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Wire-grid structures made of copper and resistance wires have been used 20 

the behaviour of lossless and lossy plasma respectively under the in$uence 
microwave radiation at X and K bands. Expressions for equivalent electron 

density ( N ) ,  transmission (t,) aud reflection (P,) coe@cients have been derived in 
terms of spacing (a) between wires and spacing (b) between structures placed in 
the direction of propagation. The coeficient~ t, aud P, and impedance charac- 
teristics, and equivalent inductive component kave been calcula~ed as funcrions of 
b and a by utilising the concept of transmission line analogue o f  an actual plasma. 
Experimental results on the shift of the angular position of major lobe due to 
interaction hetween microwave radiation and the simulated plasma have been 
utilised to calculate N and eflective dielectric constant as funcfions of b and a. 

Microwave electronic devices such as beam-plasma amplifier, phase shifter, 
etc. have been developed as a result of the study of inter-action phenomena 
belween plasma and microwaves. A proper understanding of  he propagation 
characteristics of microwave through plasma is essential f )r 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 electron 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 homogerleous, stable plzsma and also a 
plasma medium large enough to avoid diffraction effects. Moreover, in the 
case of a laboratory plasma, the plasma shezLh 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 dicleclric medium whose behavionr may be described by the followiIrg 
permittivity tensor ti, 

[ I 1  

€ 3  J 

where, the ionic motion in the X and K bands is dicregarded in a conslant 
magnetic ficld directed along the z-axis, and the  d~f fe ren t  components depend 
appropriately on signal mgular  frequency w, electron plasma angular frequency 
,,,,, electron angular gyrofrequency w, and enective frequency vefr of electron 
collision. 

The  actual plasma can be simulated by elcclromagnctic structures such 
as parallel plate media and wirc-gr~d whose effective dielectric constant is 
less than unlty. The properties o f  rcflection and transmission o r  such structures 
have been studled by Carlsou and Heins', Chatterjee, er c712,', Wail4, Brown', 
Macfarlane6, Ignatowsky7.8, and Skwirzyris9. It is known that the radiation 
pattern of an antenna undergoe4 modifications in  structure :is wcll as in angular 
position of lobes when it passes lhrougb a plasma medium. The present 
investigation is concerned with the artificial s i m u l ~ t i o n  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. T h e  paper forms a part 
of the work on artificial d i e l e c t r i ~ s ~ ~ ' ~ ~ ~ ~ ~ ~ + ~ ~  a t  microwave frequencies. 

2. EQUIVALENT C~RCUIT OF A PLASMA 

I n  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 ( j  w i) for  plane waves [(a/&) =0, (b/ay)=O] propagated along 

z-direction in free space are related by the following differential equations 

(dE/dx)  - - j w p ,  H,  (dH/dx)  -jwco E 121 

where, P ,  and represent the permeability and permittivtly respectively of 
free space med~um.  

When an electroinagnetic wave is propagated through a plasma medurn 
having electron denslty N, the motion of electrons of  charge e and mass m 
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under the influence o f  the incident electric Geld E gives rise to  convection 
current density - j ~ e ~ B / ~ ~ ~ n .  The  contribution to current due to ionic 
motion is negligibly small due to  the ions having mass much greater than that 

electrons. Hence disregarding the ionic component of the current, the 
ditierential equations governing E and  H fields, when the wave is propagated 
tllrough a plasma medium are 

~h~ differential equations governing the voltage V and current I in  a lossless 
transmissioll line having inductance L per unit length and capacitance C per 
unit length are given in  the  absence and presence of conduction current 
respectively as follows : 

and (dV/dx)--- jwLT,  ( i f I / d x ) - - [ j w C , ( l / j w L ) ] V  

The identical nature of  the  above four sets of differential equations 
[3,4,5] establishes the equivalence between the field and circuit theories. 
The equ~ralence IS also just~fied from the basic definitions of  voltage V and 
current I in terms of the line integrals of E and If respectivily as 

The analogy between the d~ffercnt ia l  equations [3-61 lead to  the following 
conclusions : 

(i) The displacement current density jwco E in free space is equivalent 
to the current jwCV in the capacltor C. 

(ii) The energy density {- ,uoHZ stored in the magnetic field is equivalent 
to the energy density + L I Z  stored in an inductance L. 

(iii) The e lect~omagnet ic  wave propagation through a plasma can be 
treated as a network problem, where, the equivalent network consists of a 
series inductance Ls=,uo with a shunt netwoik consisting of a capacitance 
Cp=E0 and inductance L,--m/Nc2 In parallel. 

i (iv) If the plasma is considered to be loss?. i e .  when the collision 
between pavticles is taken into account, the term N e z / j w m  is moddied ard an 
additional term mv/NeZ rcpreseniing an equivalent resistance R is to  be 
added in series with L, The  cqu~balcnt  network for  a lcssy plasma is 
represented In Fig. 1. 

(v) The displacement current j w c ,  E and the convection current 
-jNe2E/rnw being in antiphase, the  plasma brhaves as a dielectric medium 
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FIG, 1 

Equivalent traasmiasicn linenetwork for a Lossy plasma. 

having a pernli~tivity co  ( 1  -Ne2/mw2), 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 v is taken into 
account, the permittivity E of the lossy plasma is given by the relation 

which also leads to the dielectric constant of plasma to be less than unity. 
The plasma angular frequency o, is given by the relation w:=(Ne2/m). 

The concept of the plasma as a network leads to the impedance vu,14 of 
a lossless and lossy plasma respectively as 

and 

Ir is evident that the convection current - jNcZ Elmw increases with increase 
of the plasma density N. If the density N increases such that it approaches 
the value mw2/e2, then a,---w. In this case, for a collision free plasma 
(v=O), the intrinsic impedance q,-+ -. This means that for a overdense 
plasma, the impedance 7 ,  is very high. If 7 ,  > > 7,  [ = 1 / ( , u 0 / ~ , ) ]  the free space 
impedence, the reflection coefficient will be approaching unity. Consequently, 
under overdense condition a plasma medium may become opaqile 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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The simulated plasma should not only have its relative permittivity less 
than unity but also should satisfy the relation 

where, rio-376.7 ohms, Y o = ~ / ( P o ~ o ) ,  and 7 ,  and ?,represent respectively the 
impedance and propagation constant of the simulated plasma. The impedance 
i l n  of the grid structure (Fig. 2)  immersed in free space is given by the 
relation" 

tan ( n h l h ,  
' iw='lo- - 

tan (mnh/ho 

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 relation15 

2 n b  n -  0 arc cos cos - - -k A, sin (2 mb/X,) 
2 1.36 [ A 20 (1" ( 4 2  n d )  cos 0 + F(ii/A., 8)) 

The correction factor F(a/Xo,  8) has been evaluated by Macfarlane6 for angles 
of incidence Q =  Oo to 8=90° and normalised spacing (a/&)- 0.1 to (a/&,) -0.8. 

Wire grid structure : a-spading between wjres 
b-spacing between grlds. 



Waita h a s  derived a general expression for the function F(a/&, 0) 
follows : 

F (ajh,, 0) = if (@) +f ( -  @I [I31 

where, 

The reactance X, of the structure made of  wire having diameter (i can be 
evaluated from thc following expression 

which reduces lo 

when n s 0.20 A, 

in which case P [a/&,, %I < 0.1 for all values o f  the angles of  incidence 0. 
The free space vavelength is A,. 

4. REFLECTION AND TRANSMISSIOX COEF~CIBNTS OF SIMULATED PLASMA 

The reflection coefficient P, of the simulated plasma is obtained from 
equation [ I  I ]  by using transmission li?e analogy as follows 

The transmission coefficient t ,  of the simulated plasma is ~ b t a i n e d  from 
equation (181 as  follows 

where, t h e  refractive index n is obtained from the relation [12] 
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The reflection Pb and transmission f, coefficients of an actual lossless 
plaslna medium are obtained from equation 181. 

and 

Similarly, for a lossy plasma, the refleetion P,, and trnsmission rp, coefficients 
are obtained from eq~iation [9] 

where, wz- ,- wp/(w'+v2) z 

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 P, and t, respecti- 
vely in the case of a lossless plasma and equal to  P,, and t,, in the case of 
a lossy plasma. This requires that the following relations should be satisfied 

1 -xii2 tan (mb/XJ - tan (nnb/Ao)  - - 
1 +xi" tan ( n b / h , )  +tan ( i r n b / X , )  

WI 

- tan ( n n b /  Xa) - 
I +xi" tan ( n b / A o )  +tan ( m b / A ,  

in the case of lossless plasma and 



in the case of lossy plasma, where. 

s = ( I  - a:) and y = (I - w:) 

The refractive index n is obtained in terms of structure dimension3, 0, b aIldd 
from the relation 11x1. A n  expression for  the  equivalent plasma density N 
can be derived by using the equations [24] and  [25] and the relation w;=,?,re21rn 

in  the case of  a lossless plasma and is given by 

I n  order that the above relation m a y  be satisfied 

[an2 ( r n h / h o )  i tan2 ( . rrh, 'Ao) 

O r  in other words, ill order that the wire grid structure may simulafe a 
plasma of electron densily N, Lhe dimensions 0, b and d of the structure 
should be such that n renuins  less than  unity for all  angles of incidence 8. 
That is equation [29] and hence equation [28] sets the limil of a, E and d for 
which the simulation of plasma by artificial dielectrics can be achieved 
Similarly, i n  the case of a lossy plasma, the equivalent plasma density in 
terms of  the stlucture parameters is obtained from equations [26] and [27] 
and w:= iVe2/m and is given by the relation 

Jn order that N may remain positive, the structure dimensionr should be such 
that a remains less than unity. 

The effects of  interaction o f  plasma on nlicrowave radiation are to shift 
the position of  major lobe and also modify the shape of radiation pntLerns. 
The radiation patterns o f  a microvawe horn in free space and terminated i n  a 
ground plane are given by 

where, Eo and E+ refer to the patterns in the 8 and @ planes respectively and 
t) and 9 represent polar coordinates. The derivation oS the above expressions 



for E~ dEI assumes the existence of only the  magnetic current sheet as  the 
original electric current is cancelled by the electric current sheet i n  the 
image plane. In  [he  presence o f  the  plasm?, however, the radiation from 
the horn induces surface currents i n  the plasma. If both  the electric and  
magnetic current sheet distribntions a re  taken into account, the radiation 

of the horn with its ground plane embedded in plasma arE given by 
the re~ations'~. 

1 sin (,b/2) sin 3' 
E8 - {--- L(r, h/2) siu 61 cos2 (7, I )  -t (l/n2) [ (n2 - sin2 8)/cos2 81 sina 7, I 1331 

1341 
where, 1 represents the thickness of the plasma in the direction o f  propaga- 
tion. 

The radiation patterns o f  pyramidal horns a t  X and K bands with and 
without plasma were obtained experimentally ior a large number of wire grid 
srructurcs simulating lossless and  lossy plasma. The patterns were analysed 
with regard to the shift of t he  major lobe and distortion o f  the radiation 
patterns. 

Some typlcal H-plane radiation patterns of a pyramidal horn with 
h s m a  sheaths simulated by wire grids a t  K band are  shown in  Fig. 3. 
rhe results are summarised in tables I, I1 and I11 



B DEGREES DCGRELS 

H-Plane radiation pattern of pyramidal horn in the absence a n d  
presence o f  plasma at K-band 

A-Pyramidal horn 



sp)it(ing and shbft o f  the main beam at K Hand For lossless Y-plasma, 0 ~ 4  mm, -- ----- - ~ - ~- . -- 
Position 

NO. of Magilitudc ofedch lobe 
b mm lohe, of each lob* with repcci Direction o r  shift 

toormmlised) to the axis 

0 Two l .dN)  6 Anticlockwise 
0 6 5 Clockwise 

4 Two I .OO 2 Anticlockwise 
0.78 8 Clockwise 

5 Two l .00 5 Anticlockwise 
0.60' G Clockwise 

* 6 Two 1 .OO 4 Anticlockwise 

0 60 4 Clockwise 

9 Two I .OO 4 Anticlockwise 

I .no 5 Clockwise 

10 One 1 . 0 0  4 Anticlockwise 

1 1  Two 1.00 7 Anticlockwise 

0.90 2 Clockwise 

12 Two 1 .CB 6 Anticlockwise 

0.80 3 Clockwise 
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Splitting andshift of the beam at K band for lossless X Y  Pktsma. u-4 mm 
-- -- 

Pos'tion 

NO. o i 
Magnitude o f  each lohc D,l.ect,on 

h mm L.obe. 
o i  cach lobe with respect 
( n o ~ n u l ~ r c d )  l o  the axi.; u f  vh~it 

Ant~clockwise 

Clockwise 

Two Anticlockwise 

Clockwise 

Three Anticlockwisc 

Anticlockwise 

Clockwise 

Two Anticlockwise 

Clockwise 

Two Anticlockwise 

Clockwise 

Two Anticlockwisc 

Clockwise 

One Clockwiso 

Clockwise 13 One 1 .OO 6 
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TABLE 3 

&itting and shif t  o f  bdam at K band for Lossy Y plasma, a=4 mm - 
Position 

No. o f  Masnitude of each lobe 
b mm lobcs of each lobe with respect Direction 

(normaliscd) to ~ X L S  o f  shift 
<degrees) -- 

Onc 

Onc 

One 

One 

01.e 

Two  

Two 

Two 

Two 

One 

One 

One 

Anticlockwise 

Anticlockwise 

Anti-lockwise 

No shift  

Clockwise 

Anticlockwise 
Clockwise 

Anticlockwise 
Ciockwise 

Anticlockwise 
Clockwise 

Anticlockwise 
Clockwise 

Anticlockwise 

Clockwise 

N o  shift 

The following observations may be madc on  the basis of the expenmental 
i l~lts  on rad~a t ion  patterns of  a pyramidal horn In the presence of simulated 
3sma at K band : 

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

(ii) For some values o f  b, the beam is not split but is shifted in the 
anticlockwise direction. 

( i i i )  In the case of a lossy Y plasma there is no shift when b = 5  m m  
and b-= 3 mm. 

(iv) In rhe casc of  X band, the major lobe is qhifted 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. 



T A E L B  4 
Shift of t h e  major loibo a t  X band 

Angle of shlft Angle or shift 
in degrees in degrees 

b (cm) for lostless h (cm) for lossslcss 
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 variation of shift (8) with respect to normalised spacing b/X, at 
Ao= 1.25 cm for lossless Y, XY and lossy plasma Y is shown in Pig. 4. 
The variation of equivalent plasma density with respect to 6/X, has been 
calculated from the observed anglc of shift with the aid of the follqwing 
relation 

hT- 1 .242 x 10-'f,Z m-3  1351 

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

$=f2 (1 -n2) [361 

and tr=cos S P 7 1  

0 0 LOsSLESS Y 
a * . LossY Y 

/ * A LOSSLESS XY I 

b/ao - 
FIG. 4 

Angleof shift 8 va bix,, 0-4 mm at K band 1.-1 25 om. 
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rhe variation of equivalent plasma density with respect to the normalised 
spacing between two plasma sheaths for all the three types of plasma at 
,yband is shown in Fig. 5. 

The equivalent plasma density. refractive index as function of normalised 
$ p i n g  a/ho between grid wire and corresponding angular plasma frequency 

and effective dielectric constant € as function of a/& for various values of bP& 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 2, obtained from transmission line analogy have also been 
&culatedas function of  a /h ,  for various values of b/Xo for losseless Y plasma 
at X band and the results are presented in Fig. 8. I t  is noticed that L, 
increases but N decreases with increasing a/ho. This is probably due'to the 
fact that as L, increases, convection current decreases, consequently the 
equivalent plasma density decreases. 

'+I730 - 
FIG. 5 

Equivalent plasma Density vs b/k, at K baud ho=l 25 cm a==4mm 
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~h~ half pclwer beam widths of significant lobes vary with the normaliscd 

bjh,. ~ i l e s c  variations at  K band for all lhe 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) in 
cont.ast with the case of beams shifted in the clockwise direction (Fig 10). 

FIG. 6 

Fquivalent plasma Density and Refractive Indeu vs a l ~ ,  at X band A,-3.14 a. 



Sitnuluted Plasma at X and K Bands 

@/a, 
FIG. 7 

up and . vs nix. at X band: ~,=3.14 cm. 

a/%, - 
Fro. 8 

2.. X,. vs a/hb at Zband h0=3 .14  crd 
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~ a l f - p o w e r  beam width vs b!x, for beams shiftej  
anticlockwise at K band; ~ , = 1 2 5  em, a=4 mm. 

Half power beam widtb vs b!h,.for beam shifted clockwise at K band. 
ho-1.25 cm, o=4 mm. 



10. R ~ F L E C T I O N  AND TRANSMISSION COEFFICIENTS 

The reflection P, and transmission 1, coeflicienis in terms of blXo and 
have heen calculated by using equations [IS] and 1191 respectively where 

is determined from the relation[l2].  The variation o f  p, and t ,  with 
respect to blX, for a/Xc for 1ossless Y plasnla a t  X band are  shown in Fig. I I .  
The reflection (P,) and transmission (r,) coefficients have been calculated by 
"sing equations [20] and [21] r~spect ively .  The  variations o f  P, and t, with 
respect to b/h, for losslzss Y and XY plasma at  K band are shown in Figures 
(12) and (13) respectively. The  variation of f, and P, with respect to a/ho 
for different values o f  b/X, at  X band for lossless Y plasma a re  shown in 
Figures 14 and 15 respectively. Table 5 shows the difference between t, aqd 
r,at X band as function o f  blA, for a/b=0.376.  

FIG. I I 
Transmission (1,) and reflection ( r,) coefficients vs b/xl  

at X band, 0=1.2 cm. Lossloss f plasma 
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Transmission (r,,) and reflection ( P,,) coeffrcicnts as function o f  bike at 
K band for Lossless Y plasma, a=4 mm. 

Transmission ( tp )  and reflection ( Pp) coefficients as function o f  b / ~ ,  for 
L osselessX-Y plasma K band. 

Dlffarcncz in fpand h a t  Xband. a/xo=0.376 
-. . . . - . . . - - - ~ . . ~  

blxo tp  - tw - - -~ -.-- - .- - ...-. -. -- 
0.250 0.047 

0.281 0.068 

0.312 0.08 

0.376 Q.14 



FIG. 14 
Transmission (G) coefficient vs a / x o  for Losseless Y plasma at K band 

( a )  b / ~ u - 0 . 2 5 0 ,  (6) h ~ ~ , = O . 2 8 1 ,  (c) b!h,-0.3{2, ( d )  bl~o=0.376. 

a l ~  --t 

FIG. 15 
Reflection < pa) coefficient vs .!A. for Losslee6 Y plasma 

W hh.,n 250. rb) blxO=0.28l, (c) 61x0 -0.312. ( d )  blxo-O.3h. 
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The diKererence t h - f , , i s  probably due to the diffraction effects which have 
not been taken into account in deriving the relation for n which is used in 
cn lcu la t i~~% the values of I,,. 

The authors express their thanks t o  the  Professor-in-charge for the 
hcilit les provided durmg the course o r  the investigations. 
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