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[57] ABSTRACT 

A microwave energy device having cavity resonator 
means is electrically tuneable by means coupled to the 
resonator means including a short-circuited waveguide 
transmission line adapted to convert linearly polarized 
wave energy to circularly polarized wave energy and 
to receive and propagate such circularly polarized 
waves. A ferromagnetic material element is magne~ 
tized at a value below the saturation magnetization 
value (4'rrMs) of the material. An electrical ?eld coil 
provides a variable phase shift of the circularly polar 
ized wave energy traversing the unsaturated element 
in one direction and, upon re?ection by the short cir 
cuit, in a second direction. The phase shift of the cir 
cularly polarized waves traversing the partially magne 
tized unsaturated ferromagnetic material yields a tun 
ing system for microwave generators of linearly polar 
ized energy with an element of relatively short overall 
length. 

7 Claims, 8 Drawing Figures 
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ELECTRICALLY TUNED MICROWAVE ENERGY 
DEVICE 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The invention relates to microwave energy devices 

and, in particular, electrical tuning utilizing ferromag 
netic materials. 

2. Description of the Prior Art 
Electrical tuning of microwave energy devices, such 

as coaxial magnetrons, utilizing ferromagnetic materi 
als has been disclosed in U.S. Pat. No. 3,333,148 issued 
July 25, 1967 to D. C. Buck. In this embodiment a fer 
romagnetic material ring is disposed on one of the inner 
walls of cavity resonator means. An annular electro 
magnetic member is positioned outside of the cavity 
resonator and provides for biasing the material at its 
saturation magnetization value. By varying the electri 
cal ?eld the’ effective permeability of ‘the ferromagnetic 
material is varied to thereby alter the resonance of the 
tuned circuit or cavity resonator. 

Utilizing conventional ferromagnetic tuning tech 
niques based on the variation of the permeability (pf) 
(real part) and dielectric constant‘ (K ') of a saturated 
material with applied ?elds near the resonance value, 
resultshave indicated that tuning of less than 1 percent 
is generally available. Such a narrow tuning range re 
quires a bias field of several thousand gauss, as well as 
-a driving ?eld in the order of an additional thousand 
gauss. The closeness to resonance limits the tuning in 
vview of the fact that excessive p." (imaginary part) 
close to resonance lowers the unloaded Q of the micro 
wave energy source below acceptable values. 

Still another‘prior art electrical tuning structure uti 
lizing ferromagnetic materials is found in U.S. Pat. No. 
3,334,267. issued Aug. 1, 1967 to R. F. Plumridge and 
assigned to the assignee of the present invention. In this 
embodiment a stabilizing cavity resonator is longitudi 
nally displaced from the anode-cathode interaction cir 
cuit. A second cavity resonator is mutually inductively 
coupled to the stabilizing cavity resonator‘and ferro 
magnetic materials are disposed in the mutually induc 
tive region‘between the respective cavity, resonators. 
An external DC magnetic field is operatively associated 
with the ferromagnetic material to variably alter the ef 
fective permeability and thereby alter the mutual in 
ductance between the cavity resonators with a corre 
sponding variation in the resonant frequency of the mi 
crowave oscillations. The placement of the ferromag 
netic materials in the mutually inductive region be 
tween ?rst and second cavity resonators results in 
changes in the effective permeability tensor with a rela 
tively smaller volume of material in comparison to 
prior art cavity resonator techniques having the ferro 
magnetic material directly loaded within the confines 
of the cavity. The reduction in the required ferromag 
netic material volume also simpli?es the externalmag 
netic circuitry required. The mutually inductively cou 
pled two-cavity resonator system also requires the op 
eration of the ferromagnetic materials in the region 
above the saturation magnetization value with its atten 
dant reduction of the unloaded ‘,Q’s of the cavity reso 
nators and the limited tuning range. 
Another method of tuning is referred to as “double 
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576-582 inclusive. In accordance with the teachings of 
this system the magnetron is provided with two output 
terminals. The ?rst terminal provides the power output 
coupling means while the second terminal is used to 
couple into the resonant system a reactance that 
changes the resonant frequency. The variable reac 
tance is provided by a short-circuited transmission line 
having a variable length determined by movement of a 
chokeshorting plunger within a coaxial waveguide line. 
With this mechanical tuning arrangement it is' possible 
to have the actual tuning motion occur outside of the 
vacuum envelope of the tube by reason of a glass-to 
metal seal. This very feature, however, is a self-limitin g 
one in that the double-output tuning arrangement may 
be utilized in tuning microwave energy generators of 
only the low pulse-power output type in view of the fact 
that breakdown could occur in the tuner coaxial line or 
across the tuner vacuum seal at higher output powers. 
The nature of the tuner vacuum seal also limits the av 
erage output power of the microwave energy generator 
because the high radio frequency ?elds that generally 
exist in the glass for at least a portion of the tuning 
range may heat the glass to its melting point. Pulse 
powers of up to 10 kilowatts and average powers of up 
to 200 watts have, therefore, been achieved utilizing 
the known glass materials for the vacuum seal. Another 
limitation in this method of tuning is the circuit effi 
ciency which becomes appreciably lowered from that 
of an untuned device. The method, however, has made 
possible tuning ranges of 10-20 percent at the lower 
output powers and has also provided a teaching of 
means of coupling electrically controlled reactances 
into a microwave energy generator which can be useful 
in methods of frequency modulation. , 
Tuning of microwave energy devices, particularly, 

coupled circuit electrical tuning methods can become 
more widely acceptable if the coupling coefficient of 

' the tuning means is greater than the coupling coeffi 
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output tuning’_’ described in the text “Microwave Mag- , 
'netrons,” G. B. Collins, Vol. 6, Radiation Laboratory ' 

' Series, McGraw-l-lill Book Company, Inc., 1948, pps. 

cient of the power output structure to thereby minimize 
the overall insertion loss of_ the tuning means and the 
accompanying reduction of circuit efficiency. It may 
also be noted that, heretofore, the auxiliary tuning cav 
ity resonator means with ferromagnetic materials dis 
posed therein or in the coaxial cavity resonators in 
volved, solely, the perturbation of linearly polarized 
waves. In view of the low cost, as well as reliability of 
the solid state materials and simpli?ed circuitry, it is 
desirable to provide an improved system of electrical 
tuning which will obviate all the disadvantages of prior 
art known electrical and mechanical tuning systems. 

SUMMARY OF THE INVENTION 

In accordance with the teachings of the invention a 
microwave energy device, for example, a magnetron is 
provided with tuning means coupled to the anode 
cathode interaction circuit utilizing circularly polarized 
wave energy converted from the typical linear polariza 
tion of energy in such devices. In one embodiment a 
short-circuited section of circular waveguide is closely 
coupled by means of an iris in an outer wall of a coaxial 
cavity resonator. Within the circular waveguide a longi 
tudinally disposed and longitudinally magnetized ferro 
magnetic material element provides for a tuning rate 
based on Faraday rotation phase shift principles. The 
ferromagnetic material in accordance with the inven 
tion, however, is partially magnetized at a value below 
the saturation magnetization and resonance value or 
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41rM < 411'Ms. The utilization of unsaturated ferromag 
netic materials provides a system of tuning somewhat 
analogous to the mechanical “double-output" tuning 
scheme previously referred to. A quarter-wave plate is 
utilized to convert the linearly polarized waves in a co 
axial cavity resonator through a coupling iris to circu 
larly polarized waves in the short-circuited waveguide 
line. It is possible to attain the desired Faraday rotation 
utilizing ferromagnetic materials of only a one wave 
length whereas, typically, in prior art Faraday phase 
shifters ?ve wavelengths are required in combination 

10 

with saturated ferromagnetic materials. The magnetic ' 
?eld variation also requires substantially less- driving. ' 

’ power. Both reciprocal and nonreciprocal embodi-i 
ments of the invention are disclosed. 
The tuning means provided in accordance with the v 

invention introduces a series resonant circuit closely 
' coupled to the cavity resonator system of the micro 
wave energy ‘device. The phase shift characteristics are 
based on the effects of the ferromagnetic material upon 
negative circularly polarized waves which differ from 
the effects experienced by the positive circularly polar 
ized waves. With the axial DC magnetic ?eld parallel 
to the direction of propagation the respective circularly 
polarized components rotate and the phase shift 4) can" 
be expressed by the equation (b = [(B-— + /3+)L]/2 In 
this equation 3+ is equal to the phase constant of the 
circularly polarized wave rotating in the same sense as 
the current. [3-— is equal to the phase constant of the cir 
cularly polarized wave rotating in the opposite sense of 
3+. L is the length of the ferromagnetic material ele 
ment. The net rotation of the circularly polarized waves 
determines the net differential phase shift. ' 
The behavior of ferromagnetic bodies when magne 

tized and disposed in the path of electromagnetic en 
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the sense of the input circular polarization between 
right hand‘ and left hand-has the same effect upon the. 
phase-current characteristics as reversing the currents 
‘of the tightly wound coils around circular waveguide 
which provides the longitudinal or axial magnetic bias 
ing ?eld. , I , . 

One embodiment of the invention is described utiliz 
ing TED; modes‘ and the teachings of the invention are 
equally applicable to the TE“, and TE“ modes. While 
a speci?c embodiment of the invention is described il 
lustrating the utilization of'ferromagnetic rod elements 
the desired tuning may beiattained through the utiliza 
tion of spheres as well. The utilization of the unsatu 
rated‘ferromagnetic material elements results in the 
provision of ef?cient tuning means for use in micro 
wave energy-device's, particularly of the coaxial magne 
tron-type, with only one'wavelength of the material, as _ 
well as, a moderate power driving field. Thermal prob 
lems involved in the"use.;.oftheiferromagnetic. materials 
have also been effectivelyialleviated through the utili 
zation of only partially magnetized‘ materials below sat 
uration magnetization to attain the desired phase shift ' 

7 "characteristics. The term "fsaturatio'n magnetization” is 
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ergy has been described in the article “The Elements . - 
of Ferrite Microwave Devices” by C.‘ Lester Hogan, 
Proceedings of the I.R.E., Oct., 1956, pp. 1345-1368. , 
In the present speci?cation the term “circularly polar 

r' ized" ‘is considered to‘ be the electric ?elds of such . 
waves which can be resolved vectorially into two or 
thogonal components of equal amplitude 90° apart in 
space and 90° apart in time. Additionally, the term 
“right hand circular polarization" is defined as an elec 
tromagnetic wave which is propagated in a manner sim 
ilar to that of a right hand screw so that when travelling 
away from the observer its observed direction of rota 
tion is clockwise. The term “left hand circular polariza 
tion” is considered as being in the opposite direction of 
rotation or counterclockwise. In Faraday phase shifters 
it is known that the rotation of a planar polarization as 

, well as the phase shift of the waves transmitted through ' 

the ferromagnetic material are functions of left and 
right hand circularly polarized phase constants. Addi 
tional details may be obtained in the article by Sakiotis 
and Chait, entitled “Ferrites at Microwaves", Proceed 
ings of the I.R.E., Vol. 41, pp. 87—93, Jan. 15, 1953; 
With a positive coil current and right hand circular po 
larization the phase of the waves is advanced while neg 
ative currents result in a phase delay. The term “phase 
delay" denotes that the effective electrical length of the 
overall phase shifter means becomes longer due to the 
changes in the microwave permeabilityvof the ferro 
magnetic material. Conversely, left hand circular polar 
ization input results in an output which is delayed in 
phase for positive currents and advanced in phase for 
negative currents. It may also be noted that reversing 
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. de?ned as the value of magnetization corresponding to 
complete alignment of all the magnetic spins at 0°K. 
While the invention i‘s'described'as operating in the an 
aloguefashion it'is‘valso possible to provide a structure 
operating in the digital modeemploying ferromagnetic 
latching techniques. ~ - ' 

BR-IEF'DESCRIPTION or THE DRAWINGS 
Details of illustrative}embodiments of the invention 

will be described with reference being directed ‘to the 
accompanying drawings,fwhe_rein:~ ’ > ‘ 

FIG. 1 is a vperspective 
embodying the invention; _ _ 

5 FIG. 2' is ‘a diagrammatic representation of an em 
bodiment’of the invention for ‘reciprocal operation; 

. ‘FIG. 3 is a diagrammatic representation of a nonre 

ciprocal embodiment of the invention; _ ‘ 
FIG. 4 is a schematic'circuit diagram 

'lent- circuit of the externally 
embodying the invention; . 

FIG. 5 is a‘detailed cross-sectional view of a coaxial. 
magnetron; I . . , - . . _ . 

FIG. 6 is a detailed cross-sectional view of the exter 
nal tuning structure embodying the invention which is 
coupledto the magnetron illustrated'in FIG. 5; > 
FIG. -7 is a graph ‘illustrative of the phase-current 

characteristics of a ferromagnetic phase shifter propa 
gating circularly polarized wave energy; and 
FIG. 8 is a detailed cross-sectional view of an alterna-' 

tive microwave device of the internal coaxial cavity res 
onator type together with the tuning structure of the ' 
invention. ' 

DESCRIPTION OF A PREFERRED EMBODIMENT 
FIG. 1 illustrates the embodiment of the invention 10 

vof the coaxial magnetron type including a metallic en-‘ 
velope l2 and output power coupler 14. One embodi 
ment of the inventionof a ferromagnetic tuning struc 
ture is incorporated in the assembly 16 appended in a 
position diametrically opposite to the output coupler ' 
14. The details of the microwave magnetron will now 
be described with reference being directed to FIGS. _ 
The microwave device 10 comprises a metallic enve 

lope 12 de?ned by end' cover members 18 and 20 her- ' 

view of a coaxial magnetron _ ' 

of the equiva- ‘ 
tuned coaxial magnetron ' 



3,882,352 
5 

metically sealed to a cylindrical wall member 22 to pro 
'vide a vacuum tight enclosure. Anode vanes 24 sup 
ported by the common boundary wall 26 de?ne cavity 
resonators therebetween circumferentially disposed 
about the central cathode emitter 28 with an interven 
ing interaction region to comprise the well-known 
anode-cathode resonant circuit in such devices. The 
cathode 28 is supported by an assembly 30 including 

‘ outer tubular member 32 secured to magnetic pole 
piece 34. All the electrical leads for energizing the 
cathode structure and to provide the electric ?eld po 
tentials to operate the device extend within the cathode 
assembly 30. Conventional tubes of the type under con 
sideration typically operate in the pimode of oscillation 
over the tunable frequency range which is controlled 
by an outer coaxial cavity resonator 36 operatinglin, 
illustratively, the TE“ mode. 
The outer coaxial cavity resonator 36 is de?ned by 

cylindrical outer wall member 22 and the common 
boundary wall 26 together with the end covers 18 and 
20. The energy generated in the anode-cathode reso 
nant circuit is coupled to the outer coaxial cavity reso 
nator 36 by means of spaced longitudinal slots 38 oper 
atively associated with the anode cavity resonators. Ex 
traneous modes may be suppressed by lossy rings 40 
and 42 of such materials as carbonized alumina ce 
ramic, barium titanate or ferrite to provide a high di— 
electric loss. 
The magnetic ?elds within the anode-cathode reso 

nant circuit, as well as, the outer coaxial cavity resona 
tor 36 are provided by means including oppositely dis 
posed pole piece members 34 and 44 with the magnetic 
?eld extending parallel to the axis of the cathode 28. 
The electric ?eld lines extend perpendicular to‘ the 
magnetic fields and thereby provide for the crossed 
?eld type of electron interaction in this class of micro 
wave devices. Two external C-shaped permanent mag 
nets contact the pole piece members and have not been 
illustrated in the interest of simplifying the description. 
The microwave frequency energy generated bythe I 

crossed ?eld magnetron is coupled from the outer co 
axial cavity resonator 36 through an iris 46 and a trans 
former section 48 which may, for example, be H 
shaped. A dielectric window 50 supported within a 
?ange assembly 52 hermetically seals the envelope and 
permits the passage of the microwave energy to be cou 
pled to a utilization load which may be coupled to a 
rectangular output flange 54. In prior art devices a 
tuner assembly including an axially translated tuning 
ring member positioned within the external cavity reso-' 
nator 36 would be mechanically actuated by gearing 
arrangements housed within a tubular member such as 
member 57 adjacent to magnetic pole piece member 
44. 
An electrical tuning system 16 incorporating ferro 

magnetic phase-shifting means in accordance with the 
teachings of the invention is coupled to wall member 
22 by means of a resonant iris 56 and will be described 
with reference now being directed to FIGS. 2 and 3. 
FIG. 2 is illustrative'of reciprocal type operation and 
comprises a section of circular waveguide 58 which is 
short-circuited at the outer end 60. A nonreciprocal 
Faraday rotator section 62 includes a first ferromag 
netic element 64 such as a one-wavelength long rod 64 
of a ferromagnetic material, such as yttrium iron garnet 
or any of the other well-known ferrite materials utilized 
for phase shifters. A longitudinal magnetic ?eld extend 

ing parallel to the direction of propagation of the en 
ergy is provided by magnetic ?eld producing means 66 
illustrated as of the permanent magnet type. A quarter 
wave circular polarizer plate 68 of a dielectric material 
is diametrically disposed within the circular waveguide 
58. Typically such plate members are oriented at an 
angle of 45° to provide for the conversion and propaga 
tion of linearly polarized waves emanating from the 
outer coaxial cavity resonator 36 and Faraday rotator 
62 to circularly polarized waves which then traverse 
the unsaturated ferromagnetic phase shifter section 70. 
The circularly polarized wave energy traverses a sec 

ond ferromagnetic element 72 having a partially mag 
netized longitudinal ?eld provided by means of a ?eld 
coil 74 tightly wound around. the circular waveguide 
58. The magnetization of the ferromagnetic element is 
controlled to be below the saturation magnetization 
value of the material. Variations in coil current ‘with 
DC and/or AC produce a predetermined net phase shift 
in a ?rst direction and upon re?ection from ‘the short 
circuit means 60, in an opposite direction for a second 
traversal. The shifted circular waves are reconverted to 
linearly polarized energy by circular polarizer 68 and 

‘ again experience a Faraday rotation before being rein 
25 
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60 
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‘troduced into the outer coaxial cavity resonator system 
to vary the resonant frequency of the magnetron. 
Rapid electrical tuning at rates analogous to dither 

tuning can be achieved with circularly polarized wave 
energy traversing unsaturated ferromagnetic‘ phase 
shifting means in a coupled circuit arrangement. With 
unsaturated ferromagnetic material (411M < 4-n'Ms) 
large variations of the permeability tensor components 
K’ and p.’ are utilized to obtain a relatively large phase 
shift value with an element length of, typically, only 
one wavelength of the operating frequency. in compari 
son to prior art saturated type phase shifters which re 
quire elements ?ve wavelengths long. The disclosed 
electrical tuning system provides for tuning of the mi? 
crowave magnetron in a manner somewhat analogous 
to the double-output tuning method. The equivalent 
circuit of the present system which'operates as a‘se’ries 
resonant circuit is illustrated in FIG. 4. The. normal 10- . 
cation of the iris 56 in the outer wall member 22 of the 
magnetron 10 is a low impedance point of the magne 
tron cavity resonator to minimize insertion loss intro 
duced by the tuning structure. The magnetron pi-mode 
cavity components are represented by the capacitance 
76, inductance _78 and resistance 80 and are coupled to 
the magnetron output load R,_. The equivalent circuit 
loss of a short-circuited section of circular guide having 
an overall length L, an impedance Z; and phase con 
stant B2 is indicated as a resistance 82 and designated 
R2. Utilizing the coupledacircuit tuning equations, par 
ticularly on pages 579 and 580 of the Collins reference, 
it may be noted that electrical tuning with the system 
‘of the present invention results in a circuit ef?ciency 

or 

We: 1/“ + QEt/Qu! ‘l' QE1/QE2(R2/Z2)] (2) 

Extrapolation of data, as well as theoretical consider 
ation, leads to the conclusion that for typical coaxial 
magnetron operation tuning ranges of 1.5 to 3 percent 

} may be realized with little degradation of the unloaded 
Q or circuit ef?ciency. Even wider tuning ranges may 
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be achieved utilizing ferromagnetic elements other 
than the rods such as, for example, a sphere on axis 
with the coupling of magnetodynamic modes in the 
tuning system. 
FIG. 3 illustrates a nonreciprocal embodiment 

wherein the circular polarizer and Faraday rotator are 
combined in a unitary element of a ferromagnetic ma 
terial 84. A plurality of small magnets 86 are disposed 
in close proximity to guide 58 to provide the element 
84 with a quadrupolar DC magnetic ?eld. Second ele 
ment 88 is the unsaturated ferromagnetic phase 
shifting means and tightly wound ?eld coil 90 provides 
the driving ?eld for the predetermined phase shift vari 
ations. Either the tuning system shown in FIG. 2 or the 
one in FIG. 3 may be utilized dependent on availability 
of ferromagnetic materials, as well as space or other 
considerations. 

Referring to FIG. 6 the coupled-circuit electrical tun 
ing system 16 of the invention appended to outer cavity 
resonator 36 by attachment to wall 22 will now be de 
scribed. Linearly polarized wave energy is introduced 
into a section of circular waveguide 92 by means of a 
resonant iris 56 in wall 22 (shown in FIG. 5). A ?rst 
section comprises a Faraday rotator having ferromag 
netic element 94 and magnetic ?eld producing means 
96, such as a permanent magnet. The rotator typically 
provides a predetermined angle of rotation, illustra 
tively 45°, in the forward as well as reverse directions 
although the angular displacement is nonreciprocal. 
Linearly polarized waves represented by arrow 98 en 
tering the Faraday section are launched after traversal 
in a first direction as a wave indicated by arrow 100. 
Ferromagnetic element 94 is supported within the cir 
cular waveguide by any suitable low loss dielectric 
means 102. The input energy is next converted vinto cir 
cularly polarized wave energy represented by vector 
104 by means of circular polarizer 106 comprising a di 
ametrically positioned quarter-wave dielectric plate. 
The cicular polarizer 106 is supported within a metallic 
frame member 108. 
The next section comprises the phase-shifting means 

including the unsaturated ferromagnetic element 110 
supported within by dielectric means 112. The means 
for partially magnetizing ferromagnetic element 110 
and producing the phase shift variations includes single 
field coil 114. A longitudinal magnetic ?eld bias ex 
tends parallel to the direction of the propagation of the 
energy. The ferromagnetic element is partially magne 
tized and remains below the magnetization saturation 
value. Leads 116 provide for the connection of the ?eld 
coil 114 to the external circuitry. The overall structure 
is terminated by waveguide short-circuit means 118 to 
thereby re?ect substantially all of the circularly polar 
ized wave energy in a direction opposite to a ?rst direc 
tion through the ferromagnetic element to thereby pro 
vide a combined predetermined phase shift characteris 
tic of the energy. In FIG. 6 circular arrow 104 has been 
indicated as being phase shifted a predetermined num 
ber of degrees indicated by the symbol 4:]. Upon re?ec 
tion from the short-circuit means 118 the re?ected cir 
cularly polarized wave energy encounters a second 
phase shift which has been indicated by the symbol (#2. 
Referring next to FIG. 7 a description of the opera 

tion of the ferromagnetic phase-shifting means will be 
brie?y explained as presently understood. The coordi 
nates of the graph are phase shift it along the vertical 
coordinate and current I with the polarities indicated 

8 . 

by the + and — symbols. Curve 120 represents th 
phase-current characteristics of right hand circularly. 

' (RI-IP) polarized wave energy. For negative current 
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values a phase delay is provided while for positive cur 
rents there is a phase advance. Curve 122 represents 
the same characteristics for circularly polarized wave 
energy of the opposite sense or left hand (LHP) with 
a phase advance for negative currents and a phase 
delay for positive currents. If we assume that the ferro 
magnetic element 110 is magnetized below saturation 
this is indicated by the dashed line 124 and current 
value I‘. If the circular wave 104 in FIG. 6 is assumed 
to be right hand circularly polarized and the magnetic 
current H1 is maintained, the wave energy in the ?rst 
transversal encounters a phase advance indicated by (b1 
as indicated by the dashed line 126. After re?ection 
and a second transversal through the ferromagnetic el 
ement, a phase delay of (b2, as indicated by the dashed 
line 128, is experienced. Short-circuit means 118 pro 
vide a re?ected wave which will have the same sense of 
circular orientation and, upon recombining vectorially, 
the re?ected components become a mirror image of 
the original incident wave. In view of the fact that a 
phase advance is simply a negative phase delay, the two 
phase shifts are added to obtain a net differential phase 
shift (151 + 4J2 which is equivalent to (b1 as indicated by 
the dashed line 130. The phase-shifting means are com 
pletely reciprocal so that the input right hand or left 
hand circularly polarized wave energy will encounter 
the same net phase shift. Hence, if left hand waves are 
received at the input and the same current I, is main 
tained, the phase delay and phase advance would again 
be added to result in a net phase shift (#1. If the electri 
cal current is reversed then again a net phase shift 
would be produced as indicated on the —I side of the 
graph. 
Upon egress of circularly polarized wave 104 having 

the net phase shift ,rbr, the circular polarizer 106 con 
verts this energy into linearly polarized wave energy 
which then enters the Faradayrotator section as indi 
cated by the arrow 132. ‘After traversing the Faraday 
rotator element 94 the linear wave vector is again angu 
larly displaced as indicated by the arrow 134 for pas 
sage to the cavity resonator with the desired phase shift 
to result in tuning of the magnetron resonant fre 
quency. The Faraday rotator, circular polarizer and 
phase-shifting means are supported within an outer cy 
lindrical member 136 which may be fabricated in two 
parts having an intermediate electrical isolation means, 
such as a ceramic spacer 138, as illustrated in FIG. 6. 

Referring next to FIG. 8 an alternative embodiment 
of the invention comprising an internal coaxial cavity 
resonator magnetron 140 is illustrated. In this embodi 
ment the anode cylinder 142 provides an internal axial 
cavity 144 having one end sealed off by means of mi 

, crowave permeable window 146 and the energy is cou 
pled out by means of an iris member 148 suspended 
from the window member. The output energy is cou 
pled by a waveguide coupling arrangement 150 to the 
utilization load. The opposing end of the internal coax 
ial cavity resonator is also sealed with a microwave per 
meable window member and iris arrangement 152. 
The anode-cathode resonant circuit is provided con- ' 

centrically outside of the cavity resonator 144 and in 
cludes a plurality of radially disposed vane elements 
154 with the energy being coupled to the internal cav-. I 
ity resonator by means of slots 156 in the anode cylin 



3,882,352 

der wall 142. A cathode emitter ring 158 is coaxially 
disposed around the anode cylinder and is supported by 
an electrical insulator member 160. 
The magnetic ?eld producing means for the anode 

cathode resonant circuit is provided by means of mag 
netic pole pieces 162 and 164 supported by concentric 
discs 166 and I68 at one end and the cathode insulator 
160 at the other end. External C-shaped magnets (not 
shown) positioned adjacent to the outer ends of the 
pole piece members direct the magnetic ?eld parallel 
to the axis of the cathode. 
The electrical tuning system of the invention is pro 

vided within the section of circular waveguide 170 with 
the linearly polarized energy being coupled through the 
window and iris arrangement 152. The tuning structure 
illustrated is similar to FIG. 2, however, the nonrecip 
rocal arrangement shown in FIG. 3 may also be incor 
porated. In the reciprocal arrangement a ?rst section 
comprises a Faraday rotator ferromagnetic element 
172 together with a biasing permanent magnet 174. 
The circular polarizer comprises quarter-wave dielec~ 
tric plate 176 and the circularly polarized wave energy 
is phase shifted by ferromagnetic element 178 opera 
tively associated with the field coil 180. The energy re 
?ection means comprises waveguide shorting means 
182 enclosing the end of the circular waveguide 170. 
The generated linearly polarized energy from the inter 
nal cavity resonator 144 is again ?rst rotated a prede 
termined number of degrees by the Faraday rotator and 
then the energy is circularly polarized. The circularly 
polarized energy experiences a predetermined phase 
shift in a first direction and then in a reverse direction 
upon re?ection of substantially all of the energy from 
the short-circuit means. The energy is again returned to 
the cavity resonator means in the proper vectorial ori 
entation with the desired tuning achieved by the elec 
trical phase shift variations. The output energy is cou 
pled through the coupling arrangement 150 axially dis 
posed with respect to the tuning means. Again as in the 
prior embodiments, the tuning is controlled solely by 
the electrical coil means operatively associated with an 
unsaturated ferromagnetic material and rapid tuning 
rates over moderate tuning ranges may be achieved. 
Numerous variations, modifications and alterations 

will be evident to those skilled in the art. It is intended, 
therefore. that the foregoing description of illustrative 
embodiments of the invention be considered in the 
broadest aspects and not in a limiting sense. 
We claim: 
1. A microwave energy device comprising: 
means for generating electromagnetic energy at a 
predetermined frequency including cavity resona 
tor means; 

coupled-circuit means for electrically tuning said de 
vice including a transmission line electrically cou 
pled with said cavity resonator means; 

said transmission line having mounted therein, in the 
order named, a circular polarizer for converting 
linear to circularly polarized wave energy. ferro 
magnetic phase-shifting means, short circuit means 
enclosing an end to re?ect substantially all of the 
circularly polarized energy incident thereon; 
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magnetic ?eld producing means including a source of 

electric current positioned in the region of said 
phase-shifting means to provide said ferromagnetic 
material with an internal magnetization ?eld below 
the saturation magnetization value of said material 
and produce a variable phase shift of circularly po 
larized wave energy propagated therethrough in 
forward and reverse directions; 

output energy coupling means electrically coupled to 
said cavity resonator means at a location separate 
and apart from said coupled-circuit means. 

2. The device according to claim 1 wherein said cou 
pled-circuit means further include ferromagnetic Fara 
day rotator means for angular displacement of linearly 
oriented energy positioned in proximity to the end of 
said transmission line coupled to said cavity resonator 
means. 

3. The device according to claim 2 wherein said Fara 
day rotator means and circular polarizer comprise a 
single ferromagnetic material element. 

4. The device according to claim 1 wherein said fer 
romagnetic phase-shifting means comprise an element 
of approximately one wavelength of said frequency in 
length. 

5. The device according to claim 1 wherein said cir 
cular polarizer comprises a diametrically disposed plate 
member of dielectric material one-quarter of a wave 
length of said frequency in length. 

6. The device according to claim 1 wherein said 
transmission line comprises a section of circular wave 
guide. 

7. A crossed ?eld microwave energy oscillator com 
prising: 
an anode-cathode interaction resonant circuit system 

including a plurality of circumferentially disposed 
cavity resonators defined by anode elements; 

coaxial cavity resonator means adapted to be reso 
nant at a predetermined frequency; and 

coupled-circuit means for electrically varying said 
frequency comprising a section of circular wave 
guide connected to said coaxial cavity resonator 
means; 

a circular polarizer adapted to convert said energy to 
circularly polarized wave energy positioned within 
said waveguide; 

a ferromagnetic element positioned along the longi 
tudinal axis of said waveguide for producing a 
phase shift of said circularly polarized wave energy; 

means for short-circuiting the end of said waveguide 
to substantially reflect all of said circularly polar 
ized wave energy; 

magnetic field producing means including an electric 
?eld coil positioned in the region of said ferromag 
netic phase-shifting element to provide an unsatu 
rated internal magnetization field parallel to the di 
rection of propagation of said energy and variable 
phase-shift of circularly polarized wave energy 
propagated in said element in opposing directions; 
and 

means for coupling said energy from said oscillator 
coupled to said cavity resonator means. 

* * * * * 


