then not reflected

back into the feed. The effectiveness of the matching plates is illus-

trated by the curves of Fig. 27 where the field intensity as function of
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- 77 -

the position of the receiving lens system is shown for the lenses with

and without the matching plates. The cases where a 15db gain horn and

an open waveguide are used for the feeds are illustrated.

Diffraction Effects

When using microwave lenses with the feeds at the focus the

microwave energy is essentially directed as a parallel beam. Hence,

diffraction effects caused by the metal screen surrounding the plasma

container should be less important than when using microwave horns to

illuminate the container. In fact, when microwave horns are used to

illuminate the lenses then, because of the directivity of the horns,

energy diffracted at the edge of the lenses and the container should be

considerably reduced. Since in this case, one can consider that the

energy is propagating as a parallel beam, it is expected that no change

in the field intensity should be observed as the receiving lens system

is moved along the optic axis. This point is illustrated in Fig. 28

where the field intensity is plotted as function of the axial position

of the receiving system for the three types of feed horns used in these

experiments. It is noted that the power remains essentially constant

over a distance of 24 wavelengths. The measurements shown in Fig. 28

represent the optimum conditions for studying the characteristics of

the plasma generated in the dielectric container. From these curves

it can be noted that any drop in power as a plasma is formed in the

plasma can be attributed to power absorption in the plasma and/or to

defocussing of microwave energy due to inhomogeneities in the plasma

itself. It is assumed here that no reflection takes place between

the dielectric plates of the plasma container.

Microwave System Consisting of Transmitting Lens and Receiving

Horn: A third possible arrangement for a microwave system is that con-

sisting of a lens lauching the wave and a microwave horn acting as the

receiver. The alternate arrangement of a transmitting horn and a
receiving lens represents an equivalent situation.

Some measurements have been carried out to examine the field

intensity as measured by a receiving horn when the plasma container was

illuminated by a plane wave launched with a microwave lens. The variation
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of the power received as function of the position of the receiving horn

are shown in Fig. 29 for three types of receivers: a short 15db horn,

a long tapered 15db horn and an open waveguide. The regular undulations

due to multiple reflections through the system are seen to decrease in

amplitude when using an open waveguide or a well matched horn instead of

the short 15db horn. The undulations can be reduced by using the

technique described above. The variation 'of the .field intensity along

the axis can be predicted using diffraction theory.

The power variation observed with a horn as the receiver and

microwave lens as the transmitter are very similar to those obtained

above when two horns were used as transmitter and receiver. In fact, the

situation discussed here is a limiting case of the two horn arrangement

when the transmitting horn is far removed from the diffracting aperture

(R = c). In the arrangement discussed here the refractive defocussing

when the plasma is present should be small since a plane wave is

essentially propagating through the plasma.

(a) FXep Space Miorowevre Measurements of Plasma Properties

The measurements performed were made to supplement the earlier

work on the effect of ionized media and hence an effort was made to keep

the experimental conditions for the plasma similar. The experimental

arrangement and technique has already been discussed in Chapter Iio

Free Space Microwave Measurements of Plasma Using Various Micro-

wave ArranGements- In Section IIb, a detailed investigation was made of the

influence of stray scattering, multiple reflections, near field effects and

diffraction effects on measurements made (in the absence of a plasma)

with various microwave systems. A number of techniques fo:, avoiding

or minimizing these effects in order to be able to make more meaningful

measurements of plasma properties were outlined. These investigations

point to the following arrangements as being most satisfactory for micro-

wave measurements:

1. Horn Transmitter and Receiver Microwave System

A - Transmitting antenna distance to plasma container (d1 ) = O'k

Receiving antenna distance to plasma container (ds) . 5X
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0M

B - Transmitting antenna distance to plasma container (d4) = 5k
Receiving antenna distance to plasma container (da) = 17L

In each case a metal diffracting screen surrounding the plasma container,

plasm container faces with optical thiokness as near to nA/2 as possible

and suitable shielding from stray reflections is necessary.

2. Microwave Lenses on Transmitting and Receiving Antennas

Lens distance (on transmitter side) from plasma container (dj) = 6.3k

Lens distance (on receiver side) from plasma container (da) = 6.3k

Distance transmitter (receiver) to microwave lens = 14.7A

Matching plates on the flat surfaces of the lenses, diffracting screen,

plasma container faces nh/2 optically thick and shield (as above)

required as well.

3. Microwave Lens on Transmitting Side and Horn Receiver

Lens distance (on transmitter side) from plasma container (dj) = 6.3X

Transmitter distance from microwave lens (PO) = 14.7

Same precautions as previous case.

These "optimum" arrangements were then used to study the trans-

mission and reflection of e-m waves by a slab of plasma. A comparison of

the results obtained with each system in the presence of the plasma was
made in order to ascertain the best arrangement for determining the

properties of the plasma. The results obtained are discussed in the

sequel.

Transmission measurements performed when the transmitting horn
is against the plasma container and the receiving horn 5X from the container

are shown in Fig. 30. Large "cusps" appear in the traces indicating

significant multiple reflections in the presence of the plasma. There is

a significant difference between the measurements performed when the

incident electric vector is parallel to the electrodes compared to the
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case when the incident electric vector is normal to the electrodes. More

will be said of these measurements (hereafter called arrangement A) when

they are compared to the results obtained with the other arrangements.

Transmission measurements made with the transmitting horn 5k

from the plasma container and the receiving horn 17A from the plasma

container (arrangement B) are shown in Pig.' 31ao Less phase shift and

greater attenuation than for the measurements of arrangement A are

apparent. This would be expected in the basis of refractive defooussing

by a slab of plasma when a spherical wave is incident on the plasma.

Again a large dependance exists on the orientation of the incident

electric field relative to the electrodes. This is attributed to

reflections taking place from the electrodes, the phase of which are

different (by 180 0 ) for the two polarizations of the incident field.

When lenses are used both on the transmitting and receiving

portions of the system, then as shown in Fig. 31b, there is no dependence

on the incident field orientation or polarization; both series of measure-

ments giving essentially the same result. In addition, the appearance

of "cusps" is markedly reduced and these appear only when the plasma is

quite dense (corresponding to multiple reflections originatiýg from the

plasma). The flat walls of the plasma container are approximately one

wavelength in optical thickness and, therefore, are matched to free-space.

However, when a plasma is present, multiple reflections can occur from

the plasma boundaries. These reflections depend on the plasma conditions

and increase in amplitude as the plasma density approaches -•ti-uv-off

condition.

We thus see that different results are obtained for the same

plasma, the measurements being strongly influence by the experimental
measurement system. For a horn (or point) source, refractive defocussing

effects appear which cause a reduction in the measured amplitude of the

fields. Strong reflections from the sources result in "cusps" in the

measured traces (particularly when the source and receiver are near the

plasma) which significantly alter the measurements. Finally, reflec-

tions from the electrodes have a major effect on an incident spherical
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wave resulting in a strong dependence of the measurements on the orientation

of the incident fields relative to the electrodes.

These effects can be eliminated or minimized by using an

incident plane wave through the use of auxiliary lenses on both trans-

mitting and receiving portions of the measurement system. The refractive

defocussing (due to a uniform slab of plasma) is eliminated as are the

polarization effects of the orientation of the incident fields relative to

the electrodes. The effect of multiple reflections though not completely

eliminated is greatly reduced and are present only as the plasma becomes

relatively dense.

In Fig- 32 are compared measurements made when a parallel beam

of energr (through the use of lenses) is incident on the plasma and the

receiver is a simple short horn. In this arrangement a lens is used on

the transmitting portion of the microwave arrangement but not on the

receiving end. As seen from Fig. 32 when the receiver is near the plasma

container then significant multiple reflections can occur between the

receiving antenna aperture and the plasma resulting in violent "cusps"

in the measurements and in erroneous values for the amplitude and phase

of the wave transmitted through the plasma. As the distance between the

plasma container and the receiving antenna is increased9 the measurements

approach more and more those obtained with a lens receiver. It is not

until the receiver is mare than 12A from the plasma container that the

measurements approach the lens values and even yet they show more

pronounced "cusps" due to the multiple reflections. Thus if the

receiving antenna is not very well matched to free space or if its "match"

is uncertain it is necessary to use a lens as well on the receiving

portion of the microwave arrangement if reliable measurements of the

plasma are to be performed.

Thus of the three systems, only the two lens arrangment

appears to be acceptable for measuring plasma properties by free-space

propagation of e-m waves through the plasma.
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Free Space Microwave Determination of Plasma Properties in Helim and

(i) Helium: The results of the previous section indicate that the

best microwave arrangement for measuring the properties of plasmas by free-

space transmission or reflection techniques is one in which a microwave

lens is used to obtain a plane wave incident upon the plasma. In trans-
mission measurements a second microwave lens is desirable on the receiving

portion of the microwave arrangement to receive the e-m waves after they
pass through the plasma and to collimate them into the aperture of a

receiving horn located at the focus of the lens.

When matching plates are used on the flat-face of the microwave

lens then the effect of multiple reflections which arise from reflection

off the lens surface is greatly reduced. One still must, however,

ascertain the "match" of the microwave system to the plasma container in

order to make a proper interpretation of the measurements in the presence

of the plasma.

The system mismatch does NOT affect the phase change introduced
by the plasma (and hence has little effect on the determination of total

electron density) but it does affect the attenuation and hence any estimate

of collision frequency.

The measurements shown in Fig. 33 have been analysed in detail

in order to ascertain the properties of the plasma generated in Helium

by the use of free-space microwave techniques. The "reduced" experimental

points for various pressures have been plotted in attenuation constant

vs. phase constant (a vs. P) co-ordinates as shown in Fig. 34. Contours

of constant voltage as determined by the timing markers are also shown.

(Note that in order to clarify the presentation the attenuation scale

has been displaced by 2db for each pressure so that to arrive at the

true attenuation the appropriate value at • = 0 must be subtracted. from
each plot.)

When the experimental measurements formed "cusps", these were

smoothed out since the cusps are a result of unwanted internal reflections

from the plasma.
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Prom the 9 - presentation, 0e values of normalised elotronf

density and collision frequency 00ould be cbtsine. The Justification

tor using this *bounAed" plasma model aand neglecting the Offect of the

dielectric bound aies Is that the dieleotrio plots oompyising the

plasma container are nearly an intepal nmber of half-wavelength in

optioal thickness and hence the reflebtion& from the oOntainer boundary

are negligible.

A plot of the build-up of electron density during the voltage

cyole is shwnm in Pigs. Jo As the pressrI e is increased. a greater and

greater electron concentration is generated in the plasma. As noted.

earlier the phase shift is fairly insensitive to multiple reflections
and other measurement system effects.; Hence the phase shift is a good

indication of the total electron density through which the incident

microwave beam passed.. The theoretiosl model used for interpretation
of the measurements of phase shift and attenuation is based on a unifarm

slab of plasma of the same thickness as the ezperimental plasma. Thus

the phase shift measured at a single frequency oannot give sq informa-
tion on the non-uniformity of the plasms in the direotion of propagation

but only the average electron dLensity for a uniform slab* The phase
shift results are very reproducible and there is no reason to doubt their

validity or their interpretation in terms of electron density.

The variation of collision frequency with 'the voltage cycle at

various pressures is shown in Fig. 36o The theoretical value for
collision frequency is given by

V.. & n Q 804." (4.6)

where:

x is the Boltsmann's constant

To is the electron temperature
a is the electronic mas

QUis the collision cross-sootion

n- 6 9.66x 10'° is the concentrationg of the neutral speoies
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and Tg is the gas temperature.

Putting all the constants into Eqn. 46 yields

P
V = 8.10x 104 e T QM seo" (047)

Choosing "reasonable" estimates for the remaining quantities:

Qm=5.25x 10'6 '; T = 3000K ; Te = 6o,o000 K

yields:

v = 3.47x 10' Ptorr

Hence:
3 .47 x 109 .6 tr

=2 x 9.265 x 10'006 torr

Thus for values of the pressure between 0.8 and 1.0 torr the

ratio of collision frequency to r-f radian frequency is of the order of

.05. If we look at the experimental values in the pressure range

0.7-0.9 torr the ratio v/li is of the order of 0°07 to 0010 a reasonable

agreement with theory.

However, at higher values of pressure the collision frequency

is considerably greater and can be up to an order of magnitude greater

than that predicted by theory. The high values of collision frequency

measured may thus be ascribed to three variables describing the kinetics

of the plasma.

Electron Temperature - When the discharge in helium is

actively driven as was the case in the experiments described, it is

expected that the electron temperature will increase during the applied

voltage oycle. For these large voltages, relatively short distance
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between the electrode and the low gas pressures (long mean free path)

the electrons in the plasma probably do not reach thermal equilibrium

and in fact many of the collisions may be inelastic collisions. To

explain the enhanced collision frequency solely on the basis of an

increase in electron temperature would reuqire an increase of 5" or

25 in the electron temperature from the start to the end of the applied

voltage cycle. This would correspond to final electron temperatures

of the order of 300,000 0K which is highly unlikely. There is no doubt

that there should be an effect due to an increase of electron temperature

but it is not likely to be as great as this. It is thus necessary to

do independent e-Jectrioal probe measurements of electron temperature in

order to clarify this point.

Gas Temperature - Ij the computation, the gas was taken to be

at room temperature - 30001. Although the gas may heat up slightly,

it is unlikely to change by a large amount. Furthermore the dependence

on gas temperature is such that the collision frequency would be

expected to decrease with increasing gas temperature.

Collision Cross-Section - The collision cross-section for

helium has been established by experimental measurement at both d-o

(sero frequency) and at very high frequencies (microwave range)o For

these conditions it is found to depend only very slightly on electron

energy (for low electron energies 4 2 ev) and a value of about

5.25 x I 0 6 seems to be the presently accepted value. However, the

collision cross-section for helium has not been measured for a slowly

driven (such as 60d/m) discharge. Thus the value of the collision

cross-section and its dependence upon electron temperature for such

a plasma as generated in the experiments has not as yet been definitely

established. It is possible that these values may be different for a

discharge in the present mode of excitation. An increase of collision

cross-section with electron temperature combined with the effect of the

high electron temperature could explain the type of behaviour for the

collision frequency that is measured. Also, only electron-neutral

collisions have been considered. Electron-ion collisions may be

important as well and should be considered.
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Other Effects - A non-unif ormity of the plasma in some

manner not treated in Section III(a) which gives rise to refractive

defooussing could result in a large measure of attenuation and hence

in an increased value for the collision frequency. SiMIlarly sheath

potentials may possibly build up on the plasma container and influence

the nature of the discharge. At present there is no definite indica-

tion of such effects. In addition contamination from the polystyrene

container plates is possible, although optical spectrophotometer

measurements were done and shoed only the characteristic spectrum of

helium.

(ii) Argon: Due to the large values of attenuation and hence

collision frequency measured in a helium discharge, an independent set

of measurements were also performed for an argon plasma.

The experimental measurements of phase and attenuation for a

variety of pressures are shown in Fig. 37. From these experimental

values the attenuation-phase diagram showing lines of constant pressure

and constant applied voltage shown in Fig. 38 was constructed. (As

before the value of attenuation for each pressure is displaced by 2db

in order to clarify the display).

The variation of electron density with applied voltage at

different pressures based on a bounded, uniform slab of plasma is shown

in Fig. 39. Again a regular variation of the electron concentration

as determined from the phase measurements is evident.

The dependence of p/a on discharge voltage is shown in Fig. 40.

The behaviour is markedly different from that obtained with helium

showing no major change with the applied voltage. This may be due to a

Ramsauer type effect. At low pressures (4 0.3torr) more or less

reasonable values for the collision frequency are obtained - i.e. the

measured collision frequencies are only slightly higher than that

calculated theoretically. At higher pressures, large attenuation and

hence large collision frequencies are measured. At these high pressures,

the discharge in argon is visibly non-uniform taking the form of two

intersecting cones whose common apex is in the centre of the discharge
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and whose bases are the respective electrodes. This increased attenua-

tion at high pressures can thus be attributed to the non-uniformity of

the discharge.

IV PRELIMINARY CONSIDERATIONS AND FACILITY FOR INVESTIGATION OF

ANTENNA PROPERMT3S IN THE PRESENCE OF ANISOTROPIC IONIZED MEDIA

(a) Preliminary Considerations

In the presence of a magnetic field, a plasma becomes aniso-

tropic and simultaneously can support two wave modes. The 'transparency'

of the plasma depends on the strength of the magnetic field and its

direction relative to the direction of propagation as well as on the

electron number density and collision frequency. For a magnetic field

oriented in the direction of propagation of an incident electromagnetic

wave, the dielectric coefficient of the plasma is given by:

wa

K+ -2- - (0)
W 4_D

where:

" is the plasma. frequencyp

" is the radio frequency

Wb is the electron cyclotron frequency

The K value of the dielectric coefficient is associated with

a wave mode with a circularly polarized electric field vector which

rotates in the same direction as positive particles gyrate in the

presence of the static magnetic field. This is the "ordinary wave"

in ionospheric terminology. The phase velocity of this wave

(p+/k = K.J) is finite only for:

W~ VI (,v,/2) ' mg- *) /2

sa. that this wave propagates in the plasma only for frequencies in excess
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of those given by the above expression.

The L- value of the dielectric coefficient corresponds to a

circularly polarized wave mode whose electric vector rotates in the sawe

direction as electrons move under the influence of the static magnetic

field. This is the "extra-ordinary" wave which will not propagate in

the frequency region:

b to0+ (#b /2) +&)

The general behaviour of the "stop" and "pass" frequency redions

of these wave modes is shown in Fig. W4.

It is seen that, depending on the strength of the imposed

static magnetic field, frequencies well below the plasma frequency can

penetrate° through the plasma for one of the wave modes, a highly

desirable situation in regard to re-entry communications. In the ideal

case (no collisions or boundary effects) transmission along a static

magnetic field is the most feasible since in this direction it is much

easier to attain the required conditions for which at least half the

power is transmitted using linearly polarized waves and full transmission

using the approriate circular polarization. It is also realized, in

this case, that the higher the intensity of the magnetic field the

narrower are the stop-band regions.

Investigations of the radiation characteristics of a microwave

antenna in the presence of an anisotropic sheath of plasma are not only

of value in ascertaining the nature of the "pass-region" or "r-f windows"

for radio frequencies below the plasma frequency but also since the

properties of anisotropic plasma are functions of direction (angle)

the shaping and scanning of antenna beam by using magnetic fields is

another possibility.

The parameters of interest in such an investigation are the

plasma frequency (w ) and the cyclotron frequency (mb) where:
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Figure 41. Variation of attenuation regions of a plasma for propagation of
electromagnetic waves along the direction of the magnetic field.
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) (n'/m go)' = 5.64x 10'

!b = 1.795x10? B63

n is the electron concentration in number/om2

BO is the static magnetic field in Gauss

e,m are the electronic charge and mass respectively

CO is the permittivity of free space.

The critical regions of interest for the "extra-ordinary" wave

mode are those for which:

Cal %/2+,f.w/2)" +

If the experimental frequency is chosen to be in the x-band

range then:

w - 5.8x 10 1*cps

This will require a magnetic field of the order of 3.2kg so that W - Wb

and an electron density of - 10'electrons/cc in order that W ai xp

These are the range of parameters desired for a laboratory experiment

and will fulfill the conditions listed above.

(b) Experimental Facilities

For such experimental investigations, facilities have been

set up capable of generating magnetic fields in excess of 4500 Gauss and

with a woricing area of 71nches in diameter.

The apparatus consists basically of two "Plasmaflux" magnetic

coils, model PF 7-275-455 (Fig. 42). These coils are precision, water-

cooled, air core electromagnets designed to operate at 20 kilowatts per

coil. They are mounted on a heavy metal framework with facility for

varying the coil spacing to adjust the field shape and uniformity and
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Fig. 4 2: Iagnetio f ield apparatus capable of generating magnetic
fields in excess of 4500 gauss in a working area of
7 inches in diameter.
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further, to allow radial access for experimental apparatus and probes.

Water-cooling for the coils is provided by inlet and outlet

water manifolds equipped with suitable temperature and pressure controls.

A maximum inlet water pressure of 2 0psi can be maintained. The total

water flow for two coils in parallel, operating at 20 kilowatts per

coil, is 1 6 gym. This hydraulically requires a differential pressure

of 12 psi.

The electrical power for the magnets is provided by two

"Regent" d-c arc welding supplies. These welfters are each capable of

delivering an open circuit potential of 70 volts, a 100% duty cycle

current of 375 amps and a 35% duty cycle current of 625 amps. The

magnetic coils are wired in parallel and the power supplies in series

A maximum potential of 78 volts was measured across the electromagnets

with this configuration. A summary of the specifications of the

magnetic field facilities are given in Fig. 43.

The vacuum pumping and gas handling system is built into

the supporting framework of the magnetic coils. A symmetrical input

and output manifold arrangement with pressure gauges, vacuum valves and

diffusion pump provide a suitable high-vacuum system and at the same

time a convenient support for tiae plasma bottle.

Magnetic probe measurements were taken to determine the

strength and uniformity of the field across the internal diameter of

the magnetic coils. A precision, R.F.L. model 1890, gaussmeter with

a coaxial probe was used. The probe was moved, along an axis parallel

to the axis of the magnetic coils at intervals of j-inch across the

7-inch internal diameter. The results were traced on an X-Y recorder

(Fig. 44). With a potential of 78 volts across the magnets and an

intercoil spacing of 2j-inches, a field of more than 4.5 kilogauss was

measured. The uniformity of the magnetic field over a length of

3-inches was in the order of 4%.

The electromagnets together with the plasma bottle and

vacuum system are positioned on a rotary turntable in such a manner

that either free-space transmission of electromagnetic waves through
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MECHANICAL

Working Inside Diameter 1 7 inches

Width 2.75 inches

weight __________ 135 lbs.

ELECTRICAL A UAGNETIC

Number of Turns/Coil 422

Resistance (at 20 0 C)/Coil 0.44 Ohms

Maximum Current/Coil 213 Amps

MOR* Single Coil 17.55

JACR* Helmholtz Pair

(3"1 Intercoil Spacing) 25

MCR* Long Solenoid Array

F_ (Zero Intero oil Spacing) 79

COOLING

W7ater Requirement/coil 0.4 GPtV~ilowatt

Maximum Inlet M'anifold Iress 20 P31G.

Maximum Inlet W'ater Temperature 25 oc--

IS Magnetic Conversion Ratio (Gauss per Ampere)

'IS

PF 7- 275 *

FIELD POWER 7

'a RELATIONSHIPS

Lae S OLENOID

Q l4a LONS SOLENOID

COIL ASSEMBLY

Figure4.3: Specification for
Model PF7-275 Plasmaflux
Magnetic Coil Assemubly. CI S'

POW94-411LOWATTO /COOL. ASSYV
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Figure 1.4: Magnetic Field M!easurements- Helmholtz Pair.
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the anisotropic plasma (Fig. 45a) or the far-field radiation of an
antenna in the presence of an anisotropic slab of plasma can be made

(Fig. 14 5b).

The water pipes, electrical cables, waveguides and vacuum

lines, leading to the apparatus are fed in through rotary joints'and

flexible cables to allow the turntable to rotate freely through 1800.

The entire system is situated in an anechoic chamber. The

apparatus itself is surrounded with microwave absorbing material to

eliminate reflections.

A natural extension of the work under contract AP 19(604)-733X
would be to use the above facilities for the investigation of antenna
properties in the presence of anisotropic ionized media.

V CONCLUSION

A laboratory experimental investigation has been conducted on

the behaviour of a horn antenna in the presence of a plasma sheath. The
effects of the plasma sheath on the radiation pattern and impedance of the

antenna were determined at x-band (9.7Gc) frequencies using a fast acting
microwave phase and amplitude measuring system. Using plasmas generated

under controlled conditions, electron densities as high as corresponding
to the plasma frequency at x-band could be obtained. It is found that

at normal incidence the radiated power falls off rapidly (by as much as

25 decibels as "cut-off" is approached) with increasing electron density.
The power radiated in the direction corresponding to large scanning angles

increases with-plasmae density and may exceed the power radiated in these
directions in the absence of the plasma. The presence of the plasma
makes the phase front in the far-field become more plane (or may possibly

reverse the curvature) than when the plasma is absent. Impedance

measurements indicate that the plasma is not highly reflecting (VSWR less

than 1.7) even when the plasma is very dense and hence does not present

a very great mismatch to the antenna.

A theoretical model which considers the plasma as a uniform,

infinite slab and takes into account diffraction around the outer edge of

the plasma container has been formulated for comparison with experiment.
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Some of the important features observed can be accounted for by using

this model.

The influence of diffraction, refraction and reflection effects

is very significant for any laboratory experiments with plasmas involving

free-space microwave techniques. In mawy instances these phenomena

predominate over the effect of the parameters of the plasma which are

being determined and limit the amount (accuracy and detail) of informa-

tion regarding the plasma which can be obtained. It is, therefore,

essential to either minimize these effects (whern possible) or to take

them into account in any quantitative interpretation of experimental

measurements.

Thus a comprehensive series of investigations designed to

test the validity of different theoretical treatments of plasma properties

and to assess the accuracy of measuring the properties of plasmas which

are finite in extent using transmission or reflection of microwaves have

'been conducted.

Analytic results have been obtained showing the effect of the

boundaries of the plasma, refractive defocussing by the plasma, non-

uniformity of the plasma both in the direction of propagation and normal

to the direction of propagation and diffraction due to the finite size

of the plasma on the properties of electromagnetic waves transmitted

through (and in some cases reflected from) a plasma.

Measurements on various experimental geometries demonstrate

the influence of the dielectric boundaries of the plasma container,

the effect of multiple reflection within the measurement system and the

precautions which must be exercised both in the measurements and inter-

pretation of the results. It is shown that the use of microwave lenses

to obtain a plane wave incident on the plasma and a microwave lens in the

receiving portion of the measurement system is essential if meaningful

measurements are to be made.

The properties of a plasma generated in helium and in argon

were measured using the "optimum" microwave arrangement. High values

of the collision frequency were found in helium. These are attributed
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to variations in electron temperature and collision cross-section due

to the type of excitation used in generating the plasma.

As a result of the above investigation, it is now possible

to design and conduct more quantitative experiments on the properties

of antenna in ionised media. A natural extension of this study is the

investigation of the properties of antennas in the presence of aniso-

tropic ionized media. A major requirement for such investigations are

suitable magnetic field facilities. Such an apparatus has been set-up

and tested.
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