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UNITED STATES PATENT OFFICE 
2,534,503 

FREQUENCY-MODULATED MAGNETRON 
MCROWAVE GENERATOR, 

John S. Donal, Jr., Robert R. Bush, and Carmen 
L. Cuccia, Princeton, N. J., assignors to Radio 
Corporation of America, 
Delaware 

a corporation of 

Application June 28, 1947, Serial No. 757,756 
(C. 332-5) 14 Claims. 

This invention relates generally to frequency 
modulated magnetron microwave generators of 
the type employing auxiliary electron guns for 
directing modulating electron beams through the 
resonators of a multicavity magnetron generator 
and more particularly to novel modulating elec 
tron beam structures and to methods of and 
means for Supporting and connecting to Said 
modulating beam structures. 
The copending U. S. application of Lloyd P. 

Smith Serial No. 563,732, filed November 16, 1944, 
discloses and claims a novel frequency-modulated 
magnetron microwave generator wherein the re 
active effects of one or more coaxial modulating 
electron beams upon the microwave fields with 
in the resonators of a multicavity magnetron are 
employed for shifting the frequency of the 
magnetron generator as a function of the energy 
of the modulating electron beams. The energy 
of the modulating electron beams is controlled 
preferably by applying modulation signals to a 
control electrode of the modulating electron beam 
source. For selected operating parameters, the 
output frequency of the device is a function of the 
magnetron operating potentials, the axial con 
stant intensity magnetic field, the energy of the 
modulating electron beams and the relative posi 
tioning of said modulating beams in the micro 
wave fields within the magnetron generator re 
sonator structures. In general, the most efficient 
frequency modulation is provided by locating the 
modulating electron beams on axes parallel to 
and surrounding the central magnetron cathode 
closely adjacent to, and equidistantly spaced from, 
the apices or inner ends of the radial anode vanes 
forming the magnetron anode resonators. 

Heretofore, such frequency-modulating elec 
tron beam devices have employed simple grid 
controlled electron beam guns for directing elec 
tron beams through the Several cavity resonators 
to electron collector electrodes. One of the novel 
features of the instant invention is the use of ad 
ditional positively-biased screen or shielding elec 
trodes in each of the frequency modulating elec 
tron gun structures for improving the efficiency of 
the modulating electron guns, for reducing sec 
ondary emission instabilities in the system, for 
reducing electron gun Cathode bombardment by 
returning secondary electrons from the collector 
and resonator structures, and for reducing un 
desired loading effects on the closely adjacentre 
sonator structure. Another novel feature of the 
instant invention is the arrangement of a plu 
rality of modulating electron beam devices con 
centrically with the central magnetron cathode 
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and closely adjacent to the apices of the magne 
tron anode vanes, said arrangement being pro 
vided and facilitated by a plurality of concentric 
connecting and supporting rings providing elec 
trical connections to the several electrodes of the 
equally angularly Spaced electron guns, 
Among the objects of the invention are to pro 

vide improved methods of and means for fre 
quency-modulating magnetron microwave gen 
erators of the type employing cavity resonator 
type anode structures. Another object is to pro 
vide improved frequency-modulated magnetron 
microwave generators employing screen grid type 
modulating electron beam devices for directing 
modulating electron beams through the cavity 
resonators of the magnetron generator. A fur 
ther object of the invention is to provide an im 
proved supporting and electrical connection 
structure for a plurality of frequency-modulat 
ing electron beam reactive devices supported in 
operative relation to a plurality of cavity resona 
tor anodes of a frequency-modulated multicavity 
magnetron. An additional object is to provide an 
improved method of and means for extending the 

25 frequency-modulation range of a multicavity 
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magnetron generator. Another object is to pro 
vide improved methods of and means for reduc 
ing secondary-emission instabilities and reducing 
cathode bombardment by returning secondary 
electrons in modulated magnetron microwave 
generators. A still further object of the inven 
tion is to provide improved methods of and means 
for improving the operating characteristics and 
efficiency of magnetron microwave generators. 
Another object of the invention is to provide an 
improved frequency-modulated magnetron micro 
wave generator which is tunable over a relatively 
wide frequency range. 
The invention will be described in greater 

detail by reference to the accompanying draw 
ings of which Figure i is a cross-sectional, ele 
vational view, taken along the Section line I-I 
of Figure 2, of a preferred embodiment of a 
magnetron including the novel features of the 
invention, Figure 2 is a plan cross-sectional view 
taken along the Section line II-I of Figure 1. 
of Said preferred embodiment of the invention, 
Figure 3 is a croSS-Sectional plan view of Said 
preferred embodiment of the invention taken 
along the section line II-III of Figure , 
Figure 4 is a perspective view partially cut away 
of a frequency modulating electron gun struc 
ture comprising a portion of Said preferred 
embodiment of the invention, Figure 5 is a cross 
Sectional view taken along the Section line W-W 
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of Figure 4, Figure 6 is a cross-sectional bottom 
view taken along the section line WI-VI of 
Figure 1, Figure 7 is an enlarged fragmentary 
perspective view of the magnetron vane strapping 
means and tuning means in the region of the 
section line VI-VI of Figure 1, and Figures 8, 
9 and 10 are graphs explanatory of the operating 
characteristics of the invention. Similar refer 
ence characters are applied to similar elements 
throughout the drawings. 

Referring to Figures 1 to 7, inclusive, of the 
drawings, a preferred embodiment of the inven 
tion comprises a cylindrical conductive envelope 
having a flat top portion 3 welded to the upper 

end 5 thereof and having an annular Supporting 
ring Welded to the lower end thereof. A tuning 
mechanism 9, to be described in detail here 
inafter, is Supported by the annular ring and 
includes a corrugated Sylphon diaphragm f. 
The envelope f is evacuated through an exhaust 
tube 3 and Seal S. An axial magnetic field 
indicated by the arrows 7 is applied to the device 
from an external, Substantially constant inten 
sity, magnetic field generating structure, not 
ShOWn. 

All of the operating circuit connections for the 
tube are brought through the upper end of the 
envelope through second and third seals 9, 9 
for Supplying operating potentials to the mag 
netron cathode and anode vanes and to the 
nodulating electron bean generating devices. 
Output microWave energy is derived from an 
output coupling loop. 2 coupled through an out 
put coaxial line connector 23 which is Sealed 
into the side of the cylindrical envelope i, as 
shown in detail in Fig. 6. 
The magnetron generator portion of the tube 

includes a central cylindrical Silicon steel Cathode 
25 coated with any Suitable electron-emissive ma 
terial, applied to a Weight of 5.5 grams per cm.?. 
The cathode is heated by an internal heating coil 
2 comprising approximately 50 turns of tungsten 
Wire of about .025 inch diameter. The heater 
winding 2 is Supported upon three ceramic Sup 
porting rods 29 the ends of which are fitted into 
Nichrone cups 30. Metal cups 3 at the upper 
and lower ends of the cathode structure support 
the Nichrone mounting cupS 30 and Space the 
Supporting ceramic rods 29 and heater winding 
from the internal face of the cylindrical cathode 
25. Since the heater is separated from the cath 
ode cylinder, the usual stray 60 cycle field inter 
action effects are minimized, and heater vibra 
tion effects producing spurious frequency-modul 
lation are obviated. A lower cathode shield 33 
Shields the cathode electron emission from the 
tuning element located at the lower end of the 
tube. The Cathode is supported at its upper end 
by a flat cathode mounting bracket 35 which also 
Serves aS an upper cathodie Shield, and which also 
provides good heat conduction to the tube en 
velope. The bracket 35 is supported rigidly at 
one end to an internal Supporting ring 37 welded 
to the internal surface of the envelope . The 
opposite end of the bracket 35 includes slots 36 
to permit transverse notion of the cathode with 
respect to the supporting ring 37 to prevent 
buckling of the cathode support due to trans 
verse thermal expansion. The heater and cath 
ode terminals 39, 48 are supported on metallic 
blocks 43, 45 respectively, mounted upon the 
cathode supporting bracket 35. One of the ter 
minal blocks is connected to the cathodie bracket 
and the other is insulated therefrom. 
When the tube is assembled, the cathode brack 
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4. 
et is fastened by the screws 47 through the left 
side thereof as shown in Fig. 1 in a position 
Whereby the cathode is off center approximately 
.013 inch from the center axis of the tube and 
the axis of the radially-disposed anode vanes 49. 
When the cathode reaches operating temperature, 
the resultant transverse thermal expansion moves 
the entire cathode assembly transversely until the 
Cathode axis coincides with the center axis of the 
tube and anode vanes. The cathode bracket 35 is 
insulated from the tube envelope by insulating 
bushingS 51 Surrounding the mounting screws 47 
and 53. 
The center magnetron cathode 25 is surrounded 

by a plurality of radially-disposed anode vanes 
49 which are welded to the internal surface of the 
evacuated envelope f. The lower ends of alter 
nate ones of the anode vanes 49 adjacent to the 
cathode are connected together by a plurality of 
concentric vane Strapping rings 55. The tube is 
tuned by a capacitive element Comprising three 
coaxial cylindrical rings 57 which telescope with 
the strapping rings 55 on the radial anode vanes 
49. An actuating mechanism for longitudinal po 
Sitioning of the capacitive tuning elementS 5 is 
coupled through the Sylphon diaphragm i to a 
gear-operated, screw-feed mechanism to be de 
Scribed in detail hereinafter. 

Cooling of the evacuated envelope is accom 
plished by circulating water through a pair of 
circular water jackets 58, 58 milled into the en 
velope wall and connected together by a diagonal 
water duct 62. Cover plates 66, 67 for the water 
ducts are welded or silver Solidered to the surface 
of the envelope. 
Anode vane straps are omitted from the up 

per edges of the anode vanes in order to permit 
the frequency modulating electron beam guns 
to be mounted as closely as poSSible to the Wane 
tips to provide more efficient modulation of the 
microwave oscillations generated by the magne 
tron. The auxiliary, or modulating, electron 
guns 59 are mounted above one or more of the 
anode cavities or cavity resonators formed be 
tween adjacent radial anode Vanes. The modul 
lating electron guns are supported by an an 
nular aperture plate 6 supported by the Sup 
porting ring 37 which also supports the magne 
tron cathode assembly. The aperture plate 6 
includes a large center aperture 6' surrounded 
by a flange 63 which shields the center magne 
tron cathode from the modulating electron guns. 
The aperture plate supports the auxiliary or 
nodulating electron guns 59 in close proximity 
to the edge of the corresponding anode cavities. 
A modulating beam collector electrode, compris 
ing a heavy annular conductive element 64 lo 
cated adjacent to the lower end of the anode 
cavities, provides a common collector for all of 
the auxiliary electron beams. The collector 
electrode 64 is conductively Secured to a third 
mounting ring 65 welded or Soldered to the in 
ternal Surface of the evacuated envelope . 
Both the aperture plate 6 and the collecter 6, 
as well as the anode vanes 49, are maintained 
at the potential of the tube envelope which is 
positively biased with respect to the magnetron 
cathode. The direct connections between the 
envelope. Support rings 3 and 65 and the aper 
ture plate 6 and collector 64 provide good heat 
conduction paths from these elements. 
The modulating electron guns 59 are mounted 

upon the aperture plate 6 in apertures 60 there 
in and comprise unitary Screen grid gun Struc 
tures each including an aperture cup 68 contains 
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ing a heater B surrounded by a cathode 70 and 
a control grid T. A plane reflector electrode 72, 
disposed on the rear side of the control grid 
and cathode 70, directs the electrons through an 
aperture 73 in the aperture plate cup 68 and 
projects the electrons through the correspond 
ing cavity between the adjacent anode vanes 49. 
The aperture cup 68, the anode vanes and the 
collector 64 are positively biased with respect to 
the modulating gun cathodes so that the aper 
ture cup, anode vanes and collector will serve 
as an effective accelerating electrode for the 
modulating electron guns. Such a simple triode 
arrangement has been found to be unsatisfactory 
since a relatively large proportion of the elec 
tron modulating electron beams is attracted to 
the aperture cup 68 providing unnecessary heat 
ing thereof and poor modulation efficiency. Also a 
large proportion of the secondary electrons emitted 
by the collector and the anode vanes is returned 
to the modulating gun cathodes. In order to 
obviate this condition a screen grid 74 is attached 
across the open side of an inner electron gun 
cup 5 which fits into and is welded to the com 
plementary channel 77 in each of the aperture 
cups 68. The screen grid 74 is operated at the 
same positive potential as the magnetron anode 
vanes and the collector electrode. The Screen 
grid wires are aligned with the control grid wires 
to provide beam tube operation characteristics. 
A modulating electron gun structure similar to 

that shown in Fig. 5, but not including the elec 
tron electrode 72 or the screen grid wires 74, is 
disclosed and claimed in a copending application 
of C.I. Shulman, Serial No. 720,546, filed January 
7, 1947, now Patent No. 2,490,008, dated November 
29, 1949, and assigned to the same assignee as the 
instant application. 
The aperture cup and the collector electrode 

both may be insulated from the tube envelope in 
order to determine the effect of different operat 
ing voltages thereon. However, it usually is pref 
erable to operate the aperture cup, and hence the 
screen grid, as well as the collector electrode at 
envelope potential in order that these elements 
may have good heat conduction paths to the en 
velope to insure proper operating temperatures. 
Otherwise some type of internal cooling system is 
essential to prevent over-heating of the aperture 
cup and collector electrode. The maximum dis 
tance between the aperture cup and the adjacent 
radial anode vanes is determined from the space 
charge relation 

()--iv; (VV-VV.) 
al 

82 

where's is the effective distance between the aper 
ture cup and the anode vanes, Vb is thc voltage 
on the anode wanes, Wa is the voltage on the aper 
ture cup, A is the effective modulating electron 
beam area, and (I) max is the maximum beam cur 
rent. For V=V-500 volts, for a current of 143 
ma., the maximum value for s is .83 cm. For 300 
volts operation, the maximum value of s is .57 
cm. Since it has been found from cold resonance 
measurements that electrodes placed appreciably 
closer than this to the anode vanes have very little 
effect on mode separation and frequency, the 
aperture cup may be located approximately 6 
inch (.32 cm.) from the ends of the vanes. 
The several modulating electron guns de 

scribed hereinafter are supported in the appro 
priately located apertures 60 in the aperture 
plate 6 so that the guns are supported directly 
over the corresponding magnetron anode cavities 
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6 
and as close to the anode vane tips as practicable. 
Four coaxial rings 79, , and , disposed 
above the modulating electron gun structures, 
support the guns in the corresponding apertures 
60 in the aperture plate and provide parallel 
Connections for the heater, Cathode, and Control 
grid electrodes of the several guns. The inner 
ring 79 is insulated from the aperture plate by 
insulating spacers 8 and is connected to the 
control grids of each of the modulating guns. 
The next ring 8 is directly connected to the 
aperture plate by a plurality of screws 89 and 
abuts upon the back surface of the inner gun 
cups 75. The two Outer rings 83, 85 also are in 
sulated from the aperture plate 6 and provide 
parallel connections for the heaters and cathodes 
of the several modulating electron guns. Con 
nections to external power circuits are made 
through the tube seal 9 to the grid and heater 
cathode connecting rings. 
The screen grid type of frequency modulating 

electron guns are much to be preferred over triode 
guns of the type utilized heretofore since the 
screen or shield grid aligned with the control 
grid reduces the electron current diverted to the 
aperture cup which would result in heating there 
of and low modulation efficiency. Furthermore, 
by reducing the electric field across the aperture 
in the aperture cup, the modulating gun static 
characteristic will be straightened since the aper 
ture current drain is much more linear. It is also 
possible to extend the frequency modulation 
range for a predetermined modulating electron 
current by obtaining a greater percentage of 
electron current through the anode cavities for 
the same current drain on the modulating elec 
tron beam cathodes. The permissible modulat 
ing beam cathode current thus is the principal 
limitation on the modulation characteristics, 
Utilizing a screen or shield electrode at the po 
tential of the anode resonators also reduces Sec 
ondary emission instability previously encoun 
tered, and reduces the back-bombardment of the 
modulating electron beam Cathodes by returning 
primary or secondary electrons which have tra 
versed the anode cavity resonators or which are 
reflected or generated by the collector electrode. 
Such returning electrons are collected by the 
positively charged screen grid. Utilization of a 
Screen or shield grid in the modulating electron 
guns also provides much improved electron cur 
rent cutoff characteristics. If desired, the mag 
netic field applied to the device may be of differ 
ent intensity for the magnetron generating and 
modulating portions of the device to provide opti 
mum operating characteristics. 
The operational characteristics of the modulat 

ing electron beams in controlling the frequency 
modulation of microwave Oscillations generated 
by the magnetron generating elements is de 
Scribed hereinafter by reference to a general ex 
ample of Such modulating devices and more par 
ticularly by reference to the improved character 
istics obtainable with the screen or shield grid 
type of modulating system comprising the in 
stant invention. 

It has been known that if an electron beam 
is projected between two parallel plane electrodes 
which are part of a resonant circuit or cavity 
resonator, the frequency shift caused by the beam 
is 

=. Ir A. Af= sa" () 
the parameter, 0, is defined by 

(1) 
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8= (co-ow) t (2) 

and the function (8) by 
sin 6-6 

7(6) &r (3) 
wherein the symbols are defined as follows: 

Iose total beam current 
r= electron transit-time 
C= effective circuit capacitance 
d=separation of the electrodes 

elm = charge-to-mass ratio of electrons 
c= angular frequency of the cavity resonator 
wo=H. where H is the magnetic field intensity. 

Of course, the transit time, t, is given by 
(4) E - - 

e 

2VB 
where 

lselength of the electrodes in the direction of the 
magnetic field H 

W-bean voltage 
The electronic loading provided by the bean is 2 

expressed by a conductance between plates: 

G= E (0) (5) 
in which 

(o)ele () (6) 
The functions, n and , proportional to Afand G, 
respectively, are shown as functions of 6 in Fig 
ure 8. 
The maximum electron current which can be 

passed between the plates is 

- 4 - foe v.art. (I)-a-viv, 2 d Fm as (7) 
where u is the beam length and Fmax is a func 
tion cf t/d (where it is the beam width). Fmax 
varies from 2, for t/d=1, to 0.866 for t/d=0. In 
troducing Equations 7 and 4 in Equation l, 

view, in lup-WV, 
362 Cods Fma." (6) 

The capacitance between the electrodes is 
C 

Afe (8) 

- vel 
4ard 

which when substituted in Equation 8 gives 

| 2. - 

9ar d2 Co Fma: in (6) 

If the electrons are to pass through the cavity 
resonator and be collected at the opposite end, 
the maximum deflection of the electrons must be 
less than A (d-t). It has been shown that the 
maximum electron deflection is 

Er lyolmas-if a 

(9) 

Af= (10) 

(11) 

where Eo is the magnitude of the R.-F. electric 
field between the plates. The R.-F. Voltage be 
tween the plates is simply 

p0=Eod (2) 

Equation 11 then provides the condition that for 
electrons just "grazing' the plates, 

obot 
He 
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When Equation 13 is solved for d (which is its 
minimum value) and the result is used in Eqar 
tion 10, the maximum frequency shift is 

8 |A?ia-(S)-en(e) F. (1-t?a) (14) 
Although Equation 14 was derived for the paral 
lel plane electrode case, and neglecting the effects 
of the R.--F. field on space charge, experience 
has shown that it is a very useful design for 
mula, particularly for "scaling' results already 
obtained to a device for operation at a different 
frequency. 
An important design consideration is not appar 

ent from Equation 14, however. Whis limited by 
the maximum current density from the cathode 
as determined by cathode Operating life conside 
erations. This current density is 

-Io Jo=; (5) 
which from Equation is 

4 e F 
ele ---. 3f s (Jo) in a or V 2V. i: tfd (16) 

It is informative to rewrite Equation 1 using 
Equations 15 and 9, thus giving 

in which it is to be understood that the condi 
tions of Equation 16 are to be fulfilled. From 
Equation 11 it is seen that the maximum T is de 
termined by the maximum spiral deflection and 
So if Equation 13 is introduced into Equation 17, 

'EF(E)-(a)d' (1-ild):lid) (18) Af |- in 8 gbol 

When the quantity (1-t/d) Pt/d is maximized 
with respect to t/d it has a maximum value of 
0.148 for /d:=/3. It is seen from Equation 2 
that H is a function of r and therefore of t/d, 
but as Will be Shown, H is a Slowly varying func 
tion of r and is determined chiefly by the fre 
quency. Therefore, it will be assumed that Alf is 
maximum for t/d=1/3. 

By the same procedure the frequency shift per 
unit current and per unit beam power may be de 
termined. The expressions obtained are 

Ade H26°d 

A (17) 

C 
In 8wild (): (0) (1-t/d)2 (19) 

A A e N2 H 49-d C 
it- m 16told (): (a)(1-ild)" (20) 

It is readily seen that both these expressions are 
a maximum for i/d=0. In Figure 9, the funce 
tions in Equations 18, 19 and 20 are plotted as 
a function of i? d. 
Thus far, for the sake of simplicity, it has 

been implicitly assumed that the electrons would 
make a single transit through the cavity reso 
nator and be collected at the opposite end. 
However, it has been demonstrated that multiple 
transit operation is possible, by reflecting the 
electrons at the end of the resonator remote fron 
the cathode electron Source. The Space charge 
considerations expressed by Equation 7 are ii 
dependent of the direction of current flow and 
the number of transits, and so the effective ea. 
current can be no greater than (Io) max. How 
ever, the cathode current would be reduced by a 
factor, m, where n is the effective number of trane 
sits, and since cathode current density is a liraie 
tation, multiple transit operation would be as 
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vantageous. In spite of this advantage, difcul 
ties with instabilities and secondary emission 
phenomena, which have not been completely in 
vestigated, have made multiple transit operation 
impracticable. 

Use of magnetron cavity 
The previous discussion applies to the design 

of external reactance tubes of the spiral bean 
type as well as to the use of the modulating elec 
tron beams within the magnetron. However, 
each method has further special considerations; 
those which follow will apply only to the use of 
one or more of the magnetron cavities. 
Although the explanation provided heretofore 

was derived for parallel plane electrodes, it is 
applicable to other types of cavity resonators if 
the variation of the several parameters is con 
sidered. 
In a cavity resonator of a magnetron of the 

conventional radial vane type, the electric field 
amplitude, Eo, decreases from a maximum at the 
vane tips to zero at the back of the cavity. This 
field distribution may be determined readily by 
neglecting the effects of the vane straps and 
other end effects and assuming infinitely con 
ducting walls. The variation of R.-F. voltage 
o, is also shown in Figure 10. The capacitance 

per unit length varies as 1/d and is also shown. 
If it is assumed that Vb is chosen so that the 

cathode current density is within the safe Oper 
ating limits, given by Equation 16, and if it is as 
sumed that the vane length l, is chosen such that 
Equation 3 is fulfilled, then Equation 14 is ap 
plicable. 
constant except the ratio C/ob0 which varies as 
shown in Figure 10. Since this ratio rises rapid 
ly at the back of the cavity (actually to a finite 
value, since Eo is not quite zero as a result of 
losses in the walls), one might be tempted to 
place the beam at the extreme back of the cavity. 
However, this would not only require a high Wh, 
in order to satisfy Equations 7 and 14, but would 
also require a very large cathode in order to 
satisfy Equation 13. Moreover, it is really the 
area between certain points under the curve of 
C/ which is significant, since the beam will 
have appreciable length in the radial direction. 
The results of using a cathode placed in the front 
of the cavity, which is long in the radial direction 
but narrow, may be compared to the results of 
using a cathode of the same area which is short 
but very wide, placed in the back of the cavity. 
In all cases of practical interest, the area under 
the curve corresponding to the cathode in the 
front will actually be larger. This deduction, 
along with the beam voltage consideration men 
tioned above, leads to the perhaps obvious con 
clusion that the modulating electron beams 
should be placed as near the vane tips as is me 
chanically practicable. 
The condition that electrons leaving the edge 

of the cathode are just "grazing,' expressed by 
Equation 13 cannot be fulfilled at all positions 
along the beam, if l and Wh and thus r are con 
stant, unless t/d increases as d becomes larger 
and po dereases. Since this would renuire a ta 
pered cathode, it would be more practicable to 
use a rectangular cathode and permit Some of 
the electrons from the front of the cathode to be 
captured by the vanes. These electrons would 
not be entirely wasted from the standpoint of 
frequency shift, although they would result in 
electronic loading when 9=2ar for the electrons 
not captured. 

In this equation, all quantities will be : 
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Considerable attention has been given to the 
possibility of using cavity resonators with shapes 
other than the sectoral cavities in conventional 
vane-type magnetrons. It is desirable to build 
up the cavity capacitance in the region of the 
beam and to make optimum operating conditions 
possible at all positions of the beam. If carried 
to the extreme of using a slot type magnetron, or 
a "rising-sun' type, it was estimated that per 
haps a factor of two in improvement of per 
formance could be obtained from a single cavity. 
However, the total tube capacitance, Co, which 
appears in the denominator of all the expressions 
for Af, is greater perhaps by a factor of 1.5 for 
such types than for the vane type magnetron. 
In addition, the disadvantage, at lower fre 
quencies, of all types other than the vane type, 
is appreciably greater size. Since size and 
weight usually are important considerations, the 
radial vane type of construction is preferable. 

Determination of beam position and size 
In view of the foregoing discussion it usually is 

preferable to locate the modulating beam cath 
odes just outside of the vane strapping system 
which is located as near the center of the tube as 
possible. In the device described, the "leading 
edge' of the cathode is 2.6 cm. from the center 
of the tube, and a somewhat arbitrary rectangu 
lar cathode length of 1.5 cm. was chosen. 
The value of d varies from 0.86cm. to 1.66 cm. 

along the cathode. Since the optimum value 
of t/d is 1/3; this leads to values of t from 0.28 
cm. to 0.55 cm. A value of it of 0.318 cm (0.125 
inch) was then chosen, since this is a standard 
Size of cathode tubing. 

Determinination of beam voltage and current 
In receiving tube practice, a value of Jo of 

300 m.a. per cm.? is considered a safe current 
density from oxide-coated cathodes. Since it 
was decided to use single transit operation be 
cause of the multiple transit difficulties men 
tioned heretofore, this value of Jo was then taken 
as the maximum current density of the beam. 
Equation 16 permits a determination of W. 
t/d varies from 0.37 to 0.19, and Fmax from .14 
to 1.000. Therefore, Vb should vary from 392 
volts to 657 volts. A beam voltage of 500 volts is 
Suitable. 

For a total cathode area of 0.48 cm., the total 
current to be expected is 143 m.a. per beam. 

Determination of vane length. 
Oetermination of the vane length, l, involves 

determination of the transit time. T. Since the 
beam voltage has already been determined. The 
transit time is determined by the Spiral defection 
condition expressed by Equation 13, but before 
it can be calculated it is necessary to determine 
the values of 9 and d50. 
Calulation of the electronic loading, for 9-star, 

at which point the function (0) is a maximum, 
shows that excessive amplit de modulation would 
result from use of this value of 9. Therefore, 
the value 2nt shold be selected, since at this point 
the electronic loading is Zero. 
The vallie of the R-F. voltage do is considerably 

more difficult to determine a curately since it 
depends on the power output and loaded Q of the 
tube as well as unknown geometrical factors. An 
estimate of cho provides a value of do of 1,100 volts 
for a nower output of 1,000 watts and a loaded 
Q of 100. 
Since the magnetic field intensity, H, is a 

  



function of the operating frequency, co, the angle 
9, and the transit time, as given by Equation 2, 
all the quantities in Equation 13 are known except 
r. If Equation 2 is inserted in Equation 13, a - 
quadratic in r results; the positive root is . 

od? (1 -t/d) ---|cd(1 -/d)--8-hold(i. -tfo) 
s 

2 

4do 
(28) 

For the value of d of 0.86 cm., at the "leading 
edge” of the cathode, Equation 2 provides a value 
of r of 5.15x10-9 sec. Equation 4 then provides 
a value of 2 of 6.85 cm. for Wb of 500 volts. Actu 
ally, the potential distribution caused by Space 
charge increases the transit time beyond the 
value given by Equation 4; thus permitting using 
a value of smaller than the calculated value. 
For this reason, and because of size and Weight 
limitations, the value of 2 of 5.08 cm. (2.00 inches), 
may be considered satisfactory. 

Determination of magnetic field 
Since the transit time has been determined by 

the selection of vane length, l, and bean Voltage, 
Wb, it is possible to determine the magnetic field 
intensity. A very accurate determination. Would 
require an accurate knowledge of the transit 
time, as determined by the potential distribution 
referred to heretofore. Because of this distribus 
tion, all electrons. leaving the same radial posi 
tion along the cathode, would not be similarly 
affected and so would have slightly different 
transit times. To accurately calculate the transit 
time of a single electron would require a detailed 
knowledge of its trajectory which is influenced 
by space charge. 

However, electrons leaving the black of the 
cathode, where t/d is Smaller and where the de 
flection is smaller, will have a somewhat lower 
accelerating potential and therefore a slightly 
longer transit time than electrons leaving the 
front of the cathode. This latter effect, fron 
Equation 2, means that in order to maintain the 
same value of 0 along the beam, the magnetic 
field should decrease slightly at increasing radii. 
his is fortunate Since most magnets do have 

Such a distribution in the radial direction. 
Insofar as detailed calculations of all these ef 

fects are very difficult to carry out, it is assumed 
that the transit time is given by Equation 4. 
For 5 cm. Vane length and 500 volts bear volt 
age, the transit time is about 3.8XO-9 Sec. For 
300 volts it is about 4.9 x 10-9 Sec. Thus for 
6=2ar and for a frequency of 900 m.c., H has 
valueS of 416 gauSSes and 395 gausses for a Wh of 
500 and 300 volts, respectively. This was con 
sistent with the assumed value of Ei of 400 
galSSes. 

Since the tube is made tunable over a wide 
range of frequencies, the value of H should be cal 
culated as a function of frequency. 
Summarizing all the previous calculations We 

have, for a particular tube, the following params 
eters: 
ups.5 cm. 
de:0.86 cm. to 1.66 cm. 
t-0.32 cm. 
Wh:500 volts 
Io=143na. per beam 
ls=5 cm. 
0=2n, n=AT 
p0=100 volts 
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re3.8X09 Sec. 
Hed:00 gausses 
f=900 Inc. 

It is necessary to estimate the ratio C/Co, wick 
appears in the Several expressions for Af. As diso 
cussed heretofore, the capacitance of a single cave. 
ity is one-twelfth of the capacitance of twelve 
cavities which is about one-half of the total tie 
capacitance, Co. However, not Enore than two 
thirds of the cavity capacitance appears in he 
region of the bear, and so C/Co is about one 
thirty-sixth per bearin. 
The expected frequency shift is calculated for 

the equations. Using the foregoing data, and a 
value ord of i cm., Equations 1, 10, and 1 provise 
a conservative value of Alf of about 1.0 ic. 
bean. 

Modulaiting electron gun design. 
The modulating electron guns are considered to 

be triodies with the accelerating electrode (ke 
aperture cup. 68), the cavity, and the collects 
considered as an effective anode at potentia, Va, 
and distance, b, from the control grids. If c is 
the grid-cathode spacing, Wg the grid voltage, and 
u, the amplication factor, the current density 
reaching the anode is 

tyr asses 3. 

f 

i le 1. +V. 
J-W2 4 (22) 

1++ pic 

For reasons discussed later, it was decided to 
operate the accelerating electrode at beam po 
tential, and for simplicity of construction, an 
aperture of width equal to the cathode width, t, is 
used. The effective grid-anode spacing, b, for a 
aperture, cannot be less than the aperture width, 
as may be readily seen from field plots. Using 
t=t, and requiring that J =Jo for Vgs-0, a numer 
ical relation between u and a was determined. 

For a Small grid bias to produce cut-Off, a hig 
p, is required, but this demands that G be smail. 
In addition to constructional difficulties, if c is 
much Smaller than the distance between grid 
Wires, Equation 22 does not obtain in the cut 
of region, and a remote cut-off is obtained. iii. 
View of these considerations, a, value of d of 0.005 
inch was chosen, giving u a value of about 32. 
The method of Wogdes and Elder, described in 

Physical Review, volume 24, December 1924, page 
683, was used to determine the grid pitch. The 
grid wire diameter was made as small as practi 
cable (0.002 inch) since a larger diameter re 
quires a Snaller number of turns per inch for the 
same u. A value of 50 turns per inch may be se 
lected. Since the distance between grid wires is 
0.018 inch, compared to a grid-cathode spacing of 
0.005 inch, a remote cut-off is to be expected. 
However, if a were made larger, requiring a, 
Smaller u, the number of turns per inch would 
be still Smaller. For example, 0.00 inch cath 
ode grid spacing would require a u of 8.4 and a, 
distance between grid Wires of 0.044 inch. This is 
even a larger ratio of grid Wire Separation to 
grid-cathode spacing. Therefore, except, for 
practical considerations, it would be desirable to 
use a still Smaller grid-cathode spacing. The 
only way of overcoming the difficulty is to reduce 
the effective grid-anode spacing. Reduction of 
the aperture width would of course accomplish 
this but it would cut of part of the bean. The 
use of the screen grid 74, however, placed 0.025 
inch from the control grid 7 provides a Satisfac 
tory solution. The two grids, which are aligned 
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in beam-power fashion, have 65 turns per inch, a 
wire diameter of 0.004 inch (increased to permit 
adequate cooling of the screen wires) giving a ps 
of 25 and a grid-cathode spacing of 0.006 inch, 
compared to a distance between grid wires of 
0.013 inch. As a result, an appreciably less re 
note cut-off is provided. 

Mechanical turning mechanism 
The anode vane straps. 55 comprise two pairs of 

coaxial split straps in which each pair is con 
nected to alternate ones of the anode vanes 49. 
The anode vane straps, as described heretofore, 
are located only on the lower inner edges of the 
anode vanes, and are considerably wider in the 
longitudinal dimension of the tube than is cus 
tonary in order to provide increased anode cav 
ity capacitance, thus providing improved mode 
separation. The tuning element comprises three 
coaxial cylindrical elements 5, carried by a con 
mon support Of, and telescoped between the four 
coaxial anode strapping rings St. A clearance 
aperture 93 is provided in the center of the col 
lector 8 for the tuner support 9. The tuner 
support 9 is connected through a rigid arm 95 to 
the center of the Sylphon diaphragm and the 
arm 95 is rigidly connected to the end of an ex 
ternally threaded actuating rod 97. The Sylphon 
diaphragm provides a vacuum seal for the 
lower end of the evacuated envelope . 
The ring of the envelope externally of the 

Sylphon diaphragm i? supports the fixed portion 
98 of a ball bearing race 99. The movable por 
tion of the ball bearing race Comprises an annu 
lar element of having a central aperture which : 
is complementarily threaded to the actuating rod 
97. A cover plate OS for the ball bearing race 
is fastened to the inner side of movable element 
fef. In order to provide for vernier actuation 
of the tuning mechanism, a large gear 05 is fas 
tened to the outer surface of the movable ele 
ment 0 and may be actuated by a vernier gear 
07 and control knob O9. Thus rotation of the 

control knob 09 provides vernier rotation of the 
movable element of which, in turn, provides lon 
gitudinal motion of the threaded rod 97, the 
Sylphon diaphragm ff, and the tuning mecha 
nism 5, 9. Since most efficient tuning of the 
system is provided with minimum capacitance 
across the magnetron anode cavities, the tuning 
of the device should be adjusted so that the tun 
ing mechanism 57 is substantially withdrawn 
from between the anode vane straps 55 at the 
highest operating frequency. When the tuning 
element 5 is completely telescoped between the 
spaces between the anode straps 55, the lowest 
Operating frequency is obtained. If the tuning 
actuating mechanism is carefully designed and 
assembled, a spacing of the Order of .020 inch 
between the movable and fixed elements of the 
tuning mechanism may be employed advanta 
geously. 

Output coupling and occline sea: 
A coaxial output coupling and load line seal is i; 

required which will satisfactorily handle a con 
stant power output of at least one kilowatt cou 
pled into a 52 ohr. transmission line having a 
maximum standing wave ratio of 1.5. It is de 
sirable that the output seal and coupling as 
sembly shall introduce negligible electrical dis 
continuity between the output coupling loop 2 
and the output transmission line. For reasons 
of convenience and economy it also is desirable 
that the device be self-cooled. For ease in as 
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4 
sembly, the use of a prefabricated output seal, 
coupling loop and transmission line termination 
is to be desired. 
The coupling loop 2 is preformed and welded 

to the end of the tapered inner conductor. 
of the output transmission line connector 28. 
The outer end of the connector inner conduc 
tor is provided with an aperture 33 to receive 
the inner conductor 129 of the output trans 
mission line. The outer conductor 3 of the 
connector also is tapered to minimize electrical 
discontinuity and supports the inner conductor 
lf by a sleeve 4 and a tapered glass seal is 
which provides a vacuum seal for the output cir 
cuit. The tapered glass seal to should be de 
signed, in accordance with known technique, to 
introduce minimum electrical discontinuity in the 
line. The outer conductor 3 of the connector 
2 is fastened by a bracket 7 to the outer sur 
face of the evacuated envelope . A sleeve 8 
and second bracket f 9 which may be secured to 
the first bracket if T by locking screws 2 pro 
vides a support for the outer conductor 23 of 
the output transmission line. The output trans 
mission line outer conductor 2S includes spring 
contacts f2 which engage the sleeve 4 of the 
output conductor of the connector when the out 
put line is connected thereto. The inner con 
ductor 29 of the output transmission line in 
cludes a spring connector 3 which telescopes 
within the aperture f33 in the outer end of the 
inner conductor of the connector. 
Thus the invention described comprises an im 

proved multi-cavity frequency modulated mag 
netron generator, utilizing a plurality of elec 
tron beams derived from screen grid electron 
generating sources and including novel support 
and connection means for said modulating elec 
tron sources providing a convenient and compact 
assembly insuring uniform operation of all of 
the modulating electron sources. The novel fre 
quency-modulated magnetron described includes 
a novel output termination and a novel frequency 
control mechanism for adjusting the mean oper 
ating frequency of the device. V 
We claim as our invention: 
1. A microwave generator comprising a cath 

ode, an anode cavity resonator adjacent to said 
cathode, and frequency modulating means in 
cluding means for projecting an electron beam 
along a predetermined path through said res 
Onator to vary the reactance of said resonator 
as a function of the energy of said electron beam 
and means comprising screen grid wires extend 
ing across said path for collecting secondary 
electrons generated by said beam. 

2. A magnetron microwave generator compris 
ing a centrally located cathode, a plurality of 
anode cavity resonators surrounding said cath 
Ode, and frequency modulating means includ 
ing means for projecting an electron beam along 
a predetermined path through one of said res 
onators to vary the reactance of said resonator 
as a function of the energy of said electron beam 
and means comprising screen grid wires extend 
ing across said path for collecting secondary-elec 
trons generated by said beam. 

3. A magnetron microwave generator compris 
ing a centrally located cathode, a plurality of 
radial conductive vanes forming a plurality of 
anode cavity resonators surrounding said cath 
ode, and frequency modulating means for pro 
jecting a separate electron beam along a pre 
determined path through each of said resona 
tors to vary the reactance of said resonators as 






