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ABSTRACT

The simulation of a plasma sheath using an artificial Jielectric
is studied in this investigation and is apnlied te an antenna geometry
which is similar to some configurations encountered in aerospace
applications, The antenna configuration is equivalent to a horn in
an infinite ground rlane with an unbounded plasma layer in front of
the horn., Thre plasma iaver is simulated by a rodded medium, and
the radiation patterns of the antenna system are studied experimentally
at ¥, 10, and 11 KMC,

The characteristics of a rodded medium are obtained both theo-
reticelly and experimentally, It is shown that a rodded medium not
only simulates the isotropic characteristics of a plasma sheath but
alsc the anisotropic characteristics of a plasma in an infinite
steady miegnetic field., If the rods are oriented in one directio
the equivalent tensor permittivity of the rodded medium is in the same
form as the tensor permittivity of a cold plasma in a very strorg
magnetostatic field, The theoretical analysis is based on the
geometrical symmetries of thie medium and the transmission line
approach to propagation in an artificial dielectric of periodically

spaced conducting obstacles.

The anisotropic characteristics of a rodded medium are

demonstrated in X-band waveguide measurements.

Two constructions of rodded media are utilized in the pattern
measurements. The experimentally determined radiation patterns
seem to have u secondary maximum associated with the properties of the
plasma sheath., More energy is radiated in the off-axis region when

the plasma sheath is present,
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[.  INTRODJCTTIOUN

The purpose of thls investigation was ton study plasma simulation
using a rodded medium and to study the radiation natterms ot an X-band
horn antenna in the presence of a simulated plasma sheath, The nlasma
sheath 1s assumed to be under d2nse or operating above the plasma
frequency. The antenna gecometry 1s shown in Figure 1. Several

authorsl‘z’s’4

have studied this geometry or very similar geometries
previously, but to obtain a clcan experiment using a laboratory plasma
is very difficult, Typically, the experimental and theoretical
geometries are not the same. Usually the theoretical models arc
highiy 1dealized and only approximate the actual experimental geomctry
because of the inherent difficulties in obtaining a solution to
Maxwell's bquations for the actual geoumetry of interest, For example,
the thcoretical models pestaining to this study assume that the plasma
sheath is unbounded,and the ground plane is infinite in extent, while
the physical dimensions of the laboratory apparatus are finite 1in
size. The glass walls which confine the gaseous discharge may also
complicate the experimental geometry. The theoretical models neglect
nonuniformities in the sheath which may be present in the actual
laborutory experiment. In the final 2nalysis the experimental
measurements prove or disprove the validity of the theoretical model

used to approximate the actual geometry under investigation.

Theoretical Models

Umura2 obtained the expressions governing the far field radiation
patterns of an infinitely long slot antenna in a ground plane which 1is
covered with a plasma sheath. 7The analysis is based on Fourier Trans-
form techniques and assumes two different aperture distributions.

In the evaluation of the far field patterns the contributions of surface
and complex waves arc neglected. One ot the distributicns is equal to
a constant clectric {ield developed across the gap, The other distri-
bution assumes that the clectric field is parallel to the edge of the
slit and has a co-sinusoidal distribution across the gap. The k plane

and H planc radiation patterns of the horn geometry can be approximated
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by the two equivalent slit problemss described above. Aside from the
cylindrical or spherical wave terms of the far field radiation patterns,
the algebraic expressions which relate the relative pattern chanpes

of thec horn and equivalent slit in the presence of the plasma are
approximately cqual and identical when the plasma layer is removed,

Ihe radiation from the slit, which has a constant electric field
developed across the gap, 1is egiven by kcuation (1) and is equal

to the b plane pattern of tne horn gcometry.

- 2~
% b | "
s;n( g sing l 1
A R | - (1)
v hob I 2, 1 ﬁii- sin” o .
—s— Sing |cos™(K_g) + vi sin"(K_g)
N J L “ r cos” @ B

Similarly, the patterns obtained from the slit, which are excited with
the co-sinusoidal distribution, resemble the H plane patterns of the

horn antenna and are cxpressed by Equation (2).

— qz p~ -

sxn%} L)

cosz(K L) +
z
n - sin" 9

(2)

The index of refraction of the plasma is given by

w2
nzs]-_g..
w

where wy is the plasma frequency and w is the wave frequency. The
dimension of the aperture and the thickness of the pliasma layer
are equal to a, b, and & respectively.The equivalent Z component

of the wavenumber in the plasma is equal to

¥ o=k n - sin“9¢
z o \/

-3




Flocks'4 studied the horn geometry from both a theoretical and

experimental standpoint. The theoretical model assumes that the
dominant pattern changes are caused by the currents induced in the
plasma region directly in front of the horn and all other currents in
the plasma are zero. The currents directly in front of the aperture
are assumed to have a co-sinusoidal distribution in the X direction
similar to the distribution of magnetic current in the aperture.

The analysis neglects the effects produced by the currents which are
induced in other regions of the piasma by the nzar fields of the horn.
The theoretical calculations predict that the radiation from the
equivalent source in the plasma will have a maximum at an angle 6,

given by

cos 6 n .

E
M
when w is greater than wp.

The gaseous discharge which he used in the experimental apparatus
had dimensions of the order of an X-band standard gain horn which

restricts the interpretation of the evperimental results in terms
of the unbounded plasma layer model.

"Artificial Dielectrics

The radiation patterns described in this report have been studied
experimentally using an artificial dielectric to simulate the
properties of the plasma sheath., An artific.al ‘dielectric is used
to alleviate some of the experimental difficulties of performing
the measurements with a laboratory plasma, The artificial dielectric
slab can be made large enough to approximate the conditions of an
unbounded plasma layer. Also, the electromagnetic properties of
an artificial dielectric are homogeneous and are characterized by an
equivalent plasma frequency which can be determined thecretically
within reasonable limits. The experimental measurements can be
performed in a steady state condition and do not have to rely on
the shot to shot reproducibility of a gaseous discharge. The main
sttribute of the artificial dielectric is the ease of controlling
the experimental variables such as the size of the slab, the

L



equivalent plasma frequency or the thickness of the sheath.

Recently, it was obsexved6 that the complex dielectric constant of
a homogeneous isotropic plasma could be simulated by a rodded medium,
The currents induced in the rods tend to simulate the oscillating
inductive currents in a plasma thereby making the simulation possible,
In general, the rods form a cubical lattice if the dielectric properties
are to be isotropic for all polarizationms.

Like a crystal lattice structure, an artificial dielectric can

also exhibit anisotropic7’8’9 behavior under certain conditions. In
principle, it should therefore be possible to simulate the anisotropic
behavior of a plasma10 in an infinite magnetostatic field with a rodded
medium. For these conditions the eiectrons in the plasma are confined
to move along the magnetic lines of force. Anisotropic characteristics
of a rod medium are observed when the rods are oriented in one or two
directions, The induced currents are restricted to flow along certain
preferred directions, namely along the rods. Thereforc, the propagation
characteristics of the rodded medium are a function of the polarization

of the elcctric field making the medium dnisotropic.

The technique used in this report can be useful in the design and
evaluation of re-entry vehicle antenna systems, The rodded medium can
be scaled to simulate an over dense as well as an under dense plasma
sheath. An artificial dielectric can not simulate all the complexities
of a re-entry plasma sheath, but at this stage the simulation of the
simplest properties of a plasma can be very useful in laboratory and
ground testing. A great deal of insight into the problems of re-ent.y
communications can be gained from these simplified model studies, and
it is advantageous to understand the behavior of the simplified
geometries before attempting to solve the more realistic problems.
Many times the simplified analysis can be used as a guide in the more

complex geometries,




Dielectric Constant of a Plasma

The electromagnetic properties of a plasma can be represented

by a complex dielectric constantll’lz

which has tensor properties
under the application of a static magnetic field. For the purpose
of this discussion, the plasma is assumed to be a homogeneous
slightly ionized gas which is electrically 'csutral. Collisional
effects are assumed to be zero and the electrons have no thermal
motion., The dielectric constant for the plasma is determined by
solving Maxwell's Equations in conjunction with the equation of

motion of the electrons.

6x‘é=-juuou (3)
Vxﬁ=jweof*3 (4)
JspVv (5)
m d: = e [E+ Vv xB) (6)
The clectron charge density is equal to p and the velocity of the
electrons is equal to v. The curl of H can also be expressed in
terms of a tensor permittivity,
Vxil=ju [e] (E] (7)
If the above equations are linearized, the resulting tensor
permittivity is given by
- -
SRRV I
(el = ejle ) = ¢ RSV €22 0 (8)
0 0 €33
L -




when the . magnetic field, B,, is applied in the X, direction.
The rectangular components of the tensor are equal to

2
W
€11 % €2 %1 "_L’z“wz - (9)
C

we w2

o0 |2 )| ) a0
w - w
C

w 2
€5 1 - —% (11)
W
2
Ne .
w, = —— = plasma frequency
P €,
Boe
W, = = electron cyclotron frequency

if collisional effects arc ncgiected., It should be noted that e
is a negative quantity for an electron and is equal to the electranic
charge. N is the electron density, €y is the permittivity of free

space, and m is the mass of an electron.

If the static magnetic ficld becomes infinite in strength, the
tensor [cr] simplifies to

1 0 0
[e,] = 0 1 0 By e (12)
2
"]
0 0 (1 - -22-)
W




Similarly, when B, goes to zero, the plasma becomes isotrepic with
a dielectric constant given by

It will be shown that the above behavior is simulated by a
rodded medium when there are many rods per wavelength,



l1.  RODDED MEDIUM

The dielectric properties of the rodded medium will be studied
in this section. The rods are assumed to be perfect conducting
cylinders therefore making the equivalent collision frcquency zero,
The electromagnetic properties of the rodded medium can be described
by a macroscopic dielectric constant which has tensor characteristics.
If the rods are only oriented in one direction, the rocded medium
exhibits anisotropic behavior,and the propagation constant depends
on the polarization of the electric field. If, however, the rods
form a cubical lattice, the dielectric properties become isotropic,
The spacing between adjacent rods must be much smaller than a free
space wavelength. As the wavelength approaches the rod spacing,
diffraction effects become dominant,and the rodded medium no longer
acts like a dielectric material. Also, the air artificial dielectric

13

interface behaves incorrectly when = the rod spacing becomes an

appreciable portion of a wavelength,

The equivalent tensor dielectric constant for an artificial
dielectric with rods in the xs direction only will be determined.
It can be shown from symmetry arguments that the tensor permittivity

of the rodded medium has the following form (see Appendix B).

cll 0 0
[e] = € 0 €99 0 V€1 T €p
0 0 533

The rodded medium can be represented by an infinite number of
periodically spaced wire gratings when propagation along the Xl

or XZ axis is considered. This analogy leads to the equivalent



14,15,16 £5r the rodded medium illustrated

transmission line circuit
in Figure 2. The surface impedance Zs represents the energy

storage in the vicinity of the wire gratings. If the electric

field is polarized parallel to the rods, the energy near the

gratings is stored in the magnetic field making the equivalent

surface impedance inductive. When the electric field is perpendicular
to the wires, the equivalent surface impedance is capacitive, The
resulting propagation constant of the medium therefore depends on

the polarization of the electric field.

The equation governing the propagation constant of a periodically

17,18

loaded transmission line with shunt impedances is given by

Z
. 0 :
cos Kd = cos k d+ j 2!;‘ sin kod . (14)

where K is the average propagation constant of the rodded medium,

ko is the free space wave number, Zo is the characteristic impedance
of free space, and Zs is the equivalent surface impedance of the
wire gratings. First, assume the electric field is polarized in

the x3 direction. The surface impedance 13 Zs is equal to

yA d
s d 1n~7—-
(o] 0

where d is the distance between rods, r is the radius of the rods

and A, is the free space wavelength., The subscript || denotes that
the electric field is parallel with the wires. Equation (15) is
valid when d is less than A /2, and r is much less than d. When d is
equal to or greater than AO/Z, the plane of wires starts to take

on the character ¢f an optical grating and many higher order
reflected beams are sometimes observed. Propagation characteristics

along either the x1 or xz axis are therefore determined by

-10-




WIRES OF RADIUS r

l X, : | X2
T é} - © H— 1 —
|
d | 1 : |
AN AN~ A
& g 4 4 f 3
i ToT LT
P S S N N
‘T ﬁ?} {%}‘ {?} <%} L 3
j_ | | | |
~€l§,3f {:} {‘I} S [ 3
je— d —*,L— d —sle— d—jP\EQUNALENT GRATING STRUCTURE
OR SURFACE IMPEDANCE
% %o %o
Z, Z, Z Z, | «——EQUIVALENT TRANSMISSION LINE
ANALOGY FOR PROPAGATION

ALONG THE X, OR X, AXIS.

FIGURE 2 - Rodded medium geometry.



btquations (14) and (15)

A
0

cos K d = cos kod +

sin k d (16)
| ©

2d 1n ‘2%?)

so long as the electric field is parallel to the X, axis. LEquation

3
(10) can be simplified if kod is assumed to be much less than
unity. ‘Then the above expression deduces to

AZ

(0]
2*52 1n (2%?) ’

(17)

* -
o Nl:t\:
(]

[

!

The relationships between the propagation constant K” and the
tensor diclectric constant [e¢] are shown in Table (la) in Appendix A,
For the above conditions, the propagation constant, Kﬁ , 1S

equal to

2

:iz_ = egy (18)

o

>

The combination of Lquations (17) and (18) yields

AZ
0

€13 = 1 - Z"dz - (T:]Tr-) . {19)

If, however, kod is greater than 0,1, €13 should be determined
from Equations {16) and (18).

Now, assume that the electric field is parallel to X1 axis

and propagation is in the X, direction. For this polarization

2 20

the equivalent surface impedance Zs is given by



ZSL Aod
z—-— B - (20)
o] J{<2nr)
the subscript L denotes that the clectric field 1s perpendicuiar
to the wires. Lquation (Z0) 1s valid when the ratio r/d is much
less than unity. ‘The cquation governing the propagation constant
for this polarization is obtained by substituting Equation {20)
intc Equation (l4).
(Zﬂr)z
s = - i k
¢os Kjd = cos kod TT;?I' sin od (21)
Equatior (21) reduces to
2
Ky
— = 1+ 22 (22)
k g2
Q9
"
when kod is much less than unity. The value of K;“ is again obtained
from Tablc (la) in Appendix A
2
K,
- = €y (23)
ko
and is combined with Equation (22) to yield
2
c . 1 s inr (24)
i1 42

It is interesting to note that kquation {24) can be deduced
2
by using the concept of electric polarizability ot the rods‘l. This

aprroach 1is equivalent to the techniques used 1in determining the




. , .. 22,2
dielectric constant of a mclecular medium ~° }.

For most practical cases, the rztio r/d is extremely small,

2

typically, ranging from 10™° to 10'3. Under thiese conditions,

Equation (24) reduces to
e, ¥ 1 ri/df <1, (25)
In a similar mannecr, €55 is also equal to unity. The resulting

diclectric tensoyr for an artificial diclectric with rods in the

xs direction 1is

1 0 0
[e] = 0 1 0 £, (20)
0 0 (1 - Az/kz)
o p
L il
where
< 2 d

When the ratio d/Ao is between 0.02 and 0.5, Equations (16) and

(18) can be used to determine €33
Equation (26) resembles the tensor dielectric constant of

an anisotropic plasma with an infinite static magnetic field

applied in the X, direction.

3
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u B
1 0 0
[e] = 0 i 0 co (28)
! 51
0 0 ll - uz/uz}
p

The kp of the rodded medium is therefore the analogue of the

cutcff wavelength in the plasma,

When the plasma is subjected to an infinite magnetostatic
field, the oscillating electron currents in the nlasma are con-
fined to flow along the magnetic lines of force. In a similar
manner, the oscillatory currents in the rodded medium are con-
fined to flow along the wires thereby simulating the cffect of

applying an infinite steady magnetic field to the plasma,

The tensor dielectric constant for an artificial dielectric

having rods parallel to both the XZ and x3 axis is given by

r T
: 0 0
[e] = 0 (1 - Ai/xg) 0 c, - (29)
2, 2
0 0 (1 - A )
L. -

Similarly, the tensor dielectric constant for a cubical array

of rods is equal to

= -
2,.2
(1 - Ao/xp ) 0 0
) 2,2
le] = 0 b - AO/AP 0 €, (30)
[ \
0 o lz -Az/;\Z’
L Pl _




Since all the diagonal terms are equal, the medium is isotropic and
the dielectric constant is given by

2,.2
€ = (1 'lolkp ) € ° (31)

The equivalent index of refraction, n, for an isotropic rodded
medium is obtained from an alternate f{orm of kquation (lo).

A
cos (Zﬂﬂd ) (an . o - sin (an (32)
24 Inf z75)

The index of refraction of the medium is defined by
n=a/r, (33)

where A is the average wavelength in the rodded medium. The index
of refraction, as given in Equation (32), can be approximated by

1/2
n = (1- ).2/).2) , (34)

where Ap is the largest zero of F(X)

A
F(A) £ 1 - cos‘%-':‘-) . (3'-'-‘3-‘ = 0. (35
O (o]

Equation (35) is the result of setting n equal to zero in Equation (32).
xp is therefore the longest cutoff wavelength cof the rodded medium,

when the spacing constant d is much smaller than a wavelength, the
equivalent plasma wavelength reduces to the value given in

Equation (27).

=16-



X}Z) = 21!0'2 in "2*"%) (36)

The theoretical values of n for the rodded medium used in the
experimental study are shown in Figure 3. The pertinent quantities

pertaining to the experimental geometry are given below

d = 0,3 in,
r = 0,002 in.
freq range = 8 to 12 kmc.

In general, the rodded medium behaves like a homogeneous isotropic
plasma when the rods form a cubical lattice structure. In certain
idealized geometries, however, the cubical lattice structure is not
necessary. For example, the reflection and transmission characteristics
of a plasma slab at normal incidence can be simulated by orienting the
rods in the direction of the incident electric field. Physically,
rods tend to simulate the effects of the oscillatory motions of
the frce electrons in the plasma, If any of the rectangular components
of the electric field are zero throughout the plasma region, the

rods oriented in those directions can be eliminated since they are
not involved in the simulation.

-17-
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ITI. EXPERIMENTAL STUDY

Waveguide Measurcments

The propagation characteristics of a rodded medium similar to
the ones used in the pattern measurements have been measured in an
X-band waveguide interferometer shown in Figure 4. ‘The dominant
TElO mode in a rectangular waveguide 1s analogous to two uniform
plane waves bouncing off the walls of the waveguide, as shown in
Figure 5. The equivalent angle of incidence, 0, of these waves 1is

related to the way zuide wavelength and is given by24

xo/xg = cos 0, (37)

where Ag is the waveguide wavelength, The equivalent angle of
incidence can also be given in terms of the cutoff wavelengthzs

of the X-band waveguide,
AO/AC = sin @ , (38)

The waveguide measurements are cquivalent to the same measurements

performed in free space at an angle of incidence given by Equation
(38).

The relative dielectric constant of the rodded medium can be
related to the absolute fringe shifts measured with the inter-

ferometer. The relative fringc shift, A is given by

a
rel’

Aurel = eNL - GL, (39)

wherc ONL is the reading on the calibrated phase shifter in the

absence of the sample and 8, is the reading on the phase shifter
in the presence of the sample. The absolute value of the fringe

19
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shift is given by

da = Aurcl t M2mo, {40)
where M is an integer. The ambiguity in the measured value of

ta stems from the inability of the relative phase shift measure-

ments to distinguish multiples of 27 The value cf M can be
determined Ly estimating the relative dielectric constant, €,0 OF

by performing an additional set of measurements with a differeat

length sample,
The measured value of Aa can also be related to

o = (610 - Bz)i . (41)

where 810 is the propagation constant of the empty waveguide, Bz

is the propagation constant of the loaded waveguide, and & is

the length of the sample. Equation (41) is only approximate in that
the phase shifts attributed to the multiple reflections off the

ends of the sample are neglected. When the magnitude of the
reflection coefficient is small, the measured transmission phase

given by Equation (40) approaches the value given by Equation (41).

The propagation constant of the loaded waveguide is equal

t°26

p s TE 42
vl blO mode (42)
8 = 2 2n
YA f k € - —
o T Ac

where €. is the relative dielectric constant cof the sample, and
Ac is the cuteff wavelength of the unloaded waveguide, Equation
(42) can be rewritten in the form
{ <
€ = Bz +
r X

o

(43)

oo™

-



It is interesting to note that Lquation (43) can be obtained from

Snell's Law when the angle of incidence is given by Equation (38),

S P sin’e (44)

which again illustrates the analogy between the waveguide and the

free space measurements,

The results of the measurements performed on the rodded medium
used in the antenna pattern measurements are shown in Figure 3.
The measured index of refraction corresponds to the case with the

electric field parallel to the wires,

Additional measurements were performed with the wires oriented
perpendicular to the electric ficld. In one case .he wires were
oriented in the transverse plane but perpendicular to the electric
field, and in the other the wires were oriented in the direction
of propagation. These measurcments indicated nc apparent phase shift
due to the presence of the wires, making the equivalent index of
refraction for these polarizations equal to unity, The behavior
of a rodded medium with the wires oriented in one direction, there-
fore, exhibited the anisotropic properties described in the previous

section when viewed in the X-band waveguide geometry.

The surface impedance of a single plane of wires was measured
with the aid of thec slotted line shown in Figure 4. The wires were
oriented in the direction of the electric field, and the experi-
mental data and theoretical model were within 10%, as shown in
Figure 6, Better agreement was obtained by using a one point fit
between theory and experiment. In other words, the cquivalent

surface inductance of the plane of wires was obtained experimentally,
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Antenna Geometry

The radiation patterns from an X-band horn, terminated in an
infinite ground plane, which was radiating through an unbounded
homogeneous plasma sheath, were measured experimentally (see Figure 1),
The sheath was assumed to be under-dense or operating above the plasma
frequency. The actual experimental antenna geometry only approxi-
mated the idealized model described above. The sheath was simulated
by an artificial dielectric slab which was large compared with
the dimensions of the antenna aperture and slab thickness. The
restrictions on the size of the slab were a necessary requirement
for the slab to approximate an unbounded layer. For this particular

experimental study, the aperture size was given by

a = 3,25 inches
b = 2.625 inches,

and the dimensions of the ground plane were about six times greater
than the dimensions of the aperture., The axial length of the horn
was 12 inches,

The horn was excited with a TE), mode which is equivalent to
having the following aperture distribution
a

E (z=0) = Gy Eo cos X

developed in the mouth of the horn,

Ues{gg of the Rodded Medium

Two artificial dielectric geometries were utilized in the
pattern measurements, Both models were constructed with 38 gauge
wire and a wire spacing of 0.3 inch., The equivalent plasma
frequency of the artificial dielectrics was 8.1 KMC..
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The majority of the measurements were performed with the rodded
medium shown in Figures 7, 8 and 9. The equivalent thickness
of the slab could be varied from d to 3 inches in 0.3 inch steps.
In this geometry the wires were oriented in the Y direction and
were held in position by the grooved posts located ar the top and
bottom of the ground plane., Wire sag was eliminated by keeping
the wires under tension. The springs located near the upper edge
of the ground plane maintained the desired tension in the wires,
Microwave absorbing material was placed around the posts and
associated hardware to eliminate scattering problems. The absorbing
material altered the measured E plane patterns at angles greater
than 50 degrees, but these effects were far less severe than the ones
occurring when the absorbing material was absent. The H plane

patterns were practically unaltered by the presence of the absorber,

Figure 10 shows the effects produced by the absorbing material,
The dashed curve in Figure 10 represents the E plane pattern of the
apparatus shown in Figure 9, and the solid curve is the E plane
pattern of the horn and ground plane alone.

The validity of this rodded medium model is a function of the
specific antenna geometry being simulated. If the Y components
of the induced currents are producing the dominant pattern changes,
the rodded medium described above is adequate for the simulation,
In principle, when the horn aperture is large compared with a
wavelength and the thickness of the sheath is small compared to
the aperture, the majority of the oscillatory currents in the plasma
can be assumed to be directed along the Y axis, These arguments
are valid when the angle 6 is not tco large, The Z components
of the currents become ircreasingly important as 6 approaches
90 degrees in the E plane,
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SIMPUIFIED SIDE VIEW OF RODDED
MEDIUM AND HORN GEOMETRY

(RODS IN Y OIRECTION )

WIRE TENSION

; ADJUSTMENTS

[yt

GROOVED POSTS

-
HORN |
-
38 GAUGE
Vg COPPER WIRE
A//
il g
GROUND " /
PLANE
L
Y }«— GROOVED POSTS

FIGURE 7 - Antenna geometry with rods oriented in the Y direction.



Figure 8. Experimental antenna geometry without the absorbing
material (rods in the Y direction).



Figure 9. Experimental antenna configuration with the
absorbing material (rods in the Y direction).



NO LOAD PATTERNS AT || KMC SHOWING THE
EFFECTS OF ADDING THE ABSORBER MATERIAL.

20

40°

N -

o . 0°

AV 20
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90'! | |
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40°

60°

< \ )

80°

90°

————E PLANE

E PLANE PATTERN

WITHOUT ABSORBER
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. FIGURE 10 - Radiation patterns with and without the absorbing

material.
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Since tuere are currents flowing in the <Jdirection in this
antenna geomectry, an improvement in the simulation of a homogeneous
isotropic plasma layer was accomplished by orientinp the wirces
in both the Y and Z directions. The wires parallel to the X axis
were omitted on the premise that the currents excited in the
X direction prodrce little or no effects in the E =2nd H nlane
measurements. The wire mesh structures used in the fabrication
of this artificial dielectric were held in position by styrofoam
spacers (see Figure 11}, Similar techniques have been utilized
in the construction of artificial dielectric lense527. The
thickness of this slab was 2.7 inches,and the cquivalent plasma

frequency was 8.1 KMC, The experimental antenna is shown in Fipure 12,

Pattermn Measurements

The radiation patterns were ricasurcd on a laboratery apparatus
shown' in Figure 13. The probe antenna, which was suprorted by a
movable plywood arm, was operated as a receiving antenna. The
transmission path between the transmitting and receiving antennas
was 6 fcet and the angular position of the movable arm with respect
to the axis of the transmitting horn could be varied from 0 degrees
to 90 degrces in 5 degree increments., It became apparent that
the angular resolution of this apparatus was inadequate for this
particular experiment and some of the fine structure of the patterns

was not detected.

In order to obtain better angular resolution, the measurements
were performed on a free space antenn. range shown in Figure 14,
The antenna positioner was equipped to rotate in both the 9 and ¢
directions, The transmitting source or probe horn was mounted on
a stationary non-reflecting pole located about 30 feet from the
receiving antenna at a height of 17 feet. The free space range was

instrumented to measure the receiving patterns of an antenna system.
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7 /

WIRE MESH STRUCTURE
DIELECTRIC FOAM SPACERS

THE ARTIFICAL DIELECTRIC SHOWN IN THIS DIAGRAM

IS CONSTRUCTED WITH THE WIRE MESH STRUCTURE
SANDWICHED BETWEEN DIELECTRIC FOAM SPACERS.
THE FOAM SPACERS ARE GLUED TOGETHER, THEREBY
HOLDING THE WIRES IN PLACE. IT SHOULD BE NOTED

THAT THE WIRES NEED NOT MAKE ELECTRICAL
CONTACT AT JUNCTIOM POINTS.

FIGURE 11 - Rodded medium with rods in both the Y and Z directions.
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Figure 12. Experimental antenna geometry using the rodded medium
shown in figure 11 (rods in both the Y and Z direction).
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lHowever, if the probe horn and antenna being tested are loosely
coupled and the driving point impedances are independent of angular
position, by reciprocity the receiving and transmitting patterns
are equal.zs Figure 15 illustrates the comparison between the
patterns measured with the laboratory apparatus and a free space

antenna range.

The E and H plane patterns of the horn antenna with and without
the artificial dielectric were measured at 9, 10 and 11 KMC, Both
rodded media were used in the measurements. The patterns obtained
with the apparatus shown in Figure 9 are displayed in Figures 16
through 22, The two slab thicknesses chosen for these tests were
1.5 inches and 2.1 inches, The experimental measurements were
compared with the theoretical calculations of the appropriate slit
problem referred to in the introduction. The E plane patterns were
compared with Lquation (1) and the H plane patterns were compared
with Equation (2).

Equations (1) and (2) can be factored into two functions, one
being associated with the pattern without the plasma sheath and
the other being associated entirely with the plasma sheath., The
resulting patterns can be expressed as

E Plane; P, = Li Ag A% (45)
H Plane; P, = Lg A, A; (46)
where
sin kob sin e)
Lo * K bT (47)
o
—-2-—- sin @
P
2 cos | —— sin ¢ Jcos®
L
]"3 T a 2 koa 2 (48)
(2-) - -T sin 6)
L o




T W EE ot o

1
*
Ae Ae = > , 3 —3 > (49)
cos“(K 1) + = ( n- s;n ® 1 sin (K, 2)
n cos §
. 1
A A = e 50
p’e (50)

2
2 cos 6 . 2
cos (Kzz) 0( ) v, ) sin (Kzi)

. -\/z . 2
Kz = ko n - sin’ @ (51)

2 172
w
n.(;-_r_) (52)
(V]
& = thickness of the sheath. (53)

The functions l..¢ and L 4 are respectively the Lt plane and li plane
patterns of & horn in an infin.te ground plane. Figures 23 and
24 summarize the expcrimentally determined values of A¢ A; and

the curresponding theoretical computation obtained from Equation (50).

The experimental values of A are obtained by dividing the

A.
$ ¢
composite H plane pattern of the horn and artificial dielectric by
the H plane pattern of the horn 2lone.

The E plane patterns obtained with the apparatus shown 1in
Figure 12 are given in Figures 25 and 26, The artificial dielectric
used in these measurements had rods oriented in both the Y and 2
directicns, and the equivalent thickness of the simulated plasma sheath
was 2.7 inches. Apain the experimental measurements were compared

with Equation (1).




NOTES: (1) f = 11.3KMC
(2)f = 8.1 KMC

(3) £ = 1.5inches

— FREE SPACE RANGE
OO O LABORATORY RANGE

FIGURE 15 - Comparison between the radiation patterns measured
‘with the laboratory and free space pattern rangass,
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L0, no plasma, f=9KMC
— EXPTL. DATA
---=THEORY (REF 2,N= . 426)

FIGURE 16 - H plane radiation patterns of the antenna shown in
Fig. 9 at 9 KMC (rods in the Y direction).
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L=0, f=9KMC, NO PLASMA

EXPTL. DATA
..... THEORY (REF.2,N =.426)

FIGURE 17 - H plane radiation patterns of the antenna shown in
Fig. 9 at 9 KMC (rods in the Y direction),
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£ =0, f=I0KMC,NO PLASMA
—  EXPTL.DATA
~-—- THEORY(REF. 2,N =.564)

FIGURE 18 - H plane radiation patterns of the antenna shown
in Fig. 9 at 10 KMC (rods in the Y direction).
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b,
\‘ ‘,

30° 20° 10° 0° 1Q° 20° 30°
ﬁ oy
40° / 1 40°
[ ‘
/ 10 db
552 < ‘ L r 50°
-20ds
60° s 60°
4 NP
90° M ‘ A - _ - _ 90°
L=15" f=1uKMC, fp=8.1KMC

£ =0, NO PLASMA, §=1IKMC

— EXPTL. DATA
-—~~--THEORY (REF 2,N =.675)

FIGURE 19 - H plane radiation patterns of the antenna shown in

Fig. 9 at 11 KMC (rods in the Y direction).
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40° 40°

50° 50°

600 ’ 6°°

70° 70°

80° 80°

90° 90°

Z=157 f-=9kmc, fp=81KMC

Z =0, NOPLASMA, f =9KMC

—— EXPTL. DATA
~—- THEORY ( REF 2,N =.426)

FIGURE 20 - E plane radiation patterns of the antenna shown in
Fig. 9 at 9 KMC (rods in the Y direction).
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30° 20° 10° 0° 10° 20° 30°
— L

£=0, NOPLASMA, f =I0KMC
—— EXPTL. DATA
-—---THEORY(REF 2, n= .564)

FIGURE 21 - E plane radiation patterns of the antenna shown in
Fig 9 at 10 KMC (rods in the Y direction).
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4Q° 40°
80° 50°
60 60°
70° 70°
- 80°
90° | 20°

EXPTL. DATA
—-—~—THEORY (REF 2,N= 675)

FIGURE 22 - E plane radiation patterns of the antenna shown in
Fig. 9 at 11 KMC (rods in the Y direction).
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30° 20° 10° _0° 10° 20° 30°

40°

50° 50°

60° 80°
170° 70°
80° 8o°
900 ’ ; 9°°
£:27 f=10KMC, f, = 8.1 KMC
302 20° _10° _ 0° 7-:o° 20°  30°
- S
1 40°
- soo
204b
\ - 600
L 7pK)
i 3ocu/{/ [ 70°
+ ‘ 4 8o°
N ]
e — 90°

£ :0, NO PLASMA, f = 10 KMC

EXPTL. DATA
———-THEORY (REF 2, N =.564)

FIGURE 25 - E plane radiation patterns of the antenna shown in
Fig. 12 at 10 KMC (rods in both the Y and Z directions),
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40°

8c°

1T AR
70 _‘ ' /,}‘ 70:
soc, '/ ﬁ ::.

900

EXPTL. DATA
— — —THEORY (REF 2,N=.675)

FIGURE 26 - E plane radiation pattems of the antenna shown in
Fig. 12 at 11 KMC (rods in both the Y and Z directions).
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Discussion of Experimental Results

The correlation between the H plane measurements and the
theoretical calculations given by Equation (2) is very good, as
seen from Figures 23 and 24, However, the agreecment between the
E plane measurements and the theoretical computations is less
satisfactory. The sharp peaks in the radiation pattern occurring
near the critical angle ec

sin 6, = n,

predicted by Equation (1), were not observed in the L plane measure-
ments. These sharp resonance phenomena require the correct phasc
relationships between all the radiating sources, and any deviation
from this coherent phase relationship will tend to destroy the
resonance. The lack of agreement between theory and experiment

is partly attributable to the differences between the theoretical
and experimental geometries., The experimental mecasurements are
performed with a horn antenna and a simulated plasma slab of finite
size, while the theoretical model is based on an infinite slot
antenna and an unbounded plasma layer. The rodded medium also
exhibits anisotropic behavior, and relative rod spacings d/Ao

used in these experiments are approaching an upper limit where

the artificial dielectric starts to deviate from the behavior of

a simple dielectric material, Aside from the lack of agreement
around the critical angle Oc, the radiation patterns are predicted

reasonably well by Omura's2 analysis.

‘The addition of the wires in the Z direction seems to imprecve
the agrcement betwecen the measured and computed patterns to some
extent, but the very sharp resonance is still not observed (see
Figures 21, 22, 25 and 26.)

-50-



Since the physical geometries of the two rodded media arc some-
what different, a quantitative statement about the improvements
observed by adding the set of wires perpendicular to the ground
plane is not warranted. The antenna geometry used with the rodded
medium having rods in the Y direction only is shown in Figure 9, and
the antenna geometry used with the artificial dielectric having rods
in both the Y and Z directions is shown in Figure 12, In one
case there were plastic rods and absorbing material present, and in the

other case only the horn, ground plane, and rodded medium were present.
) In addition, one of the simulated slabs had a thickness of 1.5 inches
while the other had a thickness of 2.7 inches. Further experimental
investigations are needed in this area to gain a better understanding

of the behavior of the different rodded media configurations,

In general, the radiation from the horn and simulated 'plasma
sheath cxhibits a rapid attenuation at angles greater than the
critical angle 6., and the functions Ag Ag and Ay A; have a
maximum occuring at an angle slightly smaller than 6,. The net
result is that the radiation patterns may be drastically modified

by the presence of a plasma layer, as illustrated in Figures 16 and 17,

Flocks’4 predicted that the radiation pattern would have a
secondary maximum due to the radiating sources in the plasma, but
the position of the maximum is in disagreement with the experi-
mental measurements because of the assumptions used in the
theoretical model., Better correlation would be expected if more
realistic current distributions in the plasma layer were employed

in the analysis.



Iv, CONCLUSIONS

This study has shown that the tensor permittivity of a homo-
geneous plasma in an infinite D.C. magnetic field can be simulated
by a rodded medium. The rods in the artificial diclectric simulate
the effects produced by the motions of the electrons.in the plasma,
Under the influence of an infinite magnetostatic field, the
electrons in the plasma are constrained to move along the magnetic
lines of force; similarly, the currents induced in the rodded medium
arc constrained to flow in the metallic wires thereby simulating the
effects produced by the free electrons in the plasma, Waveguide
measurements confirmed the anisotropic behavior of the rodded
medium when the rods are oriented in one dircction only,

The pattern experiments further substantiate the isotropic
behavior of the rodded medium in a free space geometry. The antenna
pattern measurements agree reasonably well with the theoretical
model given in Reference 2, and demonstrate the effects a plasma
sheath can exert on an antenna system, The pattern distortion
observed in this experiment illustrates another important character-
istic of plasma shecath transmission in addition to the more fully

studied attenuation effects,

With reference to the horn geometry, it was shown that the
simulation of the homogencous isotropic properties of a plasma
sheath could be achieved by a rodded medium which has wires oriented
in both the Yand Zdirections, It was further observed that the
omission of wires in the Zdirection altered the E plane pattern
in the neighborhood of the critical angle ec and had little effect

en the H plane patterns.
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V. RECOMMENDATIONS FOR FUTURE RESEARCH

More expcrimental studies on the anisotropic behavior of the
different rodded media configurations are needed. 1t has been shown,
from a theoretical standpoint, that a rodded medium could simulate
the anisotropic properties of a cold plasma in an infinite magneto-
static ficld, but a definitive experimental study would indicate to
what degree the simulation is taking place. Experimental studies
in the areas of eliminating re-entry blackout by applying a large

D.C. magnetic fieldzg’w’31

, the magnetic window effect, could be
demonstrated using an anisotmbpic¢ rodded medium with the rods

oriented in one direction.

The addition of a loss mechanism to the artificial dielectric
should also be investigated with the objective of developing
techniques to simulate both the plasma and collisional frequencies in
a free space geometry, The lossy artificial dielectric could be used
to simulate more realistic plasma sheaths in laboratory antenna
studies,

Collisional effects can be added to the rodded medium by
employing lossy wires, Rotmano showed that the propagat -n constant

of a rodded medium using lossy rods could be expressed as

A
_ . o .
cosh yd = cos kod + 3 275 sin kod
where
Yy =a + jB8 = complex propagation constant

of the rodded medium

f&. = .Rg + J i— In (-2._)
Z0 zO A0

The electric field is assumed to be parallel with the rods and Rg
is the intcrnal surface resistance of one of the equivalent wire

grating structures. The surface resistance is equal to
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Rg = d Ry

where R, 1s the resistance per unit length of one of the rods.
Ni-chrome wire can be utilized in the construction of a lossy rodded
medium, but the equivalent collisional frequency is small, Larger
and more realistic collision frequencies can be obtained by usine rods
which are constructed cut of glass or diclectric fibers and arc
coated with a thin metallic filmsz. The resistance per unit length,
Ry, of the diclectric coated rods can be of the order of hundreds of
ohms per inch instead of the low values obtainable with the Ni-chrome

wire,

Plasma simulation could also prove to be useful in microwave
diagnostic studies of laboratory plasmas. The determination of
some of the experimental limitations of a microwave diagnostic
geometry (such as the errors introduced by the finite experimental
geometry) could be obtained by replacing the actual laboratory

placma by a rodded medium.

A more practical application of the anisctropic characteristics
of a rodded medium is the construction of a transmission type
polarizer which converts a plane polarized wave into an clliptically
polarized Wavcss. If the rods arc oriented at 45° to the incident
clectric ficld of a plane wave and the parameters of the slab are
chosen correctly, the emerging wave will be circularly polarized,
‘This type of wave filter in optics is commonly called a "quarter-
wave plate.'" The development of a quarter-wave plate which would
convert a linecar polarized antenna into a circularly polarized

antenna could prove to be extremely useful,
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Plane Wave Propagation in Anisotropic Dielectric

APPENDIX A

Plane wave type of propagation in an anisotropic dielectric,
will be discussed in this section.
for a monochromatic wave with a time dependence given by e

are obtained from Maxwell's Equations .

v X

V x

E

<l

Assuming the tensor |e |

oriented along the principal directions of the dielectric, Equation

(3a) becomes

[}

to be diagonalized with the coordinate axes

- Jumg
jw D

€y [e

Taki~g the curl of kquation (la)

v

and replacing V X H with jwD yields the equation poverning the

propagation characteristics of the medium,

v

X

v

X

x Lk =

4

- quo vV x li

x L - koJ le ) (E)

The »nropagation characteristics

1 IE]

34,35

(1a)
(2a)

(3a)

(4a)

(53a)

(6a)

(7a)

(8a)



If the propagation of the form e-Jk'ris assumed, the curl of the

curl of the electric field can be replaced by

UXV?xE=-kxkxL. (9a)

k = kn , (10a)

where n is a unit vector in the direction of k. The substitution
of [quations (9a) and (l0a) into Equation (8a) yiclds the following
expression:

nxnxEe+ kf/k2 le] (E] = 0 (11a)

The vector identity

-

nx

-

XE= (n+E) n - E (12a)

=

is used to simplify Lquation (lla).

(neE)n - + kg/kz [e.] (E] =0 (13a)

r

The rectangular components of Lquation (13a) are

2,2 Z : . .

(ko/k €11 +ny - 1) L1 +n,ny hz + ng n, L3 =0 (144)
n, n, E, + k2/R2 €, *+ n2 -1 E, +n_n, L, =0 (15a)
17271 0 22 2 37273 ¢
n, n, kLo« n,n, B, + ke/‘\'2 e * 02 = 1|E, = 0 {16a)

173 71 2 3 2 o’ 33 3 3 ¢

where ko is the free space wavenumber and Ny, Ny, Ry are respectively
thic Xl, kz, and X3 components of the unit vector n. The solutions
tor k? are obtained by setting tic determinant of the above set of -

homogencous equations equal to zcro.
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In gencral, there are two modes of propagation described by
Equations (l14a), (15a) and (l162). One mode has a Poynting vector
which is not parallel with the direction of the wave moticn, and
the other mode has a Poynting vector and vector wave numbher in the
same direction. Table (la) summarizes the values of kz for different

polarizations and different directions of propagation.

TABLE la
Polarization of Direction of Propagation Constant
the LClectric Field Propagation .
. 2,2
Xl Axis XZ XS Plane R = ko €11
. . 2 2
xz Axis ki x3 Plane KA = ko €2
AXi X, X, Pl ;;-— K2 e
Xy Axis 1 Xz Planc c TRy €33
o2 2[00 fac22 J
xl Xz Plane : Xl x2 Plane k™ = kJ ;7*_ -
T "2t |
2 ‘11 €33
Xl x3 Plane' X1 x3 Plane K™ = ko ;7-¥ : 52 -
RTS B T & S
[~ )
€44 E
X, X; Plane X, X, Plane S 2233
M2 €22 * M3 €33 |
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APPENDIX B

Certain restrictions are placed on the components of the tensor
permittivity of the rodded medium because of the symmetries of the
structurc., In general, the tensor permittivity of an anisotropic
material is expressed by

s } 1+ -
Dy €11 €12 €13 £
Dy b =21 22 %23 E, (1b)
Vs €31 €32 €33 Ls
. L. - L -

The constraints arc obtained>° by applying Neumann's principle
when a symmetry operation is performed. In other words, the components
€5 ; remain invariant under a coordinate transformation which corresponds
to a symmetry operation,

The rodded medium under discussion in this section has all the
rods oriented in the x3 direction forming an infinite array of con-
ducting cylinders throughout all space, The following symmetry
operations can be imposed on the rodded medium because of the

structural symmetries shown in Figure 2,

(1) 180 degree rotation about the X1 axis,
(2) 180 degree rotation about the Xz axis.
(3) 90 degree rotation about the XS axis.

Let the unprimed quantitics be rcferred to the original coordinate
system and the primed quantities be referred to the transformed

coordinate system. The coordinate transformation can be expressed by




[
X 3, 312 33 Xy
[}
L1 s 31 3y, 3y X5 (2b)
t
Lxs 33) 833 333 Lxs

3
(3b)

ﬂ.
[}
ne~In
-
-\
™

isl =1 mi “nj "ij
where a. and anj are the components of the transformation matrix

[A] shown in Equation (2b). The transformation matrix for a 180 degree
rotation about the X, axis 1is equal to

1
1 0 0

[A] = [0 -1 0 (4b)
0 0 -1

The components eij of the tensor permittivity obtained from Equation (3b)
are listed below.

11 © 1
€12 = "t
513 = "f13
€1 = "€
S22 % 22
‘;3 T €23
€31 = "3
€32 = €32
€33 * €33



The application of Neumann's principle

' -

CIJ CIJ

vields the following allowable components of the tensor permittivity,

€11 0 O
[e] = € 0 €37 €23 (5b)
| 0 &3 33
The transformation matrix for the 180 depree rotation about X2 is
given by
-1 0 0
[A] = 0 1 0 (6b)
0 0 -1
and allowable components of [e] under this symmetry operation are
e 9 &3
{e] = € 0 €52 0 (7b)
€31 0 €33
L .
The third symmetry operation, a 90 degree rotation about the X3
axis, is given by the transformation matrix
[— -
0 1 0
[A] = -1 0 0 (8b)
0 0
L. .




and imposes the following constraints on the values of eij’

P~ -

[e] =] %12 €11 C13 (9b)

o -
Since Equations (5b), (7b) and (9b) must be satisfied simultaneously,
the following components are zero.

m
[N
P
1]
C O O O © «©

Therefore, the resulting tensor permittivity of the rodded medium
illustrated in Figure 2 is esqual to

- -
€11 0 0
[e] = € 0 €1 0 (10b)
] 0 0 €33 |

-66-



