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Fig. 4. Coupling of the whole hybrid versus frequency.

a =0.6 mm and c = 1.23 mm. The character-
istics of the fourteen-slot couplers used are
shown in Fig. 2. The couplers used have a
coupling higher than 2.6 dB over 2350 MHz
(bandwidth of 23 percent). The VSWR mea-
sured at one port when all the others are
matched is less than 1.08 between 8 and 12
GHz and the directivity is better than 30 dB.
The quadrature phase shifter is constructed
by inserting, in the waveguide (RG 52/U), a
dielectric slab tapered at both ends to mini-
mize reflections.

The dimensions of this slab have been
calculated from the theory described by Hal-
ford [3] and Altmann [4].

The whole junction we built [5] is realized
with two fourteen-slot couplers and one iT/2
phase shifter designed as above. For this whole
junction we measured the directivity, the cou-
pling, and the VSWR at one port when all
the others were matched. The results are
shown in Fig. 3 and Fig. 4. The VSWR is less
than 1.1 between 8.3 and 12 GHz. The most
interesting property remains the decoupling
between the input 1 and the output 4 when
arms 2’ and 3’ are terminated by two identical
impedances (here short circuits). This decou-
pling is higher than 40 dB for the two fre-
quencies where the coupling of each coupler
is exactly 3 dB. We have shown that a jrmc-
tion endowed with the magic tee properties
over a range wider than 3 GHz in the X band
could be obtained.
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Normal Incidence on Semi-Infinite

Longitudinally Drifting Magneto-

Plasma: The Nonrelativistic Solution

The purpose of this correspondence is to
present a nonrelativistic solution to the prob-
lem of normal incidence of electromagnetic
waves on a semi-infinite longitudinally drift-
ing homogeneous cold magnetoplasma. Re-
fleeted and transmitted waves from the drift-
ing boundary are found and the results are
identical with a relativistic solution presented
by Chawla and Unz [1].

Let a linearly polarized plane electromag-
netic wave in free space be normally incident
in the positive z direction on the drifting
boundary of a semi-infinite cold magneto-
plasma which is drifting with a constant
velocity zo= voi with a superimposed static
magnetic field ~0 = HOZ; the incident wave
will be given by
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where Ezz is a constant, w is the circular fre-
quency of the incident wave,

k?l = : = UIV’I.LOEO,

~ = ~M~ and ~0, COare the free space Perm-

eability and permittivity, and 2, j, ? being
the corresponding unit vectors.

The drifting gyrotropic plasma boundary,
assumed to be located at z= vet,will produce
in general two reflected waves in free space

& = EZ%ie~<uRt+hRaj;

~RI = — J E.R~ei(wRf+@$l (2a)
v

77Rz= EVR@~URt~@s~;

~Ra = A Eu%e~~”Rg~~Rt~ (2b)
v

where E.R, and EUE are constants, @Ris the
circular frequency of the reflected wave, and

In addition, one will have transmitted
waves in the drifting magnetoplasma of the
type d%t-%–~). From Maxwell’s equations
one obtains for the plasma waves [2]

kT
H.=–— Ey=–~E;

~@!T ~

k~
Hy=— Ez=~E= (3a)

fJo@T 7

eo(nz — l)E~ = sP~;

eo(nz — l)EV = SPV (3b)

wheres = 1—n~L, UT is the circular frequency
of the transmitted electromagnetic plasma
waves, kT is the corresponding wavenumber,
P., P. are the space polarization components,

pL =%, ckT~=—=:
c UT ‘UP‘

is the refractive index, and UP is the phase
velocity of the wave in the drifting magneto-
plasma. From the constitutive relations, one
has for the plasma waves [3]

EoXTJ!?Z= — uTpz — ‘i YPPY (4a)

●OXTEu = — UTPU + i YTPZ (4b)

where the notation by Budden [4] has been
used taking

&=%l YT=EL, .% =?,
@T2 UT ~T

uT=s–iz2. =1-nbL-iz*,

or being the plasma frequency, GJHL the
longitudinal gyromagnetic frequency, and v
the collision frequency of the plasma. Substi-
tuting (3b) into (4), one obtains

[U~(n2–1) +sX~]E.= –iYT(~2–l)E, (5a)

[uz’(n’-~)-!rSx~ ]E.= +iYT(n2-l)E.. (5b)

By equating the determinant of the homo-
geneous equations (5) to zero one may obtain
for a nontrivial solution

(n’ – 1)[1 – ?@. – izT + YT]

+ (] – n@L)xT = O (6)
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where (6) is the well-known cubic refractive
index equation [3] forthe longitudinally drift-
ing magnetoplasma, with respect tothecircu-
Iar frequency w of the transmitted plasma
waves. From (3) and by dividing (5) one may
obtain the wave polarization of the plasma
waves

where (7) is identical with the classical mag-
neto-ionic theory for stationary plasma [4].

The effective values of the electric field
~ff , and magnetic field i7,~f of moving
mednrm are given [5] by

&f=z+~ox L1017 (8a)

ZLff === T1 – 50 x Eoiz (8b)

It has been shown [6] that the tangential
boundary conditions at a moving boundary
require

RX [Eff]-+= o, fix [Rff]-+= o (9)

where there is no surface current density on
the boundary and [F]_+ represents discon-
tinuity F–F– with k signs relative to %.
Substituting (8) into (9) for the present case
of no 2 fkid components, one h&

[2x z - rJod7]z=”,t_
==[2x z - WE].=.,,+

[2x 77+ Ooeoz]z=uo,-
= [2x27+ ?J,eoE],=*t,+

(lOa)

(lob)

where z = vd — represents the free space side
and z = oOf+ represents the plasma side of the
drifting boundary.

In order to obey the boundary conditions
(10) at the drifting boundary, all waves will
be required to have the same exponential time
variation at z= vet, i.e.,

f.J~t‘kflij=URt+kRvQt=UTt —khjt. (ha)

Using the above definitions one has the
requirement

@r(l — i3L) = OR(I + BL)

= UT(1 — nBL) (llb)

where @L= UO/c, and n = C/up. Assuming that
the source frequency aI of the incident wave
is given, one may find

l–fl&

“’R=W1l+PL;

l–~&
— .

‘T=wll–@L (llC)

Because of the boundary conditions at the
drifting boundary, the frequency of the
reflected wave 6JRand of the transmitted wave
in the plasma w are given in terms of the fre-
quency of the incident wave by (1 lc). Defin-
ing a new set of plasma parameters with
respect to the circular frequency OJ1of the inci-
dent wave, denoting

~y-l = & , yl = “L’ ,
W12 ~z

and

zI=~
UI

r–(l +6.) o +(1 – nl~~)

o –i(l + /3L) +(1 – nlL?L)

1
0 +~(1 + ,8L) +(nl – p.)

+(1 + ,8.) o +(?L1– 6L)

and using together with (1 Ic) in (6), one
obtains

(1 – BL)(n’ – 1)[1 – 6L – ~z~~ y,]

+ <~,(1 – ?@’ = O. (12)

Equation (12) is a quadratic equation for the
refractive index n = C[lig of the drifting
plasma, as compared to (6) which is a cubic
equation. In general, one will have four dif-
ferent solutions for n in (12), two for – YI
and two for + YZ; one of each pair will repre-
sent transmitted characteristic waves in the
drifting plasma in the positive z direction and
their refractive indices will be denoted by rrl
and n2, respectively.

Using (3a) and (7) one has for the first
transmitted plasma wave (n= n,; R = – i)

~TI = E.(l) (t — ‘iji)ei(arl-k~lz) (13a)

~Yl = ‘i ~ E.(l) (~ – ‘ij)e’(tiT,[-kT@ (13b)
v

where EZ<lI is a constant,

l–@L
(?JT1= I.01

1 – n@L

and

nl~Tl n,~~ 1 – &
.kl’l=— ——.

c c 1 – nl~z

The corresponding second transmitted plasma
wave (n =n2, RZ = +@ will be

i%J = EC(2J(j + ij)ei(wTzt–kT@ (14a)

~T2 = – r’E &@J (~ + ij)e%(0T2’-’T)’) (14b)
~

where E.(2) is a constant,

l–@&
&lT2= COI

1 – n2DL

and

n@Z’j n@l 1 – 6&
kT2=—-——=—

c C l–?t26L”

Both waves are circularly polarized but in op-
posite directions; because of the boundary
conditions at the drifting boundary, the
waves will propagate with different circular
fHXpRSICkS WTI, CW2 h the plaSIIfa fOr the
same frequency tir of the incident wave.

Assuming that the amplitude E.r of the
linearly polarized incident plane wave in (1)
is known, one can find EZE, EVE of the re-
flected waves in (2) and -EC(i), Ez(z) of the
transmitted waves in (13) and (14) by using
the four boundary conditions in (10) at the
drifting boundary z= O.I. Substituting (l), (2),

(13), and (14) in the boundary conditions
(10), canceling the identical exponential time
variations at z = v~f, taking

Uopll Vo
VO@~=y=~=BL
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and rearranging, one obtains

+(1 – n28L)l EzR 7 1 – BL1

– (1 – nzB.) Evn /_ o
– (n2 – 8L) EC(l) I – ()

E.r (15)

where (15) is identical with the result found
by Chawla and Unz [1] for the relativistic
case. Once nl and n? for the transmitted
plasma waves are found from (12), one may
find reflected waves EZE, E,R and the drifting
plasma transmitted waves E.@j, Ez@) in terms
of the incident wave E.r after multiplying
(15) by the inverse of the square matrix.
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An Experimental Gas Lens

Optical Transmission Line

The advent of successful gas lenses [1 ]-[4]
started investigations of their performance in
optical transmission lines. A test line of
spaced thermal gas lenses was built at Holm-
del in a long corridor using parts and tech-
niques available from previous circular wave-
guide work.

The gas lens elements of this line consisted
of copper tubes 15 cm long with an inside
diameter of 6.3 mm and an outside diameter
of 9.5 mm. They were heated by a single
layer winding of number 34 enameled re-
sistance wire having a total resistance of 1400
ohms. A thermocouple was soldered to the
center of each lens tube to determine its
temperature.

Each lens element was foamed in place in
the center of a one-half meter length of 2-inch
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