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ABSTRACT

Faraday Rotation of microwaves in & magnetized plagma has
been observed using a microwave cavity technique, The poaitive
oplumn of a gasepus discharge was placed coaxially within a cyline
drical cavity, with a magnetic field applied alomg this same axis,
The cavity was excited in the angularly dependent TE,y; mode,
which is doubly dogenerate, at 2 frequency in the neighborheood of
2000 MC. An input antenna was coupled to one of the degenerate
modes and an orthogonal output antenna coupled to the other.
Theory shows that the pover coupled to the output is preportiomal
10 the abselute square of the off~diagonal element of the oen~
ductivity tensor of the anisotropic plasma., This gives a curve of
output power as a function of magnetic field which is strongly
dependent on collision frequency and also dependent on electron
density.

The cavity was tuned up 20 that for zero magnetic field,
there was no power transmitted to the output. Deviations from
this null were recorded as the magnetic field was swept from zero
to its maximum value, the signal freguency basing kept constant,
The recorded power coupled to the cutput gave resonance curves in
agresment with the theoretical predictiens.
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i, INTRODUCTION AND BACKMROUND

In 1843, Paraday discovered that when a bean of linearly
polarized light was passed through a transparent medium immersed
in a magnetic field, the plane of polarization was rotated through
an angle vhich was directly preportional te the strangth of the field
and the leagth of the medium tukud.,‘ This is known as the Faraday
Effect, and the angle of reotation is usually writtem as @ = V By L,
wvhere V is the Verdet constant of the medium, B, the magnetic in-
duction, and L the length of the medium. This effect was explained
much later in terms of the Fresnel decomposition of a linear wave
inte two oppositely rotating circaularly polarized waves,

In recent years;,; there has been a great deal of interest in
the Faraday Effset for microwaves in ferrites ' and for gaseous

plasmas, 2=5

1!. A. Jenkins and H., E. White, Fundamentals of Optics, (McGraw-
#ill Boek Co., Inc., New York, 19057). p. 598

2&. Suhl and L. R, Walker, BDell Telephoneo Laboratory Menograph
xﬂt %gg,, 19540

L. Goldstein, . Gilden, and J. Etter, IRE Convention Record,

Part 10, p. 58, 1033,

‘L. Wlﬂﬂcﬁn, £

Bd. L. Harton, (Academic smn, Now Yerk) Vol. Vil p.aa, 1085,

3. E. Btter and L. Goldstein, U. of Illinois E. E. Res. Tech.
Rept. No, 3, Contract No. AF 10(804)~-525, p. 42, 1984, (ASTIA We.
AD 53586),




In ferrites it is & magnetic effect in that tho electron spins give
rise to a permeability tenser, while in plaswas it is an electric
effect sincs the medium is characterized by a tensor dielectiric
coefficient. In this work, we shall be interested only in the latter
case,

Propagation ¢f gulded microwaves through plasmas i a magnetic
field was first reported by Goldstein, Lampert, and mmaye in 1881,
They observed large Faraday Rotaticns, and, in addition a2 resonance
effect vhere the cyclotron frequency of the electrons equals the
microwave signal frequemncy, polarization transformations, and non-
reciproeity of propagation, The explanation of the effect in plasmas
iz that the applied static magnetic field renders the medium aniso~
tropie, ao that the plasma is characterized by a dielectric coeffi~
cient.ir the form of & tensor, The derivation using Maxwell's
equations and the equation of metion of the slectrens in the plasma
iz ziven by Gznahurg.? When the static magnetic field B, is taken

along the Z-direction, the dielectric temnsor is:

£ -im o
£ = %] £ © (1
O o 52_]

@
(1951),

V. L. Ginsburg, Propagstion of Electromegnetic Waves in Plasma,
(Cordon and Breach Scisnce Pudlishers, Ino., New York, 1081) p pe 158,

Le Gbldlt.&n, ¥H. Lampert, and J. Heney, Phys. Rev, 2&. 956,
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In the expressions above, (v is the microwave signal frequency, V is

the effective collision frequency for the electrens,

angular plasma freguency, given by

wp iz the

(8)



and (J, is the slectron cycletron frequency given by

e B,
7

W (8)

Here

B = electron density of the plasma
@lectron charge

electron wmass

E, = Pormittivity of free space

= e
it

This tensor is the starting point for discussions of Faraday
Rotation. A basic understanding of the effect is afforded by con-
sidering the caze of uniform plane waves:propagating in an un~
bounded medium, Etter and Goldstein® give a good general discussion,
the results of which are outlined below:

cwT-v &
Assuming plane wave asslutions of the form € te Haxwell's

equations, one obtains for the propagation conatant

X; = —wu (&, 17) D
where y= o+ o, being the attenuation constant and # the
phase constant. &, is the permeability of free space, and £ and 77
are components of the dielsctric tensor given above. One also obtalns
a relationship betwoan the field components of

(E’.‘. = +¢
Ey + (8)

-

vhich correspoend to oppositely rotating circular waves, the (+)

referring to one of the waves and the («) to the other.

®5. B. Etter and L. Goldstein, U. of Illinois E.E. Res. Lab.
Tech. Rept. Np. 3, 1954,



if the two waves are excited with equal amplitudes, the result is s
plane polarized wave at the transmitter. If o is negligible, the
resulting wave after traversing a distance I is also plane polarized
but with its plane of polarization rotated through an angle ¢ given
by

Be - R-

6 = 2 L) (8

where S, are the two phase constants. If one assumes small fields
and small electron densities, and compares this expressien to the

classical one of € = V By L, the Verdet constant of the plasma is

v - '_'-egl N _,—”:
2 Mt w? J L (10)

Therefore, in this limit, rotation is directly proportional to magnetie

field. 1I1f, however, the field is not restricted tec small valuss and
the electron eyclotron frequency W, is allowed to reach the valus of
W 8 resonance occurs in the expression for § above. While for
optical freguencies such a condition is not attainable, a field of
0./ Wi,a makes W ¥ 2800 kic. Typical rotation curves showing
anomalous behavior at cyclotron resonance (W =w.) are given by
Goldstein, et a1.? 10

In the above work and in practically all work on Faraday

Rotation up to the present, the propagation method bas beon used.

9x.. Goldstein, K. Gilden, and J. Etter, IRE Convention Record,
Part 10, p. 82, 1083,

mx. Rac and L. Coldstein, U. of Illinois E.K. Res, S¢i, Rept,
Ko, 3, Contract No, AP 19(804)-3481, p. 26,58, 19682,



11,12 onsists in prepagating microwaves through a

A typical experimnasnt
wave guide in vhich a discharge tube has been placed. This section
of the microwave circuit is placed on the axis of a soleneld, and

the actual angle of rotation, as well as polarization transformations,
are neasured ags a function of magnetic field, The microwave analeg
of a linear 1ight wave, in this case the TE;, mode in a circular

wave guide, is used. Actually, in the presence of a magnetiszed
plaana, one no longer has a pure 'uu wave, but in the limit as the

13 it is

nagnetic field goes to zero, 1t reduces to a pure mode,
interesting to note that wvhen the radial dimension of the plasma
is amall compared to that of the wave guide, the wn wave is
essentially plane polarized in the plasme, and the above discussion

of plane waves is & good approximtum.u

u‘K. Rao and L. Goldstein, U. of Illinois E.B. Res. Sci, Rept.
m; Q‘ Centract No. AF 19(”‘)‘3«1' P 39, i962.
123. E. Btter and L. Goldstein, U, of Illinois E.E. Res. Tech,
Rept. XNo. 3' Contrack No. AF 19(‘“)"535' F-‘z, 1954, (ASTIA No.
AD §3596.

13, suhl and L. R. Walker, Bell Telephone Monograph No. 2323,
1854.

14¢, Rao and L. Goldstein, U. of Illinois 5.E. Res. Sci. Rept.
No. 3, Contract No. AF 19(804)-3481, p,128, 1962



In another facet of plasme research there has boen counsiderable
use of respnant microwave cavities to study basic plasma properties
such as electron densities. > )7 These ezperiments utilize the fact
that vhen 2 plasma is introduced into the cavity, the resonant frequency
of & given mode shifts by o calenlable amount. Buchsbaun, MHower, and

18 have worked out the frequency shifts for soveral lewsr order

Brown
eylindrical cavity modes when a coaxial plasma-cavity system is
placed in a magnetic field, In the case of degumerate modes, such

as the T ¢+ the field has the effect of removing the degenerscy;

Emn
the tw degenerate modes underges different fraguency shifis,

One nay combine the two areas of plasma investigations dis~
cusged above, and use microwave cavity technigues to study the Fara-
day Effect. This has been done in the case of ferrites by Ports
and 'raanoy.m who used a bimodal cavity to study electron spin
resonance in paraxagnetic materials, In the present work, the
bimedal cavity has baen used to study the ?m;wlay Effect in a
magnetiged plasma., ¥e will describe herein the cylimdeieal,
ecvaxial plasma-cavity system used, both theoretically and axperi-

nentally.

15@- J. Rose and 8, C. Brown, 4. Appl. Phys. &l 1028, (1952),

16y, A. Biondi, Rev. Sci. Inst. 23, 500, (1950).

17
(1280).

mlhid.

8. J. Buchgbaum, L. Mower, and 8. ¢. Brown, Phys, Pluids 3, 1

19&3‘ Portis and D, Tmay, Je Appl. %-y'c _%g, 1892 (1958).



When the empty cavity ies excited in the “111 node, thers sxist two
independent, orthogonal nodes which may be resonant at the same
froquency. A magnetoplasma is them intreduced in the cavity which
results in removal of the degemeracy and the introduction of coupling
between the two otherwise independent modes. Faraday Rotation in
this bimodal system is observed asz a change in the coupling of the

two modes,



11, THE BIMCDAL CAVITY CONTAINING
A COMPLEX MEDIVH

' The theory ¢f resonant cavities is well developed and has been
imown for a number of years. In 1830, Shtorzo published a complete
account of the basic theory of the goneral resonant cavity. The
approach 1s essentially the following: As ie true of any vector
fiold, the vector field in the cavity may be broken up into two
fields, one baing solencidal (serv divergence), and the ether
irrotational (zero curl). The cavity fielde may be expanded in
terms of the normal medes of the cavity, which are orthogonal and
znay slec be sultably normalized. The solencidal fields are
erthogoenal to the irrotational ones. The curreat density may also
be expaned in terms of these orthogonal functions, in a similar
nanner. After having thus obtained expressiens for the slectrie
field E, the magnetic field i, and the current density J, these may
be substituted into Maxwell's equations:

- = o H

(11)
and
Sy = £ ?_.E +J
v xtl c 5z v (12)
%J.c. Slater, Microwave Electronies, (D.Van Nostrand, Princeton,

Neds, 1880), Ch.4.

1o
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In the above sxpression, J i3 the polarization current density.

The curls in the above squations are expanded in ter::; of the

orthogonal function in g manner similar to the above. This inwlves

volume intasgrals over the cavity volume and some of those may be

transformed ints a surface integral by using & combination of vecter

identities and the divergemce theorem, Substitution in the above

equations leads to the following expression in terms of the ex-

pansion coefficienis of the electric field modes:
2 — - 2 I
£°//° %sz'sﬂh + kﬂfE'E”W

= A j’;([fj-é,, o - [ (FxA) Eon IR

-x.,gca;xz-)-i.,, da.

(13}

In the above eguation, ﬁn and ﬁn ars the solenoidal functions

used to expand their corresponding fields as described above; k, is

identified as the propagation constant of the n'B gade of these
fields; and the integrals are over the cavity volums and surface., &'

denotes the surface of any inputs and 8 denotes the remslining sur-

face area of the cavity walls. This squation forms the basis of any

further treatment of resonant cavitics in general.

i1



We now wish to extend the discussion to the case of a bimodal
cavity in particular. Literature on this is rather sparse, although
some discuseion may be feund in Bark and m‘m and Portis and Tm«y.m
The latter gave some theory based on an equivalent circuit of the
resonant cavity system. Although thore are several eguivalent ways
of loeoking at the problem, for cur purposes the bimodal cavity seems
to be mest conveniently discussed in the following manners

Starting with equation (13) above, we first note that this
is just the differential equation describing the harsonic escillatoer,
The bimodal cavity operates in a mode, such as the '“111' which is
doubly degemerate, i.e,, one that may escillate, in the absence of a
complex medium, in two independent, orthogonal modes. If the modes
are not too strongly pertubed by the presence of the plasaa, one
may expand the electric field of such a cavity mode in terms of these
two modes alone or

E=dE TF%5, ae
where E o ond E g are the electric field components of each normal
mode, and of and [ are their corresponding amplitudes depending on

the degree of excitation of each mode.

z"A. D, Berk and B, Lax, IRE Convention Record, Part 10, p. 65,

1953. (Se® also p. 70).

22\. Portis and D. Teanay, J. Appl. Phys. 29, 1692 (1958).



We are interested in a transmission-type bimodal cavity in which, with
no magnetic field presemt, the input is coupled only to one mode, aay
the of mode, and the cutput is coupled only to the 4 mode.

As mentioned previcusly, a magnetic field applied to a plasma
renders it anisotropic, so that it is characteriged by a dielectric
tensor or a conductivity tenssr. Thus the current density may be

enpressed in terms of the electric field as

J = fc']E ) 18)

vhere the conductivity tenser (o) is obtained from the expression for

the dielectric tensor given by eguation (1) using the relation

[] = iw([é:l "'[I]) 5 (16)

vhere (I ) is the unit tensoyr., Thus

4
rd" - T o
o = |iof 6, © )
o o &~ 417
| Z
where
2
‘¥
e & (1-iB)
- (%a < .va. (18)

13



wcz _ NEVAN S
o2 ("‘Z‘:) (18)

ang

z &,

ta\

, - " __‘:)_ QQG}

Returning to sguation (13}, we now substitute equation {18) for
J y and eguation (14) for ﬁ. Using the erthonormality of the two undes,

we have for n = X

& My .;;Qo( + KK = -y ilf"["‘ (¢)() +,6’f6,>(-6<r’)j

J — - -— - - —
b o gp ) SFXR)Epda - K [(IKE)- By da,

S

A

where C, is a congtant depending on the geometry of the cavity and on

3
the plasma volume, and &,, corresponds %o the surface of the input.

A similar expression is cobtained for o = & .

£, 4, ;..:3,8 + kB = -4 ;‘% [d(c,)ct‘cr? -I-p’(c)(";)]

+ 4, j‘-'}f'(ﬁm?)-fﬁ da ~/ye£(5xf)-'7,e dq , 2
S
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¥
where B, corresponds to the surface of the output.

Also

— — = :“ g
K":w‘:‘ﬂoé' ) Kﬂ/”ﬁ‘ fon 7 ,;0

(23)

Thus for a doubly degenerate mode there are two egquations, one
for each of the modes, The amplitudes of these satisfy harmonic
oscillater eguations. In addition, equations (21) and (22) are
coupled, so that we have the standard problem of a pair of coupled
harmonic oseillators, each oscillator representing one of the normal
modes of the field,

The probleam iz then to find the power ecoupled to the output in
terns of the known power driving the input. 8ince the output is con-
nected to a passive load impedence of fixmed value in our case, and we
are interested oaly in the power reaching the ocutput transmission line,
one may regard the driving term of the output msde as effectively szero,
iumping the termination in the properties of the modes. Then the
equation governing the gutput mode may be regarded as haviang neo
driving force. The steady~-state solution of these egquations for a
sinusoidal driving field then may be reduced in the standard way to

the slgebraic equations:

— €24)

. L



where ¥ is the driving force from the imput on the A mode, and the
A-natrix represents the coefficients of ol and 3 . The oif-diagonal.
components of the A-matrix arc proportional to the corresponding
components of the conductivity temsor, se that Ajz = = Ay;. Calling

the determinant of this non-singular matrix D&

4 2
D= A, Aag T M2, (28)
and solving squatioh (24) for £ in terms of P, we have

V-1 Hra

_ = - (26)

F O

This is proportional to the ratic of the amplitudes of the driving
field to the eutput signal., Since we neasure pover, wae desire an
egquation giving the output power in terms of the input power. This
quantity i{s proportional to the absclute square of the above

quantities, ao that

L
Pou'f ”"1

O ——  w— .

P " IDI? am)

Now the determinant D is the same determinant sccurring in the
secular equatien in the homsgeneous case (no driviang forces), from
which it is known that a nontrivial selution exists if and only if the
determinant vanishes., JIts roots are the complex freguencies of the
free modes ef vibration. Thus the deterninant may be written as a

product of factors in these roots, times a oonstant,

16
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For two modes, D is quadratic in w‘. ]
2
D(w) = G(w*-w &> ~en ), (28)
where (w, and W, are the complex resonant frequencies of the two
normal modes of eur cavity, corresponding to the of and /~ modes
respectively, and G is some comstant,

As described later, in ths experiment the procedure is to tune
the signal frequency W te the frequency of the resonant modes (which
have been made equal), but it is important to note here that Wis then
equal to only the real parts of the complex frequencies of the cavity

modes, Writing these complex frequencies as

1e

P .
- ¢ W
w, = @9 + ’ (29)
and
- w / . [ 4
W, & Wa taw, | (30)

where the imaginary parts are small compared te the real parts, and
taking inte account that in our case we have set W ~ w,’: wa' .
equation (28) for D becomes

3 [ /4

D=-"“’G(‘*’f w, ). (31)
Now the imaginary parts of the frequencies are inversely pro-

portional to the Q's of the corresponding cavity modes. Buchsbaum et

‘128

have derived expressions for the change in 1/Q for the degenerate
18,,, mode, and the fractional change is emall. In equation (31) the
change in ), and @) is thus small, so that their product may be

considered coenstant.

”s. Buchsbaum, L. Mower, and S, C. Brown, Phys. Pluide 3, 1 (1660).



Thus we wee that for a fixed signal frequency, the abaslute sguare of
D may be considered constant,

The absolute asquare of Ayp is

w" W
2 'Y _,f_ —_—
PR o S
R e A v\ v
= ! "’Z‘z-) + H2Ga BB

Lumping the constants in equations (27), (91), and (32) in K, we have

finally,
p g W
2T = KW, L 2
P.w j wz .'I LYY w:) + L/ (33)

This is the desired result, showing explicitly the functional dependence
of the power coupled to the oulput in terms of the parameters of the
magnetized plasma.

It is sesn that the result, equation (33), is & resonance~type
expression. If one takes the derivative of this equation and equates
it to zerov, the maximum of this resonance curve is found te pccur, not

at W, = @« , but at

2 XU
W= wr#+ Y (34)
it is also noted that the output powar is proportional to the sguare of

the slectron density.



The theoretical curves obtained from equation (33) for a givem
signal frequency and plasme frequency are shown im Figure 1. The
term in Brackets (which depends on the field) is plotted against
magnetic f£ield strength for various collision frequencies, It iz seen
that the rmltm curves are very sensitive to the collision fre~
quency, the resonance psak ocourring almost at W, = cv for very low
¢ollision frequencies and being quite large and sharp. As the
collision frequency increases, the peaks shift to the right (as

expected from equation (M)) and bocoms smeared out and cmaller,

19
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A block diagram of the sxperimental arrangement is shown in
Figure 2. As indicated in the figure, the cavity was drivem by a
Transition T8-403B/U signal generator (pulse) modulated at 1000
eycles. The input line was a coaxial cable comnected to a BNC
ceaxial connector on the cavity; the connector was terminated by a
short probe antenna. The output line was connected to & similar
anteana at right angles to the input antenna, both of them located
in the mid-plane of the cavity. The ocutput signal was detected by a
crystal detector wunt* connected to the cutput antenna by means ef
a INC connector. The resulting 1000 eycle signal was then amplified
and detected by a Hewlett-Packard Model 415A SWR detector., This
signal was then fed into the Y-input of a Moseley Model 135 X-Y
Recorder. The X~input could either be operated by an internal,
calibrated time sweep, or by an Bmpire Model 900 Hall-effeot Gauss~
moter. In the latter case the 3000 cycle signal from the output jack

was rectified by a IN34A shunted across the recerder terminals.

*
Part of Western Electric D~152393 (B0-20000) Standing Wave
detecter, modified to use MC ceansoteors.

21
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B. The Nagnet
The cavity was mounted coaxially with an air-core magnet which

was constructed of two large coils mounted in a Helmboltz~pair cone~
figuration (see Pigure 3). The magnet ¢oils vere ohtained from Harvey~
Wells and were like those used en their libdel 1~1328 Magnet. They
measured 12" 1.D., with a rectangular cross-section measuring 7.28"

in the radial direction and 6" across. The coils were mounted in an
upright position, each supported by a stand constructed out of
aluninum (Figure 4). As can be seen from the figures, the stands
were placed on tracks so that their position could be varied., Four
spacars constructed as jJack screws separated the twe coils, and pro-
vided & continuous adjustment of the coil separatisn., A 1/2" aluminum
plate with an eye in it could be inserted where the band surrounding
the coila comes up into an eye, thus providing a means for 1lifting
the cvils safely with & crane, Brass and aluminus construction was
used throughout.

Power was supplied to the coils by & Harvey-Wells libdel H5~1050
magnet power supply, which hag a current range of 0«50 DC amperes.
Special connections for the coils were constructed of 3/8" 1.D.
copper tubing with heavy-duty, insulated welding cable inside, This
provided a coaxial line to reduce distortion of the magnetic field
of the air-core magnet by the field produced by external current-
carrying conducters. %The coils were connected in series by cepper
connectors inside a large switchbox vhich was provided to permit

switching the power supply between this magnet and ansther one.
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FIGURE 3.

Photograph of Air-core Magnet and Cavity.
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TIRIRE 4.

The Magnet.
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The current-adjust coatrel on the power supply was drivea by a
4 RPM Holtser-Cabot Motor. The motor was mounted in a 3" x 4" x 6"
aluminum beox and the box mounted on the panel sver the control knob
shaft., The shafts were connected by a short piece of Tygon tubing
wvhich fit snugly for non-slip turning, but wvhich would give if the
end point were reached before the motor was turned off. The bex conw
tained a pewer plug, a starting capacitor, an on-off switch, and a
forward-reverse switch, The control required 10 turms for the complete
range of 0-50 amps, so with this arrangement the current could be
swept continuwously in either direction in a period of 2.5 minutes.
8ince the magnet has an air-core, hysteresis is negligible and the
field follows thse current nicely.

In the experiment, the adjustable spacers were set to give a
separation of 6" between the inside faces of the two ceils. In this
position, the maximum field was measured by the gaussmeter te be 1150

gauss. Calculations>?

were made using a digital computer which
showed that the field along the coil axis should have less than 8%
ripple, and neasurements with the gavssmeter verified this result

nicely.

C. The Cavity

A diagram of the cavity is shown in Pigure 5. The cavity was
bored from a solid, cylindriecal piece of aluminum stock 5 1/2" long
and 6" in dismeter, The eylindrical cavity was 4.1" long by 5¢ in

dianster,

3‘? R Crownfield, Jr. {to be published).
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Side View of Cavity

j Section AA of Cavity

i
FIGURE. 5. Diagram of the Microwave Cavity
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The open end was closed by an aluminum end plate 1/2" thick, fastened
with four 8-32 brass screws. A 37/64" hole was bored in the center of
each end to accomodate the discharge tube,

The input and cutput antemnas were placed in the mid-plane of
the cavity at right angles to each other, Bach of these was nade by
soldsring a 1/4" pigce of #22 AWG tin~coated copper wire inte the
tip of & BNC coaxial connector, which was screwed into a threaded hole
in the cavity wall. Opposite each antenna was placed an 8-32 brass
adjusting screow approximately 2" long. These served to tune the twe
cavity modes to the same frequemncy. Two similar screws were placed
in the mid-plane at 45° either side of the input antenna to allow
decoupling the medes. (All adjusting screws vere provided with brass
locknuts,)

D. The Discharge Apparatus
A total of four neen discharge tubes were used. The first was

a straight tube with electredes in sach end, having an overall length
of one foot and a diameter of 13 mm. The pressure of the neon in the
tube was approximately 7.5 em. of Hg. The other three tubes were
similar, but with & length of one and a half feet and a diameter of

10 =m. These contained neen at separate pressures of 1 mm., 4 mm,, and
10 mm, of Hg,, as determined by & Mcieod gauge. For each measurement,
one of the tubes was mounted coaxially in the cavity as indicated above,
with the electrodes projecting out of each end. It was connected in
series with a power resistor (of sufficient value to give the desired

current) to a power sourge.



The 1 mm, tube was operated from a 2300 velt transformer and & Variac
while the others were operated by a Hewlett-Packard Model 711 A regu-

lated DC powsr supply. The range of the power supply was 0-800 V. BC
and 0-100 ¥A. NC.
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IV. PROCEDURE AND DATA

The prooedure was as followss With the discharge tube placed
in the cavity, artificial coupling between the input and output of
the cavity was introduced by mesns of the coupling screws, so that
the output signal would be small but large enough to detect easily.
The signal generator was them tuned through the fpequency range for
which the cavity was calculated to be resonant for the TE;,, mode.
The resonant frequency would not be exactly that calculated for the
empty, ideal cavity, since introduction of & dieleciric such as the
neon tube alters the resomant frequancy. The resonant frequency was
found when the meter on the sutput-signal amplifier suddenly indicated
an sutput signal, The discharge was then turned or to a ceriain value
of discharge current, which again produced a small shift in resonant
frequency. The discharge also had the effect of destroying the microw
wave field in the cavity stmewhat, so that when the signal gemerator
wvas retuned to resonant frequency the peak of the cutput signal was
not as large as before,

The tuning screws were then adjusted to give saximmm symmetrical
response of the detector as the signal generator was tunoﬁ either side
of the maximum output, This served te tune the two medes to the same
frequency. The coupling was then reduced and the tuning rechecked as
before.



This procedure was followed until a null condition was reached, i.0.,
there was no power coupled to the output,

The ¥oseley Recorder was then zeroed properly on a standard-size
piece of graph paper, The Y-range of the recorder was set zo the
cavity output sigmal would not drive the pen off scale, and the X-range
either set on the internal time sweep at 20 seconds per inch or oon~
nected te the gaussmeter., The recorder and the magnet were then
turned en; the magnetic field iucreased linearly with time because of
the motor drive described previously. Both recorder and magnet wvere
tarned off vhen the maximum magnet current of 80 awps was reached, A
check of the shift in the remonant fragquenoy of the cavity at sere
magnetic field, due to the discharge, showed the electron demsity teo
be approximately 109 to 1010 en"3 for the discharge currest used,

The initial runs were made with the 7.5 mm. pressure neon tube
using & discharge current within the range of approximately 18«40 ma,
Por these runs the X~-range of the recorder was operated on the time
sweep, and the Y~range set at 2 W, The SWR detector was sst on the
56 db range. Due to imperfect funetioning of the detector, the ocutput
signal was somewhat unstesdy. An RC integeator was thorefore employed
on its cutput. This consisted of a .5 mog resistor and a 1 uf
capacitor, thus giving a half-second téme constant, Typical results
are shown in Figure 6 for three values of the discharge current,
Coupled power is plotted against magnetic field., (The latter is a
mown function of time gince the field incresses linearly with time

at a known rate.)

s
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The value of the magnetic field could be obtained from the current
reading on the magnet power supply, since the twe are directly
proportional; measurements with the gaussmeter gave the result as 23
gauss per amp of magnet current. The electron cyclotron frequency
can be calculated from equation (6) writtem in the more comvenient

forn

fez Yo = 2% “Yssuss

On these runs the resonant signal frequency was approxzimately 1942 0,
The magnetic field corresponding to eyclotron resonance at this
frequency 1s indicated in Pigure 8.

Figures 7a and 7b show recorder tracings vhen the 4 mm, and 10 um,
pressure tubes, respectively, wero used., These were taken without the
integrator, which allows the fluctuations from the SWR detector to
appoar, but which also aliows observation of the relstive change in the
noisiness of the output signal from the cavity as a function of field.
For these runs, the X~-rango of the recorder was operated by the gauss~
meter, and was calibrated with the use of an 860 gauss standard cali-
brating magnet supplied with the gaussmeter, PFigure Ta was taken
with the SWR detector set on 80 db and the Y~-range set on 20 W,

Pigure 7b was similar but with the Y-range set on 2. The resonant
frequency for both of these runs was 1086 M, and oyclotron rescpance
as marked on the figures.

A reocorder tracing of the low pressure (1 mm.)} tube is shown
in FPigure 7Te. As above, no integrator was used, but the SWR detector

was sot on the 40 db (less sensitive) range.
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The Y~rauge was sot on )} MV, and tho X-range was operatad by the
time sweep az was used on the ﬁnt tube. Ressnant fregquency wes
1079 W, and ecyclotren resonance is marked in the figure. Additional
runs could net be made with this tube becsuse of the maaner in which
its characteristics changed in operation,

A calibration tost of the receiving system indicated that it is
approximastely sguare law as expected, except for recorder deflections
of less than perhaps 1/4 ineh,
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V. EXPERIMENTAL RESULTSE AND CONCLUSIONS

The data given in the previous section seems to bear out the
theory as presented in section 11, For a given gas pressure (and
hence collision frequency) the output power was appreximately pro~
portional to the square of the discharge curreat (or N2), as seen
from Pigure 6, The most striking feature is the strong dependence
of the respnance curve on the effective collisien frequency, both
experimentally and theeretically. The curves shown in the previocus
section behave in a manner similar to those of Figure 1 and as would
be expected from sqguation (34). As seen in Figures Ta-c, the resonancs
poak is smeared sut and to the right for higher pressures, vhile as the
pressure bacomes lower, the resonance becomes stronger,and sharper, and
shifts to the left towards the magnetic field corresponding to cycle-
tron resonance. The curve for the 1 mm. tube shown in Figure 7¢ shows
& nice sharp resoance peak just to the right of cyelotron resenance.

Although the above figures seem to show the expected dependence
on collision frequency relative to sach other, the effective collision
frequencies nesm to he somewhat higher than would be expected from
thelir pressures. Using mementum tranafer ceollision croas-sections and

25

a pressure of 4 ma., one can esatimate  the normalized esllision fre-

quency te be approximately .—2%- = 0.06 &,

onup it

28, Etter and L.Goldstein, V. of Illineis B.E. Res. Tech. Rept.

Ho. 3, Contract No. AFL9® (604)-828, p.89, 1984 (ASTIA No. ADS3596).
a8
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However, comparison of the curve of the 4 mm. pressure tube shown in
Figure 7a with Figure 1, a value of 35 slightly above 0.35 weuld be
inferred. In fact, equation (34) gives = value of 5= 0.568. The
reason for this discrepancy is not novw understood and will be in-
vestigated furtber,

Because sealed-off tubes were ased, their characteristics were
not very stable with continued operation, making it difficult teo
repeat runs, This was ospecially true for low pressure tubes, It was
alao found that the apparent collision frequency often increased for
low discharge currents., Yor high discharge curremts (of the order of
850 ma.) it was pot possible to take mesningful and repreducible data,
(Posgibly due te the changing characteriatics of the tubes during
operation),

Small bumps in the curve in the viecinity of harmonies of cycletron
resobance were sometimes observed, similar to absorption and radiation
harmoniesz recently reported by Bekefi, et al.w However, they were not
distinct or reproducible mough te be vary ceonvincing. It may be noted
that the cutput signal becowmes noisy in the vicimity of cyclotron
resonance and beyond,

The investigation described herein is not complete in that it
raiged some guestions as well as answered asome. It was proposed to
see it the bimodal~cavity technique provided a useful weans for studying

plasans, and it is felt that this has besn shown.

M@. Beketi, J. Coceoll, E. Booper, Jr., and S. Buchsbaun, Phys.

Rev. Letters ?_. 61062).



It was possible te explain and observe Faraday Rotation in a magnetized
plasua using this system, It proved to be quite sensitive, espocially
to the celiision frequency of the plasma., In view of the strong
dependence on collision frequency of the curves ebtained, it is sug-
gested that this method might provide a sensitive means for determining
experimentally an effective electron collision freguency ¢of a plasma,
Present results, however, indicate that this effective collision
frequency does not correspond to that determined from the electron~
neutral momentum-transfer cress-section,

Further work is intended which will employ discharge tubes in
which the gas pressure may be centrolled by a vacuum pusp. The ranges
of pressure and discharge current will be extended. It is also planned
to apply the method to other cavity modes, such as the Ti;;,, using a
new cavity at a higher frequency. It is hoped that these and other
extensions will help to answer some of the questions raised, and

possibly allow measurements on cyclotron harmonics,
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VI.  BUMMARY

A survey of ihe background of the Faraday Effect and 1ts
measurenant was given in order to afford a basic understanding of the
problem. It was noted that previous measurements were done using the
propagation method. Use of microwave cavities to study plasmas, and
in particular a bhimodal cavity to make apin resonance measurements,
was cited, It was then propesed that the bimodal cavity technigue
be employed to study the Faraday Rfisct in magnetoplasmas,

Theory was presented which is basad on the interpretation of
the Faraday Effect in terms of a coupling between degenerate
erthogonal modes of a cyliandrical cavity containing a plasma in a
magnetic field., This showed that the output signal was & resgnance
curve sirongly affected by the collision frequemcy and also affected
by the electron demnsity of the plasma.

The experimental arrangement, discharge apparatus, the con-
astruction of the air-core magnet, and the bimodal cavity, were
described,

Results were then presented which showed good gqualitative
agreement with the thesry. The resonance curves obtained were smoared
out to the right for higher pressures, while for lower pressures the
resonance peak becomes strong, sharp, and approaches cyciotron reson~-

ance as a limiting value,



The effective collision frequency thus affects hoth the shape and
nagnitude of the resonance curves. The output power was observed to
increase as the electron denaity was increased,

Harmenies of oyclotron resonance were not obssrved in the pressure
and discharge current ranges studied, but it is planned to extend these
ranges to study the possibility of the observation of cyclotron reson~-
ance bharmonics.
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