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Radiation from a Ferrite Cylinder*

J. C. Parars
Cooley Electronics Laboratory, University of Michigan, Ann Arbor, Michigan

A theoretical and experimental investigation has been made of a ferrite post in the aperture of a rec-
tangular waveguide. This problem is representative of a general class of problems where an anisotropic
obstacle is superimposed on an isotropic discontinuity. In the example treated by the diffraction approach,
a simple solution has been obtained which predicts and explains the observed phenomena. A modified
aperture is especially interesting because it offers good opportunity for directly measuring the effects of
ferrite obstacles on rf fields. It also has the practical advantage of serving as a scanning antenna. The analy-
sis of this radiating structure is also shown to apply to circulators that use cylindrical ferrites.

In general, the theory shows that the energy in the far fields is directed at some angle ¢ with respect to
pure forward scatter. A corresponding asymmetry is also present in the field plots inside the ferrite. The
field displacement within the material is shown to expain this far field beam shift.

Experimentally, continuous scanning from a waveguide was obtained over +30° with a MgMn ferrite
post 0.297 in. (0.754 cm) in diameter and with applied fields of less than 300 G. The frequencies were from
9.0-10.3 Ge/sec. The low reflection coefficients obtained make this a practical antenna. Beam patterns are
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presented, as are curves comparing the theoretical and experimental results.

INTRODUCTION

FERRITE post placed in the aperture of a rec-

tangular waveguide is representative of a class
of problems where an anisotropic obstacle is super-
imposed on an isotropic discontinuity. In general, an
exact theoretical treatment of this type of problem
is impractical because of the complex configurations
involved. An approximate solution based on diffrac-
tion theory is found to be suitable for explaining the
radiation properties of this structure.

The problem treated here, shown in Fig. 1, is of
interest because the fields affected by the ferrite can
be measured directly, thus checking the theory. One
application for this study is to junction circulators,
where a ferrite post is the dominating factor. An ex-
planation of how ferrites direct the energy of an in-
coming wave, to create circulator action, results from
this analysis. Also, since its radiated beam can be
controlled by magnetic bias, the device can function
as an electronic scanning antenna.

Previous experiments have demonstrated -electronic
scanning with ferrite filled apertures. Angelakos and
Korman! described a completely ferrite filled aperture.
Wheeler? described a cylindrical waveguide aperture
loaded with a ferrite sphere to produce conical scan-
ning. Engelbrecht® considered a post biased to ferro-
magnetic resonance placed just outside the waveguide
aperture at the focus of a parabolic reflector. The
scanning device reported here differs from the last in
that the post is partly in the waveguide, operates well
below resonance, and does not require a reflector.

* Supported by the U.S. Army Electronics Research and De-
velopment Laboratory under Contract No. DA 36~039 sc-89227.
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MATHEMATICAL MODEL

The theoretical model assumes no z variations in
any of the fields and the radiated field is entirely due
to scattering from the ferrite, so that only patterns in
the (x>0, y) half-plane are predicted accurately. Since
the TE;y mode incident wave can be represented by
two plane wave components, the solution follows
closely that for single plane wave scattering by an
infinite gyrotropic cylinder.5

The ferrite is characterized by the Polder perme-
ability tensor with components u and K. For low val-
ues of applied fields, the unsaturated component values
must be used.®

The incident, internal and scattered electric fields
are given by the following [assuming exp(+jwt) time
dependence]]:

Eve= 35 cos(na) Ju(kr) exp{—jnlg+ (x/D]} (1)

n=—0a0

Ejvi= 3> a, cos(na) Ju(kw) exp{—jnlg+(x/2)]} (2)

n=—awo

Epest= 3 0,0 cos(na) Ha® (kr) exp{—jnlo+(x/2) ]},
(3)

where J, are Bessel functions, H,® are Hankel func-

tions of the second kind,
a=sin" (M), k2= w?ugeq,

pere= (p2—k2) /u..

Matching the tangential components of electric and

ko’ = Eueiter,

¢W. H. Eggimann, IRE Trans. Microwave Theory Tech.
MTTS, 440 (1960).

5 V. V. Nikolskii, Radio Eng. 3, 41 (1958).

6R. C. LeCraw and E. G. Spencer, IRE Natl. Conv. Record
(1956), Pt. 3.
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F16. 1. Theoretical far field beam patterns.
magnetic fields at the ferrite boundaries yields the
following equations for the coefficients.

a,°H,? (ka) — anJ . (koa) = — T, (ka)

—a,*[kH',® (ka) /opo]+a.Da=FkJ'r(ka) /wpo,
where .
D, =[1/w(u2—K?2) J[ukeJ ' (ka) + (nK/a) J (k) ]

a=radius of the post.

(4)
(5)

In cases where most of the energy in the scattered
field is in the region x>0, E,**t is close to zero inside
the waveguide. For these cases the boundary condi-
tions at the waveguide side walls are identically satis-
fied and no additional fields are required in the solu-
tion. Then the analytical results apply to the aperture
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Fi6. 2. Contours of constant electric field intensity. This plot
of internal electric field corresponds to the far field pattern 2 in
Fig. 1.
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model only where small beam angles are predicted.
The results apply at least qualitatively in a structure,
such as a symmetrical y junction where a beam angle
of 60° is not inhibited by the metallic walls.

Several theoretical far field patterns are shown in
Fig. 1. By indicating that the applied magnetic field
controls the beam shift, these plots show the possibility
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¥16. 3. (a) Experimental beam patterns, (b} beam angle vs
Hge-

of electronic scanning. Since a beam angle of 60° cor-
responds to the condition for 3-port circulator action,
the infinite cylinder model can be used to explain the
circulator mechanism.

The internal electric field plot shown in Fig. 2 vividly
displays the field displacement within the ferrite. The
theoretical and experimental beam angle for these pa-
rameters was 14°, confirming the validity of the plot.
It is thus advanced that energy is directed by the
mechanism of field displacement, which is a generaliza-
tion of Bosma’s’ results for junction circulators con-
strained by strip-lines.

"H. Bosma, Proc. Inst. Elec. Engrs. (London) B109, 137
(1962).



RADIATION FROM A

EXPERIMENTS

Beam patterns of the post geometry, experimentally
obtained, are shown in Fig. 3(a). They verify the en-
ergy directing properties of the device. A comparison
of theoretical and experimental plots of beam angle vs
applied field is shown in Fig. 3(b). Errors exist for
large theoretical beam deflections due to the wave-
guide walls which were not accounted for in the the-
ory. At 10 Ge/sec a continuous beamshift over greater
than 60° was obtained with applied fields varying over
a range of 2300 G. The voltage standing wave ratio
was less than 3.6 over this range. Relatively low bias
field requirements make this a practical device. No
matching structure was introduced into the junction,
so that lower reflections might be obtained using match-
ing methods similar to those used in waveguide junc-
tion circulators. The frequencies investigated were from
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9.0-10.3 Gc/sec with results similar to those for the
10-Gc/sec case being obtained. Scanning rates are
mainly limited by the ability to vary the required
magnetic field at high enough frequencies. Reversing
the applied field results in imaging the beam pattern
about ¢=0 as predicted by the theory. This accounts
for the switching properties of ferrite circulators.

The duality that exists between ferrites and plasmas
make it likely that a plasma post placed parallel to the
y axis would exhibit similar beam deflecting properties
when magnetized along its axis.
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An Explosive-Driven High-Field System for Physics Applications*

R. S. Camrp, W. B. Garx, D. B. TaHOoMsON, AND C. M. FOwLER
University of California, Los Alamos Scientific Laboratory, Los Alamos, New Mexico

A simple explosive-driven flux compression system is described for producing magnetic fields in the
MG range. The flux-trapping device is a seamless hollow stainless steel cylinder driven by a ring of explosive.
The initial field is introduced by a coil pair supplied by a 90-kJ capacitor bank. The assembly is readily
evacuated. During implosion, the experimental volume is free of objectionable debris and asymmetries.
Peak fields of 1.2 and 4 MG are achieved in working diameters of 8.9 and 3.2 mm, respectively. The usable
length is about 15 mm at these fields. Several possible applications are mentioned.

HE use of explosives makes it possible to achieve

multimegagauss magnetic fields in small but usable
working volumes. Previous publications'? discuss the
principles and techniques involved. Briefly, an axial
magnetic field is induced within a hollow conducting
cylinder, or liner, by discharging a condenser bank
through adjacent coils. A ring of explosive around
the liner is detonated on the periphery. The resulting
implosion drives the conductor radially inward, com-
pressing the initial field to high values.

There are several different techniques for introducing
the initial field into the liner volume and then trapping
the flux during the implosion. One method is to use a
coil internal to a copper liner. The liner must be
slotted and the slot insulated in order to admit the flux.
This slot is then closed to make a good electrical con-

* Work done under auspices of the U.S. Atomic Energy Com-
mission.
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tact when the detonation front reaches the liner. Some
of our highest fields have been reached with such a sys-
tem, and it is very useful for some experiments. How-
ever, it has serious drawbacks for many physics appli-
cations. The presence of the coil within the high field
volume gives rise to jetting and perturbations of the
liner surface during implosion. Such perturbations may
destroy the experimental assembly before maximum
field is achieved. Also, the lighter insulating material
tends to run ahead of the conducting surface. This
debris in the high-field region is undesirable in many
cases. The slot in the liner causes similar difficulties
during implosion. Finally, it is often necessary to evac-
uate the liner volume to prevent gas shock waves or
to provide cyrogenic insulation. It is difficult to make
a vacuum-tight assembly with an insulated slot.

It is evident that techniques which use a slotted liner
or a coil beneath the explosive charge have limitations.
The ideal system should have a seamless liner with
the initial field introduced by coils on either side of the
explosive. One can use a dc field with a highly conduct-
ing liner, or a slowly rising pulsed field with a poorly
conducting liner. We have chosen the latter method
since it lends itself to higher fields with the energy



