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ABSTRACT

An equivalent microwave circuit is proposed to exhibit the main
features of the electron cyclotron resonance interaction in a waveguide.
The essential part of the circuit consists of a non-reciprocal trans-
mission line and similarly coupled resonant circuit. The experimental
effort on the plasma package 1is discussed and some of the experimental
difficulties reviewed.
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INTRODUCTION

This Quarterly Status Report presents work done on Air Force Contract
AT 30(602)-2605 for the period 1 July to 30 September 1963%, Section proposes
an equlvalent circult for the electron cyclotron resonance isolator . Sectlon II
presents the experimental work, Sectlon III glves the conclusions, and Sectlon IV

discusses future work.

I THEORETICAL DERIVATION OF ABSORPTION IN THE ELECTRON CYCLOTRON
RESONANCE ISOLATOR

Thls Is a continuation of previous work (Quarterly Status Report 4915-13-Q)
in which we have developed a first order theory for the non-reclprocal absorption
of the TM ;; mode In a square waveguide that has a relatively thin transverse
plasma slab parallel to the waveguide wall and spaced about one quarter distance
of the gulde width from It, The primary approximation in the theory is the
neglect of the electrlcal effect of the glass contalner of the plasma on the wave
propagation, and the further assumption that the fields In the plasma have the
same transverse variation as the TM ;; mode flelds in the empty gulde, These
approximations are not severe because the absorption Is expected to exhibit a
stationary character with respect to a varlation in the fields, The non-reciprocal

behavior of the device results from two facts:

+

NOTE_: Although this s called Quarterly Status Report No, 14, It should be noted
that it covers work done In the second quarter of the second year, The first 12
reports were monthly,



1)e[k( Ho) =€ki(-Ho), where Hy Is the magnetostatic fleld, and

2) the magneto-lonlc plasma slab Is placed In an asymmetric position

with respect to the magnetle flelds of the TM {; mode,

An Implicit assumptlion In the theory Is that only the TM ;; mode may
propagate. But In our case we have a multimode wavegulde; the lower order

modes TE 10 and TE = may propagate as well, However, In the circult for which

01
we are uslng the solutlon we have only a sectlon of the square waveguide which
contains the magneto-lonlc package, On both ends of this section are the TEM-

TM yy mode transducers, as shown in Figure 1. Inthe same figure we have also
presented an zqulvalent microwave clircuit which represents the main features of
interactlon of the waves with this structure, Starting from the left hand side of

the circult we have elements as discussed below, 'The TEM mode of the co-axial
line Is represented by an Ideal transmlssion line of characteristic impedance,

Zo and the propagation constant jBo. Both constants are real, If the reference
planes are selected properly any loss-frec four-port network may be replaced by

an fdeal transformer, We have chosen to so present the TEM to TM ;; mode trans-
ducer. The section of the square wavegulde between the mode transducer and

the magneto-ionic package is represented by Ideal transmission llne of characteristic
Impedance Z; and phas: constant jf 1» both agaln real, This representation Is

with respect to the TM ) mode. The section of the square gulde contalning the
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magneto-lonic package Is represented again with respect to the TM ; mode

by a non-reciprocal transmlisslion line, When the propagatlon Is from left

to right, both the characteristlc Impedance, Z;, and propagation constant ¥,,
are complex and the wave suffers attenuation. For propagation from right to
left however, the magneto-fonic package Is lnvisible to the wave, and hence
the transmlssion line parameters are the same as for the empty square gulde.
If the magnetostatic fleld was reversed, then the non-reciprocal transmission
line would also reverse. Since the structure Is symmetric with respect to a
transverse plane passing through the center of the plasma package, the equl-
valent microwave circuit to the right of the plasma package consists of an
Ideal transformer connccting two loss-free transmission lines, This Is the
same type of circult as to the left of the magneto-ionlc package which already
has been discussed. One really should include a coupling network on the ends .
of the non-reciprocal transmisslon line, In a general case the network should
be a "T" network, However, In some more clementary, but similar situations
where the problem has been worked out+, the cffect of this network on the

~ wave propagation {s of practically Insignificant Importance. Thereforc, in our

case It [s reasonable to neglect it as well.,

+
Collin, Robert E, , Fleld Theory of Guided Waves, McGraw-Hill Book Company,
Inc. ,New York , pp 244-247 (1960),




This would be the end of the story of the equivalent microwave circult
of the device If the square wavegulde were a single mode gulde, On the con-

trary, It may also propagate the TE_ | and ’)C’EO1 modes In addition to the TM 44

10
mode, However, these modes are exially asymmetric and therefore the TM yy
to TEM mode transducer will not convert them Into a TEM mode. DBut this

Is the only mode which s allowed to propagate on the co-axlal linc, Thus

we have a situation in which the mode transducers form shorts on both ends of

and TE_,  modes are coacerned,

the square wavegulde section as far as thg TE 01 10

In cffect, we have a cavity In which may exist TEOln and TE10n resonant modes;
n In our case belng an approprlate integer. These modes may exist only for
certaln microwave frequencies, At these resonant frequencles the resonant
modes will be coupled by the plasma package to the TM;; mode, That means
that encrgy will be taken from the travelling mode and dissipated primarily In
the wall losscs of the resonant mode flelds, The coupling will occur only for
the direction of travel in which the plasma sectlon of the gulde appears lossy
to the TM ;; mode,

To take Into account the power loss out of the TM (; mode due to these
coupled cavity resonances we have Included a scries resonant circult which Is
coupled by an Ideal transformer to the center of the lossy transmlsslion llne,

It Is doubtful that this part of the circult may be justified rigorously, but the



incluslon of the present model appears not only reasonable, but also neccessary.,
Because the cavity walls and the plasma package Itself disslpate energy out

of the resonant cavity mode we have Included a resistor In the serles resonant
clrcult, The Inductance, capacltance, and resistance ls determined by the
character of the resonant mode flelds and the electrical encrgy disslpation

In the cavity, The coﬁpllng transformer, with turns ratlo n, , we have chosen
to Interpret in such a way as to Introduce the nature of directlvity In the
resonant mode excltation, When the TM j; mode Is travelling from left to right,
then n; Is of some appropriate {inlte value; for the opposite direction of TM
mode travel we have no coupling and henceny = w,

When the frequency of the TM 4, mode Is not within line-wldth of any
coupled cavlty resonance, then the serles resonant clreult presents a large
impcdance to the transmlssion line and hence its loading effect on the trans-
misslon line Is negliglble, For frequency Intervals where this s true the
operation of the device may be cxplained on the basls of the non-reciprocal
transmlission line alone, We revert to this discussion and contlnue the work
started in Quarterly Status Report No, 13, Equation (1.47) of QSR No, 13
predicts the power transmisslion coefficient of the device when the wave

travels from left to right, [,e. when the line Is attenuating, For convenience



we reproduce the equation:

2

"

B4 R € Brra Bya

PTC = 54”:’ = {0,136+0.197 +0,173 <~—Z” >] (1)
Bua® €o Zm -

where "a'' Is the slze of the square gulde, "b" is the length of the plasma
package, By Is the phase constant for the unperturbed TM; mode, Not: that
In Figure 1 we have used f3,, but that Is the same as ;;, We write out the

last factor € l as

" 2 1
€ =€ vp" 1 (2)
+ 0 (Y-1)+V
where
w W
v H
V=" ,Ys —— | p: B,
W W

' v, Wi wp and w being the colllslon frequency, electron cyclotron resonance
frequeney, plasma frequency, and the mlcrowave frequency, respectlvely,

It Is of some Intcrest to examine the conditions under which maximum absorption
occurs, Max'lmum absorption means minlmum power transmission coefficient,
and from (1) It Is clear that thls requires e;'_ to be at a minlmum, As (2) Implles
this demands that we set Y = 1, and also takIng f = 3.9 Ge we reduce (1) to

PTC= -4,5 —I\f; , (3)



The above formula s expressed on the db scale, The dimensions of the plasma
package and the device are glven In Quarterly Status Report No, 13, The fact
that the magnetostatic fleld In our davice Is non-uniform Increases the PTC

by approximately one-half on the db scale, We Introduce thls factor In (3)

to keep our dlscusslon as close as possible to our experimental device, The
equation (3) then becomes, when written explicltly In terms of fp and Vc , both
measured In Ge,

f2
PTC = -3.6 ;& . (4)
C

The results of this formula have been plotted In Fligure 2, as lines of constant
PTC; Vc Is the ordinate axls and fp the absclssa axls, We see that lncreéslng
the plasma frequency Increascs the attenuation, but Increasing collision frequency,

decreases it, From Figure 2 one may sclect deslirable plasma propertles for

specified absorption In the device,

II EXPERIMENTAL STUDY OF PLASMA PACKAGE STABILITY

At the beginning of the second quarter of thls work, the Varlon lon-pump
mentioned in Quarterly Status Report No, 13, could no longer be pumped down
beyond Its fonlzatlon phas.:, According to the local Varlan representative, the
trouble was clther contamination of the pump elements, or deterioration of

the electrodes, Since In elther cas.:, considerable expense and time would have
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Figure 2: Minimum Power Transmission Coecfficient for Nonunlform Magnetic Fleld As
a Function of fp and ¥, with fc=f=3°9 Ge.
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been required to put the unlt back into operation, we decided to bulld a new
vacuum station which would also be more sultable for the present application,

The vacuum station which was assembled In this past quarter conslsts
of a Welch Fore Pump, Model 1402 and a Vacuum Instrument Research Company
2" Diffusion Pump, with a 1 inch copper manifold and varlous connecting
fittings for the plasma chamber, gas Inlet, pressure gauge ports, etc. A
1 inch stainless steel valve with teflon seat Is used between the manifold and
the diffusion pump. A schematic of the system Is shown In Flgure 3

This systen has been In operation since the middle of September,
Pressures as low as 3)d0"7£nm Hg have been obtalned after baking the manlfold
for four days e;t 90 - 100° C. After valving off the manifold from the diffusion
pump, the pregsure has remalued below 2x1076 mm over a perlod of six hours,
and due to the light pumplng actlon of the fon pressure gauge, the pressure
was actually decreasing at the end of this tlme.

A plasma envelope considerably more claborate than the previous one
has been assembled, A photograph of the plasma tube Is shown In Figure 4,
The tube has maximum outside dimensions of approximately 4-3/4 x 3 x 1-1/2
inches. 'The cathode ls a direct heated Barlum-Nickelate type supplied to
us as engineering samples by the General Electric Company. It [s the cathode

used In the GE Type 5544 Inert gas filled Thyratron, and has a temperature

_10_
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Flaure 4 The Plesmsg Package
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limited emisslon of 3.2 ampcres, The cathode s partially shiclded by a
nickel hcat shield, 0,005 in thick . The anode is of platinum fofl 0,002 in
thick, Two barlum getters are also mountcd at the cathode end of the tube,
The entire cathode assembly Is mounted on a standard eight-pin tube base
that may be removed from the chamber and replaced. The nickel parts of

the tube were hydrogen fired before assembly. Nickel could not be used in
areas of the tube where the temperature would be less than 360°C (the Curle
temperature of nickel) since the tube wlll be placed in a strong magnetic field,
The tungsten and plst Inum were not fired; outgassing from these metals Is
not a serlous problem.

One should state at thls point the ¢ssentlal operations which have to be
successfully completed before we have a uscful plasma package. The first
operation Is to construct a slab-like dlode with ample cathode area, The
diode has to be well baked out to remove all the Impurities after which the
cathode must be developed, The slab-like form Is structurally weak and thus
we are limlted to rather low bake-out temperatures, Second, we have to obtaln
a pure noble gas. The oxygen and water Impurity should not exceed one part
per million. Third, we have to transfer the gas via the pumping manlifold
to the dlode without Increasing the Impurlty levels, Lastly, we have to seal

the tube from the manlfold by "pulling' a glass seal,

-13-



Oxlide cathodes, once they are developed, cannot be exposed to atmos-
phere. The coating absorbs atmospheric water and Is destroyed, Thus the
first step Is Irreversible, and we have to be sure that we can make the second
and third steps before we attempt the first. For this reason a simple diode
was constructed, consisting of a 4 1/2 In long cathode of two strands of
0,010 in diameter thorlated tungsten wire and an anode of 0.10 in dlameter
tungsten rod mounted [n a glass envelope 5 In long by 1 1/4 In outslde dlameter .
The cathode was apparently developing normally, when one of the feed-through
beads developed a leak, Thls was repalred, and the tube put back on the
system, A subsequent gas flll gave a high rate of polsoning. The problem
ls under Investigation as to whather the gas had higher contaminant levels

than expected, or If [t was contaminated In the manifold,

III CONCLUSIONS

The principal Interaction of the electromagnetic fields with the magneto-
lonlc plasma In a multimode gulde can be represented by an equivalent clrcult
that conslsts of a non-reciprocal transmission ilne and coupled resonant
circults, Our maln dlfficulty Is now In the experimental area. The problem
consists of threc stages: 1) constructing a large cathode diode that is well
baked out, 2) obtalulng a very pure usable gas, and 3) transferring it without

contamlination to the diode,

-14 -



IV FUTURE PLANS

In addition to the present manlfold we want also to assemble a complete
metal manlfold system that may be baked out to higher temperatures than
the present one. In addition we want to construct a plasma package with a
thorfated tungsten fllament, This fllament may be exposed to the atmosphere
when it Is cold without any [l effects., The molsture of the atmosphere destroys
oxlde coated cathodes, On the theoretical side, further computations will be

carricd out on the cyclotron resonance Interaction,

-15-






