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ABSTRACT

Wire-grid structures made of copper and 1esistance wires have been used to
simulate the behaviour of lossless and lossy plasma respectively under the influence
of microwave radiation at X and K bands.  Expressions for equivalent electron
density (N), transmission (t,) aud reflection (P,)) coefficients have been derived in
terms of spacing (a) between wires and spacing (b) between structures placed in
the direction of propagation. The coefficients 1, aud P, and impedance charac-
teristics, and equivalent inductive component kave been calculaied as funciions of
b and a by utilising the concept of tramsmission line analogue of an actual plasma.
Experimental results on the shift of the angular position of major lobe due to
interaction between microwave radiation and the simulated plasma have been
utilised to calculate N and effective dielectric constant as functions of b and a.

1. INTRODUCTION

Microwave electronic devices such as beam-plasma amplifier, phase shifter,
etc. have been developed as a result of the study of inter-action phenomena
beiween plasma and microwaves. A proper understanding of the propagation
characteristics of microwave through plasma is essential for the success of
space communication. The frequent failure of signal transmission during
launching or re-entry of space vehicles has stimulated microwave investigations
on the transmission ability of the plasma medium created on a laboratory
scale as a function of eleciron density, frequency and angle of incidence of
the incident wave. However, a laboratory study of the phenomena of inter-
action of actual plasma with electromagnetic wave is associated with difficulties
and uncertainties of the creation of a homogeneous, stable plasma and also a
plasma medium large enough to avoid diffraction effects. Moreover, in the
case of a laboratory plasma, the plasma sheaih is nonuniform and bounded
and hence the solution of Maxwell’s equation for the actual geometry of the
plasma sheath usually leads to intractable mathematics which do not lead to
simple physical interpretation. It is rather convenient to consider the plasma
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as a dielectric medium whose behaviour may be described by the following‘
permittivity tensor €

[ € —ié€, 0 | -
€e=C i€ & 0 i
L 0 0 €y ]

where, the ionic motion in the X and X bands is disregarded in a constant
magnetic field directed along the z-axis, and the different components depend
appropriately on signal angular frequency w, electron plasma angular frequency
w,, electron angular gyrofrequency wy and effective frequency v, of electron
collision.

The actual plasma can be simulated by electromagnetic structures such
as parallel plate media and wire-grid whose effective dielectric constant is
less than unity. The properties of reflection and transmission of such structures
have been studied by Carlson and Heins!, Chatterjee, er al>3, Wai*, Browr’,
Macfarlane®, Ignatowsky’®, and Skwirzyris®. [t is known that the radiation
pattern of an antenna undergoes modifications in structure as well as in angular
position of lobes when it passes through a plasma medium. The present
investigation is concerned with the artificial simulation of plasma at X and K
bands by wire-grid with the object of determining the electron density of a
corresponding actual plasma so that the radiation pattern of a microwave horn
in the presence of plasma can be predicted. Two types of structures viz,
single wire-grid which may be called Y plasma and crossed wire-grid which
may be called X Y plasma have been used to simulate plasma. Loseless and
lossy plasma have been simulated by using copper and resistance wires
respectively for the construction of grid structures. The paper forms a part
of the work on artificial dielectrics?®'%!12 at microwave frequencies.

2. EQUIVALENT CIRCUIT OF A PLASMA

In a homogeneous, isotropic, loss-free, source-free and simple medium,
- >
the electric E and the magnetic H field vectors having harmonic time depen-
dence exp (jw{) for plane waves [(3/3x)=0, (3/3y)=0] propagated along
z-direction in free space are related by the following differential equations
(JE[dX) = —jwug H, (dH/dx) = jwey E 2

where, o and €, represent the permeability and permittivity respectively of
free space medium.

When an electromagnetic wave is propagated through a plasma medium
having electron density N, the motion of elecirons of charge ¢ and mass
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under the influence of the incident electric field E gives rise to convection
current density —jNeé*Ejwm. The contribution to current due to ionic
motion is negligibly small due to the ions having mass much greater than that
of electrons. Hence disregarding the ionic component of the current, the
differential equations governing E and H fields, when the wave is propagated
through a plasma medivm are

(dEjdx) = —joug H
(dH]dx) =] jweq + (Ne[jwm)] E ! B3]

The differential equations governing the voltage V' and current I in a _lossless
transmission line having inductance L per unit length and capacitance €' per
unit length are given in the absence and presence of conduction current
respectively as follows :

(@V]dx) = —jwLl, (dI/dx)=joCV [4]
and (dV}dx)y= —jwLI, (dl/dx)=[juC+(1/joL)] V {51

The identical nature of the above four sets of differential equations
(3,4,5] establishes the equivalence between the field and circuit theories.
The equivalence 18 also justified from the basic definitions of voltage V and
current I in terms of the line integrals of £ aud H respectively as

V= [E-d] and I= q') idl 6]

The analogy between the differential equations [3-6] lead to the following
conclusions :

(i) The displacement current density jwey £ in free space is equivalent
to the current jwCV in the capacitor C.

(i1} The energy density 4 uoH 2 stored in the magnetic field is equivalent
to the energy density ¥ LI? stored in an inductance L.

(iii) The electromagnetic wave propagation through a plasma can be
treated as a network pfob]em, where, the equivalent network comnsists of a
series inductance L,= ug with a shunt netwoik consisting of a capacitance
C,=€, and inductance L, =m/Ne* 1 parallel.

i (iv) If the plasma is considered to be lossv ie. when the collision
between particles is taken into account, the term Ne?/jwm is modified ard an
additional term my/Ne¢* representing an equivalent resistance R is to be
added in series with L, The equivalent network for a lessy plasma is
represented m Fig. 1.

(v) The displacement current jwegE and the convection current
—jNe? E[me being in antiphase, the plasma behaves as a dielectric medium
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Fic. 1
Equivalent trassmissicn line network for a Lossy plasma.

having a permitivity e, (1 —Ne*/mw?), when the collision is disregarded,
This shows that the plasma medium can be regarded as a dielectric having
dielectric constant less than unity. If the collision frequency » is taken into
account, the permittivity € of the lossy plasma is given by the relation

Ne* ) w?
€=¢€ l— e | =€ 1~ 2 7
°< (@ rv ) ) 0( St ul

which also leads to the dielectric constant of plasma to be less than unity.
The plasma angular frequency w, is given by the relation w?=(Né*/m).

The concept of the plasma as a network leads to the impedance 534 of
a lossless and lossy plasma respectively as

- to 1@ 3767 "
7hﬂLo(l——wfa/wz)] 1= (wk/w?)]'? onms 8

and

_ Ko vz 376.7
’“”[ o (1= w3+ ) ] T=wiitw?+ 5 H7E ™ o

It is evident that the convection current —jNe? E/mw increases with increase
of the plasma density N. If the density N increases such that it approaches
the value mw?/e?, then w,~w. In this case, for a collision free plasma
(v=0), the intrinsic impedance n,—oo. This means that for a overdense
plasma, the impedance 7, is very high. If 3, > > p,[= 1/(,%/50)] the free space
impedence, the reflection coefficient will be approaching unity. Consequently,
under overdense condition a plasma medium may become opaque to micro-
waves. This may possibly be one of the reasons for the signal blackout
during the launching or re-entry of space vehicles.
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3. IMPEDANCE OF SIMULATED PLASMA

The simulated plasma should not only have its relative permittivity less
than unity but also should satisfy the relation

Tl 1a= "ol V., [10]

where, 770=376.7 ohms, Yg=v(He€,), and 7, and ¥, represent respectively the
impedance and propagation constant of the simulated plasma. The impedance
7, of the grid structure (Fig. 2) immersed in free space is given by the
relation!®

,

tan (7b/2A,
® {an (renb[A,

Tw=1 (11

where, b represents the spacing between grids in the direction z of propaga-
tion and a represents the spacing between wires in a grid. The refractive
index n of the simulated plasma calculated in terms of the structure dimensions
is given by the following relation'®

[ 2wb Ag sin (2 b/ Ag) ] (2]

cos o . b
Ao 2a {In(a/2 7d) cos O+ F (aj Ay, 0)}

)
n— arc cos
2xb

The correction factor F(a/A,, 8) has been evaluated by Macfarlane® for angles
of incidence 8 =0° t0 8 =90° and normalised spacing (a/A;)=0.1 to (a/A,) =0.8.
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Wire grid structure » a—spaéing between wires
b=spacing between grids.
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Wait* has derived a general expression for the function F(a/Xy, 0) ag
follows :

Fajdg, ) =% [f®+r (=0 [13]
where,

fi)= %1 %[(%} (Sinz‘ﬁ:"‘l)—“z—]] [14]

sin f;f =sin 8+ (n Ag/@) 131

The reactance X, of the siructure made of wire having diameter ¢ can be
evaluated from the following expression

0 % Veos@+F( L, @
X, W [ n<2wd)cog N s [16]

which reduces to

7 ot a
X.ng ;’;[ Ill(m)cose] [17]

when a=0.20 A,
in which case F(a/},, 6] < 0.1 for all values of the angles of incidence 6.
The free space vavelength is A

4. REFLECTION AND TRANSMISSION COEFFICIENTS OF SIMULATED PLASMA

The reflection coefficient P, of the simulated plasma is obtained from
equation [11] by using transmission line analogy as follows
_ Nw — Na _ tan (b/Ag) —tan (s5vnb/Ag)

Tw+ B tan {(mb/Xg) 4 tan (7xnb/Ag)

(18}

The transmission coefficient 7, of the simulated plasma is sbtained from
equation [18] as follows

2 tan (xnbfAy
tan (7b/Ag) +tan (rvnb/Ag)

t,=1-10,} = {191

where, the refractive index n is obtained from the relation [123
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5. REFLECTION AND TRANSMISSION COEFFICIENTS OF AN ACTUAL PLASMA

The reflection P, and transmission 7, coefficients of an actual lossless
plasma medium are obtained from equation [8].

_1-(l—}t?

Frra -y 120]
2 (1—wdhl?
d = [21]
an i4 l+(1-—w%)”2
where, wi= wZ | @

Similarly, for a lossy plasma, the refleetion P,; and trnsmission 1,; coefficients
are obtained from equation [9]
1—(1—w?)'?

- w3) 22

P T ey 22
12

£ 21 —w3) [231

P T (I =l
where, wi=w?/(w®+v?)

6. EQUIVALENT ELECTRON DENSITY

Tn order that the wire grid structure may simulate an actual plasma, the
dimensional parameters of the structure should be so adjusted that its
reflection and transmission properties should be the same as that of an actual
plasma. Or in other words, P,, and t, should be equal to f, and 7, respecti-
vely in the case of a lossless plasma and equal to P, and #, in the case of
a lossy plasma. This requires that the following relations should be satisfied

1—x12 _ tan (sb/2s) —tan (rnb/Aq) [24]
1+x1%  tan (7b/}y) +tan (#nb/Ag)

X2 _ ’ tan (7enb/Ag) 1251
14xM2  tan (7b[Ag) +1an (7nb/A,

in the case of lossless plasma and

1—yii2 _tan (7b|Ay) —tan (7vnb/Ag) 126]
142 tan (ocb/Ag) —tan (7vnb/Ag)

e tan (mnbfdg) [27]
1+pt%  tan (wbfAg) + tan (7xmb/Ag)
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in the case of lossy plasma, where,

x=(~e?) and y=(1—wd)

The refractive index n is oblained in terms of structure dimensions, g, b and 4
from the relation [12]. An expression for the equivalent plasma density ¥
can be derived by using the equations [24] and [25] and the relation ‘”f.:Nez/m
in the case of a lossless plasma and is given by

NAmm2 tan? (renh/Ag) )
T2 TtanZ (B h. [28]
e tan? (web/ Ay
In order that the above relation may be satisfied
tan® (7nb/Ay) < tan? (wh/Ay) ’ 19

Or in other words, in order that the wire grid structure may simulate a
plasma of electron densily N, the dimensions a, b and d of the structure
should be such that n remains less than unity for all angles of incidence 6.
That is equation [29] and hence equation [28] sets the limit of a, b and 4 for
which the simulation of plasma by artificial dielectrics can be achieved
Similarly, in the case of a lossy plasma, the equivalent plasma density in
terms of the stiucture paramecters is obtained from equations [26] and [27]
and w?=Ne*/m and 1s given by the relation

m (w? +v?) tan? (7cnb/Ay)

N="2Z2 2|1 -—ZL-L o) [30]

tan® (7cb/Ay) ’

In order that N may remain positive, the structure dimensions should be such
that a remains less than unily.

7. EFFECT OF PLASMA ON RADIATION

The effects of interaction of plasma on microwave radiation are to shift
the position of major lobe and also modify the shape of radiation patierns.
The radiation patterns of a microvawe horn in free space and terminated in a
ground plane are given by
oSin (rb/A; sin 8)

(~blAg)sin 0 ;31

[)
cos [(ra/A,) sin 0]

E; oa(x?/4 s 0
$é (7 / ) cos [wa/)o) e 6]1A7g2/4

(321

where, E, and E; refer to the patterns in the € and ¢ planes respectively and
6 and ¢ represent polar coordinates. The derivation of the above expressions
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for E; and E, assumes the existence of only the magnetic current sheet as the
original electric current is cancelled by the electric current sheet in the
image plane. In the presence of the plasma, however, the radiation from
the horn induces surface currents in the plasma. If both the electric and
magnetic current sheet distributions are taken into account, the radiation
patterns of the horn with its ground plane embedded in plasma ark given by

the relations’®.

sin (Yp b/2) sin 0} 2 . 1 133]
¢ m{ {(b[2) sin 6 cos® (7, 1) +(1/n%) [ (n* —sin® 8)/cos? 8] sin® ¥,/

cos[(Vpa/2)]sin @ }2 1
(7c4/4) = [(Yo a/2)}sin? 0] cos?(V, 1) +[cos?6/(n? —sin? B)]sin® ¥, 1

[341

Ey o= {(w2/4) cos 8

where, / represents the thickness of the plasma in the direction of propaga-

tion.

8.  EXPERIMENTAL RADIATION PATTERNS

The radiation patterns of pyramidal horns at X and K bands with and
without plasma were obtained experimentally for a large number of wire grid
structures simulating lossless and lossy plasma. The patterns were analysed
with regard to the shift of the major lobe and distortion of the radiation

patterns.

9. RESULTS AND DISCUSSION

Some typical H-plane radiation patterns of a pyramidal horn with
slasma sheaths simulated by wire grids at K band are shown in Fig. 3.
The results are summarised in tables I, If and Il1L
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H-Plane radiation pattern of pyramidal horn in the absence and
presence of plasma at K-band.

A--Pyramidal horn
B-~Horn with lossless Y—plasma (b=6 mm, a=4 mm)
C—Horn with lossless XY plasma (6==5 mm, a=4 mm)
D—Heoro with lossy ¥ plasma (=10 mm, a=4 mm)

\
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TasLr |

plitting and shaft of the main beam at K Band for lossless Y-plasma, 6= 4 mm.

Position
No. of T lobe SWith repest  Direction of shift
N Ol gac obe wr repec 1 1 sh1
bmm lobes \normalised) to the z?xi‘s rection o8
degrees
3 Two 1.00 6 Anticlockwise
06 5 Clockwise
4 Two 1.00 2 Anticlockwise
0.78 8 Clockwise
3 Two 1.00 5 Anticlockwise
0.60 6 Clockwise
6 Two 1.00 4 Anticlockwise
0 60 4 Clockwise
9 Two 1.00 4 Anticlockwise
1.00 5 Clockwise
10 One 1.00 4 Anticlockwise
11 Two 1.00 7 Anticlockwise
0.90 2 Clockwise
12 Two 1.CO 6 Anticlockwise

0.80 3 Clockwise
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A TABLE 2

Splitting and shift of the beam at K band for lossless XY Plisma, g=4 mm

Pos-tion

Magnilude of each lobe Direc
No. of f cach lok ith respect rection
4 mm : Lobes :’noci:'xcmllgede) wllo the ;2?: of shuit
{degrees)
2 Oae 1.00 [ Anticlockwise
3 One 1.00 4 Anticlockwise
4 One 1.00 4 Anticlockwise
5 One 1.00 6 Anticlockwise
6 Two 1.00 3 Anticlockwise
0.88% 3 Clockwise
7 Two {00 4 Anticlockwise
0.66 5 Clockwise
8 Three 1.00 5 Anticlockwise
0.84 1 Anticlockwise
0.80 4 Clockwise
9 Two 1.00 6 Anticlockwise
- - 0.84 4 Clockwise
10 Two 1.00 6 Anticlockwise
0.80 3 Clockwise
11 Two 1.00 5 Anticlockwise
0.58 4 Clockwise
12 One 1.00 5 Clockwise
13 One 1.00 6 Clockwise
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TABLE 3

ép[iiting, and shift of béam at X band for Lossy ¥ plasma, a=4 mm

ttod Position
WS IERER RERE R
{degrees)
2 One 1.0 2 Anticlockwise
3 One 1.0 2 Anticlockwise
4 One 1.0 2 Antitlockwise
5 One 1.0 [} No shift
6 Ore 1.0 2 Clockwise
7 Two 10 3 Anticlockwise
0 58 8 Clockwise
8 Two 1.00 3 Anticlockwise
0.68 8 Ciockwise
9 Two 1.00 3 Anticlockwise
092 6 Clockwise
10 Two 100 3 Anticlockwise
0.78 6 Clockwise
11 One 1.00 2 Anticlockwise
12 One 1.00 1 Clockwise
13 One 1.00 0 No shift

The following observations may be made on the basis of the experimental
sults on radiation patterns of a pyramidal horn 1n the presence of simulated
asma at K band :

(i) The main beam is split into two components, the magnitude and
shift of which are different in most cases.

(i1) For some values of b, the beam is not split but is shifted in the
anticlockwise direction.

(ii1) In the case of a lossy Y plasma there is no shift when 5=5mm
and b =13 mm.

(iv) In the casc of X band, the major lobe is shifted in the presence
of both Y and XY plasma but no significant splitting of the
beam was observed. Some typical experimental values of
shift due to plasma at X band arc given in Table 4.
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TABLE 4
Shift of the major lobe at X baad
Angle of shuft Apglg of shift
in degrees n degrees
& (cm) for loseless b tem for losseless
Y plasma XY plasma
Single sheath 2.5 Single sheath 0.5
0.9 2.0 0.9 1.0
2.7 1.5 1.8 4.0

The wariation of shift (5) with respect to normalised spacing b/)\0 at
Ag=1.25 cm for lossless ¥, XY and lossy plasma Y is shown in Fig. 4.
The variation of equivalent plasma density with respect to &/A, has been
calculated from the observed angle of shift with the aid of the following
relation

N=1242x10"% fZm™3 [33]

where the equivalent plasma frequency f, is related to the refractive index
n by the following relation

Sp=1* (1 —n%) [36]
and n=cos § [371
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Angleof shift 3 vs bfx,, a=4 mm at K band ),=~=1 25 am.
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The variation of equivalent plasma density with respect to the normalised
spacing between two plasma sheaths for all the three types of plasma at

K band is shown in Fig. 5.

The equivalent plasma density, refractive index as function of normalised
spacing af A between grid wire and corresponding angular plasma frequency
w, and effective dielectric constant € as function of a/}, for various values of
b/Ao for Yplasma calculated from the observed shift of the major lobe at X
band are shown in Figures 6 and 7 respectively.

The equivalent lumped constants such as reactance X,, shunt inductance
L, and impedance Z; obtained from transmission line analogy have also been
calculated as function of a/A, for various values of b/, for losseless ¥ plasma
at X band and the results are presented in Fig. 8 Tt is noticed that L,
increases but N decreases with increasing a/A,. This is probably due'to the
fact that as L, increases, comvection current decreases, consequently the
equivalent plasma deunsity decreases.

n 1)0\6
L -

O O LOSSLESS Y
& 4 [ OSSLESS XY

EQUIVALENT PLASMA DENSITY (N peR mP)

1
5xt9
[ o5 N 1.4
b/;\o -
Fi1G. 5

Equivalent plasma Debsity vs b/x, at X baud re=1 25cm g=-4mm



240 S. K. CHATTERIEE, (Mrs.) R. CHATTERIEE AND D. V. Girt

The half power beam widths of significant lobes vary with the normaligg
spacing b/A;.  These variations at X band for all the three types of plasma
shown in Figures 9 and 10 indicate that the variation is oscillatory in the
case of beams which are shifted in the anticlockwise direction (Fig. 9)
contvast with the case of beams shifted in the clockwise direction (Fig. 10),

17
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Fguivalent plasma Density and Refractive Index vs a/, at X band 3,=3.14 cm.



wp (RADSsEC) —

E
-

500

200

»

-

N

100

Simulated Plasma at X and K Bands

o
; b/a, = 0.28
! 32 VAR
376 0.284
b biAg="] 0-%
+28
i
2
L 5 los
344
o s . Wp
B e 0" &p -0.4 T
ES
w
- - 0.3
L <02
i n L . 0.4
0 01 0.2 0.3 0.4 o5
G/;\o -
FrG. 7
@y and ¢ vS a/p, at X band; 2,=3.14 cm.
Y T3
1300} . 82y
© o ANg
- 4 8 by
oo -9
T L Do
w ~
=
3 =
9001 a5
N w
L 3
>
£
700 s g
500 I 3
[ -
afrg —
Fia. 8

Zoy Xy Lp vs afrp at Z band rg=3.14 coi.

010"k fen

241



§. K CH .TTERIEE, (Mrs ) R. CHATTERIFE AND D. V. Giry

L
Lossury Y

.
L o © ' LOSSLES XY
~  xoatLOSSY Y
L \,/\ .
L VAP .
'

.

;ﬂ

L
.
e

HALF~POWER BEAM WIDTH =
3
:

3

2° . L . ) \
o 0.5 . [

b/;a -

Fic. 9

Half-power beam width vs bf), for beams shifted
anticlockwise at K band; x,=125em, a=4 mm.

[7 ¢ ® LOSSY Y
4 o © LOSSLESS XY
X R LOSSLESS

g L
; °
= 10
-<
= !
o
o L
o
z
g 6° )
N »”
2 -~
z L

2 " N . . n N i L

] Q.5 1.0
b/io’-—
Fic. 10

Half power beam width vs 5/), for beam shifted cloekwise a3 X band.
ar=1.25cm, a=4mm.
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10. REFLECTION AND TRANSMISSION COEFFICIENTS

The reflection P, and transmission f, coeflicients in terms of b/, and
afd, have been calculated by using equations [18] and [19] respectively where
n is determined from the relation[12]. The variation of P, and 7, with
respect to &/, for a/dg for lossless ¥ plasma at X band are shown in Fig. 11.
The reflection (0,) and transmission (17,) coefficients have been calculated by
using equations [20] and [21] respectively. The variations of P, and t, with
respect o /g for lossless ¥ and XY plasma at K band are shown in Figures
(12) and (13) respectively. The variation of 7, and P, with respect to a/),
for different values of #/Ag at X band for lossless ¥ plasma are shown in
Figures [4 and 15 respectively. Table 5 shows the difference between 7, and
7,at X band as function of b/}, for a/A;=0.376.
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/re —
Fic. 11

Transmission (t,,) and reflection ( #,,) coefficients vs bfa,
at X band, a==1.2cm. Losslzss ¥ plasma
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Transmission (7,) and reflection ( #,) coefficients as function of /), at
K band for Lossless ¥ plasma, a==4 mm.
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Transmission (#p) and reflection ( #) coefficients as function of b/, for
L osseless X-Y plasma X band.

TaBLE 5
Dlﬂ‘»r«.me in t,, and twat Xband a/xo 0 376

b/xo t,, — fw
0.250 0.047
0.281 0.068
0.312 0.08




ty
0.7 -
06+
.5 I fl i 1 n
ey 0.4 0.2 0.3 .4 o5
afry =
Fic. 14

Transmission (7,) coefficient vs a/x, for Losseless ¥ plasma at K band
(@) bfrny=0.250, (&) bn,=0.281, (¢) H/na=0.312, (d) b/a,=0.376.

0.5 —_—
.
o4t
b}
Py
0.2 b
X0 3
7 Ay
[ 2 L P L L n
<) 0. 0.2 03 0-4 0S8
‘ ala, —+
Fi1G. 15

Reflection  pp) coefficient vs afa, for Lossless Y plasma
1a) hix.=n250. ¢b) bIra=0.281. (c) B/a0 =0.312. (d) b/n=0.376.
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The difference r,—1, is probably due to the diffraction effects which haye
not been taken into account in deriving the relation for n which is used in
calculating the values of 7.
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