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inveiition relates o eléctrical reactive devices and
ng stfuctures utilizing the principles of magneto-
electric ifiduction. . . L

1t is wéll kifown tha an electric field is generated by a
thagnetic displacemerit current, This phenomefion hds
béen - designatsd electromagnetic induction and is em-
ployéd in midny practical devices stich as transformers and
generdtors. The anilogous genération of _a Inagnetic
field by anelectrical displacement field, which may bé
termed  maghetoelecttic induction, is not widely recog-
nized and ha$ ofily fecently been verified experimentally.
In this prior art experimental work in which conducting
magnétic cores were uséd, the observed éffects were ex-
ceedingly weak and very little coupling was obtained.

Accordingly, ofie -objéect of thé present invention is
to make an improved electrical coupling structure ufiliz.
ing the principles of _magnetoelectric” induction.

A more specific object is to increase the electrical cou-
pling of magnetoeléctric impedance transforming struc-
tures.

In accordance with the invention, it has been discovered
that the use' of magneti¢' cores having low conductivity
greatly increases the effective coupling between the mag-
netic and the electrical displacement circuits in magnéto-
electric devices. More specifically, and i accordance
with ofte’ embodimeént of the invention illustrated in'the
drawings, a polycrystalline ferrite cylinder having a co-
axial hole therethrough is employed to obtain impedance
transformation between a pair of electrodes secured', to
its ends and a coil threaded through the hole. Other
specific embodiments of the invention involve the coupling
of electric displacement currents in a circuit of high™di-
electric .material, with a magnetic. circuit having high
permeability and low conductivity, y )

In the measurement of the dielectric constant of various
samples by the conventional method in which electrodes
are secured to the sample, considerable difficulty has been
encountered at high frequencies with materials having
high dielectric constants; Specifically, if the electrodes do
not make intimate contact with the sample throughout
the 'comifon surface aress; errors of large maghitiide may
appedr, particularly when the dielectric constants involved
are of the order of magnitudé of 50,000 or 100,000 or
higher. ' .

An’ailditional object 'of the preserit invention' is,” there-
fore, to improve dnd simplify the apparatus for' messur-
ing dielectric constarits of materials having'relatively high
diélectric’ constarits. _ o o

Otlier objects and’ ceitaifi féatures and’ advantages’ will
be developed in the coiifse’ of the defailed description of
the drawings.

In the drawings: o 5

Fig: 1"shows a“core of high permeability miaterial en-

circléd by a™“wire” of high-dielectric constant material ir

accdrdance with ‘the invention; - - )
- Fig.-2-illustrates a condenser having dielectric: material
between its plates; i
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Fig. 3 is an equivalent circnit diagram for the structure
of Fig. 2 at high frequencies;

Fig. 4 depicts an inductance made up of an annular
core of high dielectric material encircled by a wire of
high permeability material; oo »

Fig. 5 illustrates a transformer patternéd after the in-
ductance of Fig, 4; »

Fig. 6 represents an arrangement for testing the di-
clectric constant of high diclectric constant materials at
high frequencies; i )

Fig. 7 is a diagram employed in an analysis which is
presentéd in the specification; and o ] )

Fig. 8 is an electromagnetic transducei cofistiucted of
a material having a high dielectric ¢onstant and & high
permeability, . )

Referring more specifically to the drawings, Fig. 1 shows
by way of example and for .piirpdses of illustration, a
closed loop of high permeability material. 21 haying a
toroidal coil 22 of high dielectric constant “wire” wound
thereon.  Because of the historical emphiasis on iron and
copper inductances, it is contraiy to expecfations to. find
that the structure of Fig: 1, which is made up entirely of
low conductivity material, exhibits substantial impedancs.
However, the symmetry of Maxwell’s equations ‘indicates
that it makes no difference whether the currenf” density
in the coil 22 arises from conduction of displacefiient cur-
rent.. Therefore, assuming that the electric flux"is entirely
confined ‘to the dielectric wire and doe§ nidt Teak bétwéen
turns, the self-inductance of the coil ¢an be defited as:
N2 4,
=

L

(1)

where:

4 is the pérmeability of the toroid .21,

N is the number of turns of the coil 22, . e

Ac is the cross-sectional area of the toroidal core 21, and

I is the mean circumference of the core 21, _
~In addition, the . apparent” dielectric constant of the

dielectric wire 22 of Fig: 1 is given by the expression:

| €0 NiA, Ay 2
where:
Iy is the lenigth of the dielectiic wire, . e
Av is the cross-sectional area of the diglectric_wire, and
w is the angular frequency of the source of electro-
magnetic waves.
This is of course not the proper’ expression for the di-
electric constant as the term is normally used, the fallacy
being that the inductance of the structure is ignored.” I
other words the apparent dielectric constant as determined
by the foregoing Expression (2). is_not the true dielectric.
constant because it is measured in terms of the applied
rather than the total field. e e
Having now established _that dielectric_samples can
exhibit inductarice in’ the same way that metallic samples
can, it is important to investigate how impo this
might be' in experiments designed to mé: dielectric.
constant. In order to do this it is advantagéous to freaf
the dielectric medium as an equivalent circuit, For the
present purpose only lossless ‘circuits will be considered.
This implies that the diélectric’ constant is real and hence
the equivalent circuit will contain no resistance. The Joss
in the dielectric material can easily be included by adding
a resistance to the equivalent circuit, if desired.
Fig. 2 illustrates the apparatus which h usta
employed ‘to mieasure the dielectric constant of ‘a saif
at frequencies below 100 megacycles. In this arrange-
ment the electrodes 23 and 24 ‘are” cofinieeted across' the
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cylindrical sample 25. Since this dielectric sample has
both inductance and capacitance, it can be represented by
the equivalent circuit of Fig. 3, in which the capacitance
26 is equal to

€A

l

The inductance 27 of the sample can for the present
be considered as the inductance. of a single straight con-
ductor, and is thus equal to

ul

4
However, for reasons which will become apparent later
it is assumed that the magnetic flux which is created by
the displacement . current is confined entirely within the
dielectric material. This is a valid approximation if the
dielectric is ferromagnetic.. . With these assumptions,:the
expression for the apparent dielectric constant is

€. = 4re
P A — Awlue

(3)

where:

e is the true dielectric constant of the material, and A is
the cross-sectional area of the sample 25 taken perpendicu-
1ar to the direction of the electric field. At low frequen-
cies, the effective dielectric constant is the same as the true
dielectric constant. However, at higher frequencies, ap-
proaching the resonance frequency at which the denomi-
nator terms are equal, the apparent dielectric constant is
much different from the true dielectric constant, This in-
dicates the danger of ignoring the inductance of a ferro-
magnetic dielectric in the megacycle range.

Proceeding now to a consideration of magnetic displace-
ment currents rather than electric displacement currents,
Fig. 4 shows a ferromagnetic wire 31 wound around a
toroid 32 having a high dielectric constant. The source
33 and coil of conducting wire 34 establish the magnetic
displacement current in thé magnetic wire 31. It will be
assumed for simplicity that there is no magpetic flux leak-
age between turns of the coil of magnetic wire 31 but
instead the magnetic flux is confined entirely to the wire.
Due to the symmetry in Maxwell’s equations it may be
inferred that magnetic displacement currents encounter
“inductance” and “capacity” in the same way that electric
displacement currents do.. Hence it should be expected
that at the center of the magnetic coil in Fig. 4 an electric
field will exist if a magnetic flux is changing in the ferro-
magnetic wire. . In fact, treating the changing magnetic
flux (magnetic displacement current) as a magnetic cur-
rent an “inductance” for this coil may be readily derived.
The expression for this inductance is

NZATE
Iy

Ln= (4)

where:

N is the number of turns of the wire 31,

Ar and It are the area and length of the dielectric toroid
32, and

e is the dielectric constant of the toroid.

If the apparent permeability of the wire wound arcund
a dielectric toroid is. defined as the ratio between the flux
density B and the magnetic field applied to the wire Hap,
the following expression may be derived:

_ by
Hap 1
Aww[w———a”—wLm]
where: ‘

lw is the length of the wire 31,

Aw is the cross-sectional area of the wire, and

Cm and Lm are the. effective capacitance and inductance
of the structure.

(5)

At low frequencies the inductive reactance can be neg-:
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lected and, under these conditions the ratio between the
flux density B and the magnetic field H will give the true
permeability of the ferromagnetic wire even though it is
wound over a barium titanate toroid. The apparent per-
meability, however, shows a resonance phenomenon which
will create large disparities between the apparent and the
true permeabilities at higher frequencies.

In Fig. 5, a transformer structure is shown which is
similar in construction to the inductance of Fig. 4. The
impedance transformation between the source 41 and the
load 42 is determined by the turns ratio of the magnet coils
43. and 44 on the dielectric core 45, with the conducting
coils 46 and 47 being identical.

Fig. 6 is a schematic showing of an arrangement for
determining the dielectric constant of a sample 51 of a
material having a high dielectric constant without the use
of electrodes secured to the material. In this test circuit,
the annular dielectric sample 51 is coupled to the low im-
pedance high frequency source 52 and to the high imped-
ance voltmeter 53 by means of the coils 54 and 55 and
the annular cores 56 and 57 of high permeability material.
The annular cores 56 and 57 must also be of relatively
high resistivity or low conductivity materials so that eddy
currents will not neutralize the magnetic field set up in
these cores. By way of example, the new polycrystalline
ferrites such as NisZn.7Fez20s are suitable materials for
the cores 56 and 57. These cores 56 and 57 are each made
up of two separable portions for ease of insertion of the
dielectric test samples such as 51.

Now, assuming that the source 52 is a constant current
source and thus that it has zero impedance, and that the
voltmeter 53 has infinite impedance, the relationship be-
tween input and output voltages will be as follows:

€o__ 1
e,-_ l,,.l, .
wiued Ay

(6)

where:

1, is the mean circumference of toroids 56 and 57;

w is the angular frequency of the exciting source;

¢ is the dielectric constant of the sample 51;

Ae is the cross-sectional area of the dielectric toroid 51;

le is the mean circumference of the dielectric toroid 51;

A, is the cross-sectional area of each of the toroids 56
and 57;

e, is the input voltage;

u is the permeability of each of the elements 56, 57; and

e, is the output voltage at the voltmeter 53.

Further mathematical analysis discloses two well de-
fined resonances, a series and a parallel resonance at very
high frequencies. Below both of these resonances, how-
ever, the ! in the denominator of Equation 6 may be neg-
lected in comparison with the other term, and the equation
becomes:

ﬁ:wzl"’;‘;llA!l (7)
€5 nbe

And, assuming that the dielectric test samples are cut to
a standard shape, the output voltage e, at the voltmeter
53 will be directly proportional to the dielectric constant
¢ of the test sample. Therefore, after an initial output
voltage reading using a sample of known dielectric con-
stant, the dielectric constant of any other sample may be
guickly and easily determined. Thus, through the use of
the arrangement of Fig. 6, the use of electrodes in dielec-
tric measurement techniques is avoided and the principal
source of error in such measurements (the lack of inti-
mate contact of the electrode with the high dielectric
constant material) is thereby eliminated.

Proceeding to a related matter, the problem of an in-
finitely long rod of ferromagnetic material that is being
magnetized by an alternating magnetic field acting along
thé axis of the rod will now be considered. The magnetic
current in the rod will set up circular lines of electric flux
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around the rod. As these electric flux lines .alternately
build up and collapse they will iniduce a'back magrétomo-
tive force in the rod. In oftier Words this rod will also
have inductance for the flow of magnetic current. In
order to find the actual current distribution at.high fre-
guencies, it is necessary to know the gedmetry of the re-
turn circuit. For instance, if the geomeétry is such fhat
the problem consists in finding thé current distfibution in
two parallel cylindrical “wires” then the current distribu-
tion .can be regarded .as being made up. of cylindrical
sheets only if the distance between the axes of the “wires”
is large compared with their radius. ~ If this approxima-
tion is valid, then the current distribution is identical to
that obtained by assuming that the return circuit is via a
cylinder, coaxial with the dielectric sample and larger in
radius. Since this geometry lends itself more readily to
mathematical analysis, it is this model which will be used.

The problem is illustrated in Fig, 7 in which the central
long rod 61 of ferromagnetic material is inclosed by the
coaxial return path 62. If a cylindrical tube of radius r
and wall thickness dr is considered as the sample, then the
equation giving the current in the tube is:

o, , Q,_ 08,

_ Q.
B=lgitc=t+¢

(8)

where:

Ir is the total current in tube;

@ is the number of lines of induction between two planes
perpendicular to the axis of the cylinder and one meter
apart which are linked by the current in this cylindrical
tube;

E is the difference in applied potential between the two
planes bounding the tube;

Q: is the total charge on the two planes bounding the tube
(i e. Qr=fotlrd't); and

L and C are the effective inductance and capacity per
unit length.

Solving the previous Equation 8 and neglecting the
magnetic flux external to the cylinder (a valid approxi-
mation for ferromagnetic materials) the current density
distribution is given by the following equation.

—A|J0(2_;‘r7:)eiwt

- 2wa
J o(_)\-)

where: A is an undetermined constant which depends on
the amplitude of the applied field.

As a result of this current density distribution it may
be determined that the apparent dielectric constant of the

cylinder is:
2ra
__€x JI(T)

€ap=—-
ra 2ra
(%52)
A

J, (9)

(10)

where:

e is the true dielectric constant of the material;

A is the operating wavelength;

“a” is the radius of the cylinder as indicated in Fig. 7; and

Joand J: are Bessel functions of the zeroth and first orders
respectively.

This expression has a resonance wherever the zeroth
order Bessel function in the denominator has a zero, At
lower frequencies the Bessel function of zero order can be
adequately represented by the first two terms, and the
function of first order can be represented by the first term
only. Under these conditions Equation 10 may be reduced
to an expression which is identical with Equation 3 which
was derived by means of the approximation that the cur-
rent density was uniform throughout the cylinder. Thus
the approximate theory previously developed is even quan-
titatively valid up to the first resonance, Nevertheless, it
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6 )
is~;importa}nt to.realize that the exact theory does predict
a different behavior above the first resonance ‘than the ap-
proximate theory where the current density is assumed to
be uniform. - )

_ For the case where loss occurs (i. e. 4 and e are com-
plex), the above: analysis is still correct except that the
propagation constant cannot be written in terms of the
wavelength in such a simple fashion. For lossy materials,

e 26 Ti(wevue
L wav e To(wtyue ‘

The samie dnalysis can be carriéd ‘6\f for the Thagnétic
cylinder that is carrying a magnetic displacement current,
(i. e. being magnetized and demagnetized in alternating
cycles). The analysis is identical except that x and e ex-
change places. Hence, the apparent permeability without
loss and with loss may be determined by interchanging
# and e in Formulae 10 and 11, respectively.

Proceeding now to a consideration of Fig. 8, a hollow
cylinder 71 of material having a high dielectric constant
and a high permeability, such as one of the new nickel
zinc ferrites, is provided with a pair of electrodes 72,
73 at its two end surfaces and with. a coil 74 threaded
through its central aperture. When an alternating volt-
age is applied across electrodes 72, 73 this establishes
an electrostatic displacement current in the dielectric
material 71 between the electrodes. This electric dis-
placement current will be accompanied by a circumfer-
ential magnetic field which will be set up in the cylinder

(11)

.72 by the electrostatic displacement current. This in turn

will establish a current flow in the coil 74 which is coupled
to the circumferential magnetic field. The structure of
Fig. 8 will thus transform a high impedance input at
electrodes 72, 73 to a low impedance output at the out-
put terminals 75, 76. of the coil 74.

In the present specification and claims, when the
terms “high dielectric constant” or “high permeability”
are employed it is understood that the relative dielectric
constant or permeability will be greater than 1000. When
the term “low conductivity” is employed, a conductivity
less than 1 mho/centimeter will be understood. The
necessity for employing materials having either a high
dielectric constant or a high permeability or both of
these properties is again stressed, inasmuch as it is these
qualities which prevent undue dispersion of the electric
or magnetic fields.  In addition, the low conductivity
of the high permeability material is important to pre-
vent neutralization of the magnetic fields by circulating
carrents. Typical materials suitable for use as the high
dielectric constant elements are barinm titanate and
potassium niobate. In addition to the nickel-zinc ferrite
mentioned hereinbefore, other materials which have been
reviewed in the literature may be employed as the high
permeability-low conductivity elements discussed above.

It is to be understood that the above-described arrange-
ments are illustrative of the application of the principles
of the invention. Numerous other arrangements may be
devised by those skilled in the art without departing from
the spirit and scope of the invention.

What is claimed is:

1. In an impedance converter, a cylinder of polycrystal-
line ferrite material having a permeability greater than
1000, said cylinder having a substantially axial opening
therethrough, a pair of apertured electrodes mounted on
the opposite ends of said cylinder, a toroidal coil threaded
through the axial opening in said cylinder and the aper-
tures in said electrodes, said toroidal coil having its wind-
ings insulated from said electrodes, and separate electric
circvits connected to said electrodes and said coil, re-
spectively.

2. In an impedance converter, a. cylinder of poly-
crystalline ferrite material having a chemical composition
substantially that given by the formula Ni.3Zn,7Fe203,
said cylinder having a substantially axial opening - there-
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through, a pair of apertured electrodes mounted on. the
opposite ends of said cylinder, a toroidal coil threaded
through the axial opening in said cylinder and the aper-
tures in said electrodes, said toroidal coil having . its
windings ‘insulated from said electrodes, and separate
electric circuits connected to said electrodes and said coil,
respectively.
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