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Fig. I—Oversize waveguide directional cuupler schematic.

signed for the 10-cm range; a millimeter

~ravelength version can be designed by di-

rect scaling.

Fig. 1 shows the construction of the

coupler including nonlinear tapers4 used to

lauuch a pure TEIO mode iu the ovefsize

guide. Fig. 2 is a picture of the device
showing the dielectric coupliug elements.
The oversize guide had a and b dimensions

of 8.51 and 5.82 iuches respectively. This

guide is about 3 times oversize for standard
S-band. The coupler consists of a pair of

dielectric. prisms (e, =2.55) separated by an

air space of thickness d. Quarter-wavelength

dielectric slabs (e, = 1.6) were used to match
the prisms to the four waveguide ports.
The theory follows an analysis for a pair
of optical prisms.1 Power incident at port 1
is coupled to ports 3 aud 4, where the rela-
tive division is a function of the spacing

between the two prisms. Port 2 is isolated
from port 1. The theoretical expressions for

power coupling to ports 4 and 3 (assuming a

lossless dielectric) are

Pk 2.4 sinh’ (3.29 d/A)

z= sinhz (3,29 d/h) + 1.40 coshz (3.29 d/i)

and

P3
—=1–5
PI P,

where

P,= power available at port 1,

P,= power coupled to port 4,
PS = power coupled to port 3,

A = free-space wavelength.

IVe have constructed a 3-db directional
coupler wherein the coupling to ports 3 and
1 is equal within 0.3 db and the insertion

loss is about 0.8 db over a 15-per cent band

centered about 2.9 Gc. The results are
shown in Fig. 3. This loss was mainly due
to a 0.20-db loss iu the tapers, a 0.30-db
dielectric loss, and wall losses. The power
coupled to port 2 is 21 to 26 db down from
the incident level over the band. The input
SWR is about 1.3 over the band. Additional

experimentation at different d’s agree with
the theory.

4 H. G. Un&r, ‘, Circular wavegu ide taper of im-
proved CkSi~ll, ” Bell S9s. Tech. J., “01. 37, DD. 899—912;
July, 19.78.
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Fig. 3—FrerLuencY response of ov?r-size di
rectional coupler.

Further work is in progress to scale this

device to the millimeter region and to reduce
the wall loss due to higher mode conversion.
A device of this type can be used as an ad-
j ustable directional coupler and variable
attenuator by mechanically v:wying d. By

setting d for an equal power split, it becomes
a 90° hybrid and thus can be used to form

other components such as variable phase
shifters and mixers.
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Resonances in a Cylindrical

Plasma Column*

A plasma column irradiated by an elec-

tromagnetic wave which has its electric

vector and direction of propagation perpen-

dicular to the axis of the tube exhibits
Tonks-Dattner1,2 resonances in its absorp-

tion pattern when the electron density in
the column is varied. The pattern consists

of a main resonance and a number of less
pronounced subsidiary resona rices at cur-
rents corresponding to electron densities
Iower than that of the main peak. The sub-
sidiary resonances grow progressive y small-

er as the electron density decreases.
Herlofson3 predicted a single resonance

for a cylindrical plasma irradiated in this

iashiou. He treated the problem by solving

the wave equation in cylindrical coordinates
subject to appropriate boundary conditions,

and found only one frequency for maximum
scattering from the column. NTo resonances

at all were predicted for the parallel mode

of excitation in which the E vector is paral-
lel to the axis of the column. So far no com-
pletely satisfactory theory has been put for-
ward to amount for the subsidiary resin
~,:,*lces.4 ,5

In the course of experiments attempting

to elucidate this phenomenon, our observa-
tions have shown that these resonances may

also be seen when the electric field is parallel
to the axis of the plasma column. Further-

more, if the plasma column is placed with its

axis parallel to the direction of propagation
in a waveguide or transmission line and

the length of the column is of the order of a
wavelength and can be no longer considered
as a localized discontinuity, the Tonks-
Dattner resonances are still clearly shown.
The following experimental results illus-

trate these points:
Fig. l(a) shows the normal Dattner ex-

periment with the plasma column across a
waveguide propagating a Tf301 mode, to-

gether with the resulting absorption pattern

when the current through the plasma tube

is varied.

Fig. l(b) shows the waveguide rotated

through 90° with respect to the plasma
column as well as the absorption pattern
which again shows the Tonks-Dattner reso-
nances.

Fig. 2(a) shows a plasma column placed
across a parallel plate transmission line and
a photograph of the transmission down the

line as the current in the tube is varied.
Above a certain current the transmission is

cut off at current levels; below this we have
the characteristic Tonks-Dattner reso-

nances.

* Received April 23, 1962. This work was suP-
ported in part by a grant from the National Science
Foundation.
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Fig. l—(a) E field perpendicular to column. (b) E field parallel to column.
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Fig. 2—(a) Plasma tube across transmission line. (b) Plasma tube along transmission line.

If now the plasma tube is placed at the

center of the transmission line with its axis
parallel to the axis of the line as shown in

Fig. 2(b) the resulting output from the line

again exhibits the Tonks-Dattner reso-
nances. The tube in this case was approxi-
mate y 1.2 wavelengths long.

The above experiments show that reso-
nances can be excited when the electric

vector of the incident EM wave is parallel
to the axis of the plasma colnmn aud also
when the plasma column is placed so that it
may not be considered as a localized dis-

continuity. Since these resonances are not
predicted by any theory so far put forward
we feel there is a need for variation of the
Dattner type experiment and for the per-

formance of new and different experiments
so that the conditions under which these
oscillations are excited can be more com-
pletely determined.
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Proposed Experiment for Eliciting

Multiple Resonances from the

Ionosphere*

In the theory of Herlofsoul only one res-
onance is predicted for a cylindrical plasma
column irradiated by an electromagnetic
wave having both its direction of propaga-
tion and electric field E perpendicular to the

axis of the column, a mode which he desig-

nates as sagittal. Herlofson treats the prob-

lem by solving the wave equation in cylin-

drical coordinates aud then imposing bound-
ary conditions to find the frequency or fre-

quencies for maximum scattering from the
column. In his treatment, the modes which
involve Bessel functions of order higher than

unity have the same resonant frequency as
that for the dipolar mode for which the order
of the Bessel function is unity. N-o reso-
nances at all are predicted for the parallel

mode of excitation in which E is parallel to

the axis of the column. These predictions are

contrary to the experimental observations

of Dattnerz and others3 for the saggital mode

and also contrary to the observations re-

ported by Willis and Petroffq in which a
spectrum of resonances is found for the

parallel mode. Experiments by Boleys have
shown that the sagittal scattering for the
higher order resonances is that appropriate
for a dipole, that is, his experiments show
that the field about the column for the
higher-order modes is not quadropolar or

sextupolar.
These multiple resonance experiments

under a variety of experimental arrange-

ments suggest that the mode spectrum may

be an intrinsic property of a plasma, per-

haps of an extended plasma such as the

ionosphere. The higher-order resonances
occur when the electron density is lower
than that required for the principal reso-
nance. The frequencies for the various reso-
nances, ~n (they may also be expressed in

terms of electron densities), are given rea-
sonably well by the expression

‘2ti)/(2n+’)=[1-(:)211’2‘“
where n = O for the principal resonance and

tz=0,1,2,3, ..., n for the series. ~n may

be expressed in terms of j~ and, for the vari-

ous values of n we have

/n/jo = 1.0, 1.34, 1.67, etc. (2)

An experimental test of this hypothesis
would be afforded by taking ionospheric
soundings employing a set of discrete fre-
quencies and noting whether reflections
from the ionosphere are obtained, at a
fixed height, not at one frequency only, but

* Received May 4, 1962.
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