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detector used was merely a level-indicating device with
readings taken on a rotary vane attenuator to obtain
the same power level with or without the harmonic
suppressor in the line. For second harmonics, sweep
techniques were used to verify suppressor performance.
In effect, sweep eliminates the possibility of missing
narrow ranges where performance may not be up to
specification. Figs. 8 and 9 show reproductions of oscil-
loscope traces obtained in this test. Figs. 10 and 11
show a table of device characteristics for higher {re-

quency ranges where sweep equipment was not avail-
able.
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CONCLUSIONS

Two different harmonic suppressors finalizing the
above design principle have been developed, one operat-
ing in C band, and the other in X band. Up to this date
these have only been tested at high CW power levels
and no peak power breakdown data exists. Figs. 10 and
11 also show a summary of important device parameters
such as size and weight, attenuation per unit length,
and a figure of merit which has been defined as attenua-
tion for the second harmonic divided by attenuation
for the fundamental. This figure of merit cannot be
approached by reactive filters or by ferrite devices.

A Plasma-Column Band-Pass Microwave Filter*
I. KAUFMANT, SENIOR MEMBER, IRE, AND W. H. STEIER, MEMBER, IRE

Summary—A tunable band-pass filter using the dipole resonance
of a plasma column has been investigated. The center frequency of
the pass band can be electronically tuned over a large portion of a
waveguide band. For the prototype investigated at S band, the in-
sertion loss at the center frequency was less than 2 db, with isolation
for frequencies outside the pass band on the order of 12 db. A typical
3-db bandwidth of this prototype was 150 Mec. It is expected that this
figure can be improved by choice of better discharges than the
positive column of the mercury discharge used here.

An analysis of the external Q’s for the input and output coupling
is presented. From these calculations, it is possible to determine
approximately the various coupling parameters that produce a given
degree of overcoupling.

I. INTRODUCTION

AND-PASS filters that can be electronically
B tuned over a wide band are desirable components

in some present-day electronic systems. Several
schemes have been proposed and investigated for
achieving such filters. In most cases these have in-
volved resonant cavities which are perturbed and tuned
by a variable impedance element, such as a voltage vari-
able capacity diode,! ferrite,2* or ferroelectric.? A much
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wider tunable bandwidth can be obtained, however, by
use of a material which itself exhibits a resonance effect.
A particularly successful example of this is the mag-
netically tunable yttrium iron garnet filter investigated
by Carter,® in which the spin resonance is used as a
microwave resonator. The resonance exhibited by the
plasma column can be used to make an electronically
tunable filter in a similar way. This paper discusses the
mechanism of such a filter and experimental results of a
prototype filter constructed at .S band. While results
for this prototype certainly do not rival those that have
been achieved with the yttrium iron garnet filter, itis
possible that the principle of the plasma filter may also
find applications.

The plasma resonance used in our filter is that previ-
ously investigated by Tonks” and more recently by
others, in particular by Dattner.® The simplified physi-
cal picture of the resonance is that of a cylindrical elec-
tron cloud oscillating about a stationary cylindrical ion
cloud. This resonance can be treated as that of a micro-
wave resonator, whose resonant frequency is a function
of the plasma density.

The resonance of a plasma column is easily excited
by passing the column through a TE:, rectangular
waveguide, such that the column axis is perpendicular
to the incident electric field and to the direction of
propagation. By positioning a pick-up probe so that it
is only excited when the column is in resonarnce, a band-

8 P, S. Carter, Jr., “Magnetically-tunable microwave filters using
single-crystal yttrium-iron-garnet resonators,” IRE TRrANS. ON
MicrowavE THEORY AND TECHNIQUES, vol. MTT-9, pp. 252-260;
May, 1961.
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8 A. Dattner, “The plasma resonator,” Ericcson Technics (Stock-
holm), vol. 13, pp. 310-350; 1957.
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pass filter is made possible. By varying the discharge
supply voltage and, hence, the plasma density, the
resonant frequency of the column and, thus, the
center of the pass band of the filter are electronically
tuned.

An analysis of input and output coupling, given
below, shows that the external Q (Q,) can be varied over
a wide range by appropriate plasma and probe position-
ing. It is found that the values of Q. possible can be
made several times smaller than the unloaded Q (Qy) of
a typical plasma column, so that a low insertion-loss
filter is possible.

II. PrINCIPLE OF OPERATION

Several workers™ 1 have observed that a plasma
column as shown in Fig. 1 will exhibit a resonance. The
resonant frequencies of the column can be found from a
static analysis under the condition that the dimensions
are much less than a wavelength.

Fig. 1—Cross section of plasma column and near fields of
the dominant dipole mode.

The problem can be handled!':'2 by solving Laplace’s
equation in the three regions (plasma, discharge tube,
and free space) and matching tangential £ and normal
D across the interfaces. The relative dielectric constant
of the plasma is assumed to be

IR I
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where
« = signal frequency
w, = plasma frequency
no. of electrons>1/ z

=5.6><104><<

cC

For the mode with one angular variation and no axial
variation the resonant frequency is found to be®

wr = wp[1 + Kor] 7112 @)
where
ORI
() 1+ ) ]
Here

e =relative dielectric constant of the discharge tube,
ri=outer diameter of the discharge tube,
ro=inner diameter of the discharge tube.

Higher-order modes with larger angular and axial
mode numbers are also possible, The higher-order angu-
lar modes lie on the high plasma-density side of the
dominant mode. Since they are not as easily excited as
the mode with one angular variation, no use is made of
them in the filter.

An axial variation of the form sin (mwx/a) is appropri-
ate for the case of the column inserted across a rectan-
gular waveguide of width ¢. For this finite length col-
umn we find, therefore, that the resonant frequencies
are now given by

@, = wp[l 4 K ops] 202 )
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a

MTYy
Ko ( ) = modified Bessel function of the second kind.

where

! —
Keff—

Mo
( > = modified Bessel function of the first kind.
a

The modes with values of m>1 always appear on the
high-density side of the dominant mode given by (2).
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To derive (4) and (5), we neglected the dielectric of
the discharge tube for simplicity. It is found that for
the Jower values of m and for a/ry>~20, which is typical,
the resonant frequencies given by (4) coalesce to that
given by (2). Therefore, for low values of m, the reso-
nant frequency of the dominant mode of a typical
plasma column across a waveguide is given by (2) to
within the accuracy of the static approximation.

Several workers®~19:13 have reported the appearance
of resonances on the low-density side of the dominant
mode. These do not correspond to the higher-order
modes discussed here. The origin of these modes has
not been definitely determined to the satisfaction of all
the investigators of this problem.

In the static approximation, the near fields of the
dominant mode are entirely electric and for large values
of a/ry are entirely in the transverse plane. At reso-
nance, the energy is alternately stored in the electric
field and in the kinetic energy of the plasma electrons.
For the column inserted through a rectangular wave-
guide of width ¢, these near fields are approximated by
the near fields of a column of length ¢ in a free space,
provided the column is not in the immediate proximity
of the top or bottom wall. These fields are then:

In the plasma:

wL
E, = [i,cos ¢ — 1, sin o] [Al sin __]

a
In the dielectric tube:
E; = {1,[Ads — By 2] cos ¢ + 1] — A5 — Br% sinq&}

. T
< 4sin —p .
a

In the region external to the tube:

T
E; = [i, cos ¢ + 74 sin ] [—Agr“ﬂ sin Ajl (6)
a
Here 4., 4,, A3, and B, are constants determined by
the power level; #, ¢, x are cylindrical coordinates;
1,, 1, are unit vectors. In addition to determining the
condition for resonance, the matching of tangential E
and normal D also relates the four constants, as given
by (7); so that the constant 4; completely determines
the amplitude of the resonance oscillations. Thus,

Ar= A1l — &][1 — & — % 2(1 + &) ]

By = Ai[l + ] [-72][1 — & — 276 2(1 + &) |
Ag= A =2r2)[1 — s — ri2re2(1 + )] n
1t should be pointed out that losses within the plasma

have been neglected in this analysis. These losses are
due to collisions of the oscillating electrons with neu-

13 F. Boley, “Scattering of microwave radiation by a plasma
column, “Nature, vol. 182, p. 790; 1958.
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trals, ions, the container walls, and each other. These
processes are often summarized by an effective collision
frequency, »." In general, the resonances will only
exist, and the plasma filter will only be possible, for the
region in which w>>v,. The losses in the dielectric tube
can also be of importance, of course. These can usually
be minimized by choice of a low loss dielectric.

In the static approximation of lossless plasma reso-
nance, there is no external applied electric field, yet
large coherent oscillations of the plasma electrons occur.
In the actual resonance, therefore, such oscillations can
be produced by the application of a small external elec-
tric field. However, coherent oscillations of electrons
correspond to an alternating current, which radiates
electromagnetic energy. The resonant plasma column
across the waveguide behaves, accordingly, like a line
of electric dipoles of high Q, which radiate or scatter
electromagnetic energy only in the vicinity of their
resonant frequency. This behavior makes the plasma
column immediately into a band-elimination filter—a
property demonstrated indirectly in the work of
Dattner.

To use the plasma column as a band-pass filter at
least two alternatives exist. The first of these, which is
the obvious extension of the band-elimination filter, is
shown in Fig. 2. Here the section of waveguide which
contains the plasma column is fed through a circulator
and is terminated in a matched load. When the plasma
column is not at resonance, it is virtually inactive. Al-
most all of the energy supplied to its waveguide section
passes through it and is, therefore, absorbed by the
matched load. When the plasma current is set to the
value that produces resonance at the f{requency to be
passed, however, the plasma column behaves as a
strong electric dipole and reflects appreciably all of the
incident power. When this reflected power passes
through a circulator again, it is now led to the output.

This behavior has been demonstrated in the labora-
tory and is shown in the CRO display of Fig. 3. Here
the input frequency was kept constant, while the plasma
current was varied. It is seen that only at and near
resonance any power is transmitted to the load. (Al-
though the actual experiment that produced this dis-
play used a 20-db directional coupler for viewing re-
flected power, a circulator would produce the same re-
sult, but without the loss of 20 db.)

While this particular method of producing a band-
pass filter is successful, it has the disadvantage of re-
quiring a circulator or directional coupler. The need for
either is eliminated, however, by the method of selec-
tive coupling of Fig. 4. Here a pickup probe is placed
near the plasma column parallel to the waveguide axis.

14 1. Goldstein, “Advances in Electronics and Electron Physics,”
Academic Press, Inc., New York, N. Y., vol. V1I, pp. 399-503;
1955.
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Fig. 2—Band-pass filter, using plasma column and circulator.
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Fig. 3—Power reflected from plasma column at resonance.
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Fig. 4—Selective input and output coupling to column for flter.

Since the incident electric field is polarized perpendicu-
lar to this probe, it will not induce any currents in the
probe in the absence of plasma resonance, and, there-
fore, no power will be coupled to the output. At the cor-
rect plasma density for resonance, however, the electric
field will excite the resonance, which will generate the
fields given by (6). These, of course, do have a com-
ponent parallel to the probe and will, therefore, induce
currents in the probe and the line feeding the output
load. Again, by changing the plasma current and, thus,
the plasma density, the center of the pass band of this
filter can now be electronically altered. It is this em-
bodiment of the plasma filter which is discussed in more
detail below.

III. AnaLysis oF COUPLING

An equivalent circuit for the plasma filter of Fig. 4,
as viewed to the right in the plane of the waveguide at
which the tube is located, is shown in Fig. 5(a). Here the
two ideal transformers shown account for the degrees
of coupling between the waveguide and plasma tube,
and between the plasma tube and the output circuit.
The shorted waveguide section through which the out-
put coupling probe passes has an equivalent impedance
of 774 tan 2wc/\,, where Z, is the waveguide impedance.
We will initially assume that this section is of the order
of N\,/4 in the band over which the filter is to be tuned,
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Fig. 5—Equivalent circuits for plasma filter.

so that its equivalent reactance is high and it can be
neglected. The transformation ratios Ny and N, are so
chosen that very tight coupling corresponds to values
of Ny and N, smaller than unity. This is easily seen in
the example of the plasma column across the guide, but
with the coupling probe retracted. Here we have N;<1,
Ny>>1 resulting in the approximate equivalent circuit
of Fig. 5(b), in which the plasma behaves as a short
across the guide as actually experienced.

To analyze the operation of the filter, we draw the
equivalent circuit after the proper impedance conver-
sions due to Ny and NV, have been performed. The result
is the simple circuit of Fig. 5(c). We will now evaluate
the performance of this circuit in terms of the behavior
of the plasma column and the physical parameters.

The effective-percentage bandwidth of the filter is
determined by the loaded Q of the circuit, Q, which is
given by

o1, 1t
QL—QO Qe/left

Here Q, is the unloaded Q of the resonator element,
while the external Q's determine the amount of coupling
between the resonator and the supply and load. In
terms of the equivalent circuit of Fig. 5(c), these Q’s are
defined as

(8)

Qe/right

wl wl wl
Qo = e ; Qejlety = Z ; Qe/right = E -9

Narrow bandwidth requires a high value of Qp;
while low insertion loss requires that Qg is much larger
than either Q,j1et; OF Qu/righs. FOr maximum power trans-
fer, the two external Q’s should equal each other, al-
though this requirement is not critical.

To compute these (s, we assume a given amount of
energy stored in the plasma (LC). This determines the
constant Ay of (7), and, therefore, the amplitudes of
electric fields. Corresponding to these, we can find the
average power lost in the plasma and dielectric to get
Qo; the power radiated by the plasma into the waveguide
to get Qg iers; and, the power sent into the coupling
probe to the load to get Qejright.

All three calculations require a knowledge of the en-
ergy stored at a given field amplitude 4,. This is found
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by integration of the energy density 1¢E- E in the elec-
tric field at the instant when there is no motion of
plasma electrons, Although this integration should be
carried out over the volume of the waveguide, the
approximation of the plasma column in free space is
believed to be sufficiently accurate. The relative dielec-
tric constant of the plasma in this computation must be
taken as unity instead of the value given by (1).

The result, for waveguide width ¢ and plasma tube
inner radius 7o at plasma resonance is

1 wy?
U= -—> €0A127T1’02(1 ——>.
4 w,?
A. Qo

To compute the average power lost in the column, we
integrate the specific power loss 1/2 Re (0)E-E. Here o
is the conductivity, given approximately by

(10)

0‘&601/0_0‘ ~— J€o T (11)
The result at resonance is

1 w,?
P, = —ew.ditmro?a| — ). (12)

4 w,?

The internal Q, Qy, is, therefore, simply
w,U W, (13)
’ P, Ve

This is the Q of the plasma only. We must also compute
the power lost in the dielectric tube. We have found
that for our structure at S band the ratio of power lost
in the dielectric, Py, to that lost in the plasma is given
approximately by

P,
2 0.04D6,0s (14)

P

where D and e, are the dissipation factor and relative
dielectric constant of the dielectric, respectively.

To keep from lowering the effective internal Q, the
dielectric tube must have appreciably lower loss than
the plasma. For the case given by (14), this means
(De,) should be less than about 5/Qo. In the following,
we will assume that a good dielectric is used, so that the
internal Q is essentially Q.

B. Qe/left

Since the column behaves as a line of electric dipoles,
the relations for an electric dipole radiating into a wave-
guide can be used.’ For a oscillating dipole of electric
moment A =gl, which is located in a rectangular wave-
guide as in Fig. 6, the radiated electric field in the

15 T, C. Slater, “Microwave Transmission,” McGraw-Hill Book
Co., Inc., New York, N. Y.; 1942,
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Fig. 6—Radiation of an electric dipole into rectangular waveguide
with one end closed.
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waveguide dominant TE;, mode is

wk

sin —

20M [ u\?} a LT
E, = — sin — sin Bce™78%,
a

-G

w=1frequency of the oscillating dipole
a, b=waveguide dimensions
i, e=constants of material filling the guide
k=wy/pe
B=kv1—(n/ka)?
¢ =distance between dipole and closed end of wave-
guide,

(15)

where

Considering our plasma column to be composed of a
distribution of infinitesimal dipoles of amplitude,
dM =M, sin (w&/a)d§, across the guide, the total radi-
ated E, is found by integration to be
T
e 5in — ¢ %,

D vee)

The power radiated by the dipole distribution is then

sin B¢

E, = (16)

w2M02a .
Py = 4b_ Zo[sin Bc?,

(17)

where

Zy = waveguide impedance

Yy

To compute Q.1it, it remains to relate M, to 4;. We
consider a slice of thickness d£ of the oscillating column,
as in Fig. 7. At the peak of a cycle, a charge is found on
the surface of the disk, as shown. The total dipole
moment of the disk here is

ropdr
dM = (—LdE)f — 7 — 12 (18)
0 COs¢
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Fig. 7—Dipole moment of section of oscillating column.
where

p=surface charge density,
7, ¢ =polar coordinates,
ro=radius of the column.

The surface-charge density is the difference in normal,
or radial electric flux density, when the dielectric con-
stant of the plasma is taken as unity.

L3
p = [EO(EIT — 62E21) [r=rg] [sin —(;jl (17)

Here E,., E., are radial electric fields in plasma and di-
electric, respectively.

From (6) and (7), p can be found in terms of the
dimensions, the dielectric constant e;, and the amplitude
Ay, Alternately, by expressing Ey. and E,, in terms of
€, and e, we arrive at the relation

Lr3
p =€l — ¢)A1cospsin—, (18)
a
where ¢, is given by (1) at the resonant frequency (2).
From the integration of (18) and the definition of d M,
we now get

w 2
Mo = 7T7’02€o(1 —_ Ep)Al = 77’0260141(——?2—). (19)
wT
From (17) and (10), we finally get
w, U b
Qeprets = P, oy ' : (20)
w,.7r7'02eo —‘)*> Zo sin BC
w2

As expected, the coupling is decreased when the relative
amount of guide height filled by the column is decreased,
when the number of radiating electrons is decreased
(w, < N'?), or when the impedance seen by the column is
decreased by a change in distance c.

For the case investigated experimentally, a numerical
calculation results in the minimum value of Quers Of
about 4. It is seen, therefore, that the column can be
easily overcoupled on the input side.

C- Qe/ right

While the calculation of Q.. is believed to be quite
accurate for a column of uniform plasma density, we
have resorted to an approximation to estimate Qu/right.
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Fig. 8—Probe coupling to plasma column,

Shown in Fig. 8 is the probe, column, and an appropriate
coordinate system.
The electric field outside the column was shown to be

T
E; = [Z, cos ¢ + 4 sin ¢ | l:— A2 sin —] . (21)

a

We now assume that the voltage induced on the probe is
the line integral of the parallel component of this elec-
tric field along it.

? As(ri +n)
V TO egf E 2 jy=ry dZ = 22
P —x s (ri+m)?+ x* (22)

If the probe feeds a coaxial line of impedance Z,, the
power coupled out becomes

L Vowve 1 Ag(ni4m? 1
2 Ze 2 [(nt+a)+ X Za

By expressing A; in terms of 41, we find from (7) and

(10),
2 2
2ep- <§i>e227ra <*Q) Z oo
we Y1

B 702 roP\ 12

o(1=75) ()
L 1= 71

— 2 212

(+2)+2)
71 7’12

. J ) (24)

The coupling here is now obviously decreased by re-
tracting the probe from the column, and also by widen-
ing the waveguide. Here, again, a numerical calculation
results in the minimum value of Qg ians 0f about 4. Since
the probe can be retracted as much as desired, the
column can be easily overcoupled on the output side,

r

(23)

e/right =

14+~

| r1

IV. EXPERIMENTAL DaTA

Two types of waveguide filters were built and tested
at .S band using standard RG-48/U guide. In one filter,
the output probe was used to feed another waveguide,
as shown in Fig. 9; in the second, shown in Fig. 10, the
probe fed a coaxial line. In both cases, the filters be-
haved in the manner predicted, although the results
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Fig. 9—Plasma filter with waveguide output (exposed view)
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Fig. 10-—Plasma filter with coaxial output (exposed view).

were not quite in numerical agreement with the cal-
culations of the Q,’s.

The plasma tubes were positive columns of discharge
tubes that had a thyratron-type hot cathode, a mercury
pool reservoir, and a starting anode close to the cathode.
The mercury gas pressure was estimated from tempera-
ture measurements to be on the order of 0.1 mm Hg.
The discharge was maintained by a dc-voltage supply
in series with ballast resistors and the tube. Normal
operating conditions were about 50-volts drop across
the tube, for about 0.4 amperes discharge current. The
positive column portion of a discharge tube was of 6
mm ID, 8 mm OD, and approximately 45 cm long. Both
quartz and pyrex were used. The latter was preferred in
the experiments, since it did not transmit the ultra-
violet radiations of the discharge. It was computed that
the higher dielectric losses in pyrex should not appreci-
ably affect the operation of the prototype tubes.

While these tubes were quite satisfactory for demon-
strating the operation of the filter, it became obvious
very quickly that considerable improvements in the
discharge tube would be needed before a plasma filter
could be considered a reliable piece of equipment. The
chief difficulties found were that the plasma density was
very temperature dependent, that it drifted occasion-
ally, and the column tended to oscillate at frequencies
from the kilocycle to the megacycle range. Following
the work of Crawford,® we were usually able to reduce
these oscillations considerably by a small magnetic
field in the vicinity of the cathode.

18 F. W. Crawford and G. S. Kino, “Oscillations and noise in low-
pressure dc discharges,” Proc. IRE, vol. 49, pp. 1767-1788; Decem-
ber, 1961.
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The plasma density could easily be varied in a con-
trolled manner by varying the discharge current. Both
a 400-cps sine wave and a 3000-cps sawtooth were used,
at different times, for sweeping the current, While
mercury limits the rate of tunability to frequencies of
the kilocycle range, the use of the lighter gases should
increase the possible speed of operation considerably.

A typical CRO trace demonstrating the operation of
the filter is shown in Fig. 11, which presents detected
output power vs plasma current for the waveguide out
put filter. Here the short in the input waveguide was
placed X\,/4 (at the center frequency) behind the dis-
charge tube. The coupling probe was 0.5 mm diameter,
located in the center of the guides, and extended slightly
beyond the plasma tube in the input guide. The signal
frequency was fixed at 34350 Mc; the plasma current
varied from 0.1 to 0.9 amperes.

It is seen on Fig. 11 that output power exists only
when the plasma density corresponds to near the re-
sonant value. Fig. 11 can be considered to demonstrate
the principle of operation of the plasma filter.

Typical frequency response curves of the waveguide
output flter at fixed plasma densities are shown in Fig.
12. As the discharge current and, hence, the plasma
density is increased, the pass band moves to higher {re-
quencies, as predicted.

For the discharge voltage adjusted to place the dipole
resonance at various frequencies throughout the S-band
range, the 3-db bandwidth of the waveguide output
filter was measured. The results are shown in Table I.
A typical 3-db bandwidth was 150 to 200 Mc, corre-
sponding to a loaded Q of about 15 to 20. At the same
time, the insertion loss was less than 2 db over most of
the range. A curve of insertion loss is shown in Fig. 13.
Outside of the range listed in Table 1, the insertion loss
increased, possibly because of the change in the Q,’s
as the distance between plasma tube and input wave-
guide short differed appreciably from \,/4; and, as the
effective coupling to the output guide changed.

The filter of Fig. 10 performed in about the same
manner. A typical Q. at 3500 Mc was 19, with an inser-
tion loss of 1.6 db. Here it was found that the best per-
formance was obtained with input coupling reduced by a
decrease in distance between plasma tube and waveguide
from that of midband \,/4.

While the performance of the filter has been demon-
strated, there are several points that remain to be dis-
cussed. In particular, our calculations for the configura-
tion used predict a loaded Q of about 2, while actually
we measured about 20. Furthermore, the important
quantity of interest is Qo, for it chiefly determines the
how narrow a bandwidth is attainable.

A. Measurement of Q,

The unloaded Q of the column was measured by de-
coupling both input and output circuit to a high de-
gree, then measuring the output power as the input fre-
quency was swept through the pass band. This was ac-
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Fig. 11—Oscilloscope trace of output power vs discharge
current at fixed frequency.
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Fig. 12—Response of waveguide output filter vs frequency
at 3 values of discharge current.

TABLE I
Banpwipt oF PrLasma FILTER AT S Banp

Center 3-db Discharge .
Frequency | Bandwidth Current Insertion Loss
3295 Mec 320 Mc 0.5 ampere
3400 Mc 230 Mc 0.51 ampere
3499 Mc 140 Mc 0.52 ampere | <2 db over entire range
3589 Mc 170 Mc 0.57 ampere
3695 Mc 125 Mec 0.64 ampere
3789 Mc 150 Mc 0.68 ampere
3891 Mc 130 Mc 0.70 ampere
3982 Mc 80 Mc 0.77 ampere
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Fig. 13—Insertion loss at center frequency vs center frequency (for
the waveguide output filter).
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Fig. 14—Measurement of Q. (a) Physical con-
figuration. (b) Output waveform.

complished by placing the column in a small-diameter
metal tube, as shown in Fig. 14, into which two probes
connected to coaxial lines were inserted a short distance.
The probes were separated from each other 7.5 cm and
were geometrically at right angles. The resulting output
signal had a 3-db bandwidth of 9 Mc, corresponding to
Qo of 390.

This measurement also brought out another property
of the plasma column used. In addition to the main peak
of coupled power, there were also smaller peaks at both
sides of this main resonance not generally seen in the
other filter experiments. It is believed that these were
due to the nonuniformity of the plasma density through-
out the column. Such smaller peaks would not be as
highly excited by the symmetrical fields of the TEy,
waveguide as with the double probe coupling.

It was also thought that the configuration of Fig. 14
itself could be used as a filter. However, while this filter
will pass the frequency of plasma resonance, it also
couples through energy of this frequency when the
plasma density is raised to the value necessary for the
propagation of the space-charge waves discussed by
Trivelpiece and Gould.'” This high-density propagation
was observed here.

B. External Q's

The computation of external (’s was based on the
idealized case of a plasma column of uniform density.
Actually, the density is expected to vary both radially
and axially. In particular, if the density varies appreci-
ably on both sides of the coupling probe, only a fraction
of the column is active in the filter. This effect reduces
the coupling to the waveguide, thereby increasing
Qsptetr. The value of Q=19 found, therefore, follows
this observation. Furthermore, it is not too surprising
that Qurignt is different from the value computed, not
only because of the probable variation of radial density,
but also because the method used in the computation
here was recognized to be an approximate one only.

7 A. W, Trivelpiece and R. W. Gould, “Space charge waves in
cylindrical plasma oclumns,” J. Appl. Phys., vol. 30, pp. 1784-1793;
November, 1959.
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The point to be emphasized is that, as predicted,
sufficiently low values of the Q.’s were found to exist in
the experimental work for the construction of a filter of
less than 2-db insertion loss with Qg =390. If it should be
possible to construct plasma tubes of higher @, we can
be reasonably assured that filters of narrower percentage
bandwidths than our experimental prototype can be
constructed, for the external Q's can always be raised by
decreasing the coupling.

C. Reciprocity

The action of the plasma filter is reciprocal. This has
been demonstrated in the laboratory.

D. Higher-Order Modes

For a plasma column of finite length, (4) and (5) state
that a number of resonant {requencies should exist. For a
long column, the lower orders coalesce to a single reson-
ance; for a short column, the resonances with m>1
should appear on the high-density side of the dominant
resonance. Such modes were seen in the laboratory when
the holes through which the plasma tube was inserted
into the waveguide were only slightly larger than the
tube. The effect was enhanced when the active length
of the tube was further reduced by metal blocks inserted
into the guide.

These higher-order modes were minimized when the
holes were greatly enlarged as in Fig. 11; or, when the
waveguide sides were effectively extended by metal
tubes concentric with, and of considerably larger diam-
eter than, the discharge tube.

V. CONCLUSIONS

The experimental results verify that the plasma
filter behaves in general accordance with the simplified
theory presented. The dipolar plasma-column resonance
can be treated as a typical microwave resonator. It has
been demonstrated that efficient coupling over a con-
siderable portion of a waveguide band is possible.

In the prototype filter tested, the loaded Q possible
has not been as high as in perturbed cavity or single
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crystal YIG filters. This is due to the lower unloaded Q
of the mercury plasma, which is limited by the rather
high collison frequency. It may be possible to increase
the unloaded Q considerably by the use of gases of lower
collision frequency. This possiblity was not explored in
these initial experiments.

The question of effective collision frequency, as
applied to the plasma filter, is still being debated in some
circles. In particular, the effect of wall collisions on the
microwave conductivity is not completely settled. If
these wall collisions play the dominant role in determin-
ing the Q of the column, then not too great an improve-
ment  can be expected by the use of different gases un-
less the electron temperature can also be reduced. Ex-
periments for testing the effect of these wall collisions on
the plasma Q appear to be in order.

The possible tuning speed of the plasma filter is de-
termined chiefly by the de-ionization time of the plasma.
For typical gases, this de-ionization time is from hund-
dreds of microseconds to a few microseconds. The filter
is, therefore, rapidly tunable.

No measurements of the noise properties of the filter
were made. While the electron temperature of a posi-
tive column plasma is generally quite high, only a small
fraction of the noise originating from these electrons
will be radiated into the filter if the insertion loss is kept
low.

As mentioned earlier in this paper, while the experi-
mental tubes used demonstrated the principle, they are
not yet to be considered as reliable microwave com-
ponents. Considerable improvements are required,
chiefly to reduce instabilities and low-frequency oscilla-
tions.

If these improvements can be achieved, the plasma
filter could well find applications in systems in which
rapid electronic tuning is required.
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