Last time; we covered the major
factors.that kept ¢lassical vac-
uum tubes from generating mi-
crowaves in normal.use: inter-
electrode capacitanee. lead in-
duetance, gain-bandwidth prod-
uet and transit-time effects. The
major effort in the 1930% and
1940% was to either Circumvent
those limitations. or exploit
them o good advantage.

ln amagnetron,.electrons ac-
celerate toward the anode as in a
classical vacuum tube, but are
deliberately returned to the cath-
ode by a magnetic field as their
speed increases. If an RF waveof
the right frequency is inthe cayv-
ity when the magnetic field re-
turns the electrons, and the
electrons move at the right speed
{the phase velocity) they transfer
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kinetic energy to the RIF wave by
resgonance.

The electrons re-bombard the
cathode. and the process repeats.
Only those clectrons transferring
cnough energy to the RF wave at
resonance reach the anode, and
only if theyre close enough to be
attracted to it. M-type magne-
trons are cfficient, so very lew
electrons reach the anode.

The whole point of classical

‘V&CUUH] tubes is anode current.

Thie goal of & magnetron is (o not
venerale anode current. since an
electron reaching the anode can’t

be reexcited to generate more Ki-

neltic energy to transfer to the RF
wave by resonance. An RF probe
in the cathode-anode interaction
space conducts the RF energy to
an outside waveguide. The RF
wave is the output. not the anode
current.

Electric and magnetic fields

There.are really four guantities
réelevant in electromagnetics:
etectric field intensity E . mag-
netic field intensity H,. electric
flux density D,. and magnetic
flux density B,,. The British phys-
icist James Clerk Maxwell, in the
19th century, found the complex
equations governing all four
quantities.

The units of electric field inten-
sity are volts per meter, or volts/
m. The units of magnetic field in-
tensity are amps per meter. or
amps/m. The units of electric flux
density are coulombs per square
meter, or coulomb/m?. where

1 coulomb = 6.25 - 10'" electrons.

The unit of magnetic flux den-
sity is the tesla, where

1 tesla - 1 weber m2.
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The weber is the metric unit of
magnetic flux (not flux density).
and is the magnetic analog of the
coulomb. Just as

1 coulomb=1amp xs
in the electric case,

1 weber=1volt xs

in the magnetic case.

In most simple materials and
vacuum, flux density is linearly
proportional to field intensity. For
the electric case,

Dg=¢€xE,,
and for the magnetic case,
Bo=p X H,.
The permittivity of free space is
€, and the permeability of free

space is p,. In other than free
space (or vacuum),

€=~ € X €,
and,
B= e X Mo
The permittivity of free space is
€, =10-9/(36 x i) farads/m = 8.85 pF/m,
and the permeability of free space
is
Ho=4xa x 1077 henry/m =1.26 pH/m.

FIG. 1—A BASIC CONVENTIONAL cylin-
drical or conventional magnetron. The in-
dividual chambers between the spokes
are the reentrant cavities, and connected
to the gaps between the walls of the cav-
ities. They're cavity resonators, metallic
enclosures that confine RF energy.

The M-type magnetron

A conventional cylindrical
magnetron is shown in Fig. 1.
The chambers are reentrant cav-
ity resonators—metallic en-
closures confining RF energy,
connected at the gaps between
their walls. They have an infinite
number of oscillating modes, the
lowest-frequency one being dom-
inant. At resonance, a standing

tial V, between cathode and
anode, while magnetic flux den-
sity is in the + z-direction, into
the page. The anode is grounded,
and the cathode is highly nega-
tive. If the anode were positive,
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FIG. 2—ELECTRON PATHS IN A conven-
tional magnetron. If an electron is injected
into the electric field E, between cathode
and anode, it accelerates linearly. If the
lines of magnetic flux density B, is pres-
ent into the page, and both E, and B, are
properly adjusted, the electron moves
cycloidally.

both it and the output waveguide
would need insulation. and be
dangerous to service.

Figure 2 shows electron paths
in a conventional magnetron;

¥

when electrons are injected into
the electric field between cathode
and anode, they're linearly accel-
erated. If the magnetic field is
into the page, and both the elec-
tric and magnetic fields are prop-
erly adjusted, the electron moves
cycloidally.

The Hull cutoff condition

Figure 3 shows three views of a
simple conventional magnetron.
The electric field lines go {from
anode to cathode. and the mag-
netic field lines are into the page.
For a constant magnetic field. op-
eration is governed by the Hull
magnetic cutoff criterion. The
first form gives the Hull cutoff po-
tential in terms of magnetic flux
density. The second form gives
the Hull cutoff magnetic flux den-
sity in terms of operating poten-
tial. The first form is

a22

e
o @3
The second form is
<8V0 m>1 2
e
Boc = bl1 - a2
b2/

In the above expressions

V, is the operating potential.
V. 1s the Hull cutofl potential in

O¢

volts,
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FIG. 3—THE THREE ELECTRON TRAJECTORIES in conventional magnetrons. The lines
of electric field E, goes from anode to cathode, while those of magnetic flux density B,
are into the page. The subcritical case (a) yields true anode current. In the critical case (b),
electrons graze the anode, and in the supercritical (cutoff) case (c), they never reach it. A
plot of anode current | as a function of B,. is shown in (d).

wave is generated, and the peak
electric and magnetic field ener-
gies are equal.

Theres a DC operating poten-
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a is the cathode radius in meters,
b is the anode radius in meters,
e=1.6x10"'2 coulombs, the
electron charge,

m=9.11x10 -*! kilograms, the
electron mass,

B,, is the magnetic flux density in
webers per square meter (Wb/
m?},

B,,. is the Hull cutoff magnetic
flux density in webers per square
meter (Wb/m?2).

The relative values of operating
potential and magnetic flux den-
sily govern magnetron opera-
tion. For the first form, if mag-
netic flux density is above cutoff
for a given operating potential,
the electrons don't reach the
anode. The reverse holds true for
the second form: if the operating
voltage is under the Hull cutoff
potential for a given magnetic
flux density, the electrons again
don't reach the anode.

Figure 4 shows the three condi-
tions for the second form of the
Hull cutoff criterion. Figure 3-a
shows the subcritical case,
where the operating potential is
below cutoff, with a true anode
current. Figure 3-b shows the
critical case, where the operating
potential is at cutoff, and the
electrons graze the anode before
returning. Figure 3-c¢ shows the
supercritical case, where the op-
erating potential is above cutoff,
and the electrons are deflected
back before hitting the anode.
Figure 3-d shows anode current |
as a function of magnetic flux
density B,,.

Magnetron anodes

The circular anodes in Fig. 3
have an infinite number of
modes, and are useless. Real
magnetrons use cavity reso-
nators like those in Fig. 1: each is

INTERACTION
TS

FIG. 4—THE CAVITY RESONATORS IN
Fig. 2 act like a resonant L-C tank. The
cavity walls primarily contribute to cavity
inductance, while the spacing between
the walls of the gap at the base of the
cavity primarily contributes to cavity ca-
pacitance.
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FIG. 5—SEVERAL DIFFERENT MAGNETRON ANODES; a hole-and-slot block (a), a reg-
ular trapezoidal block (b), and a rising sun block (¢). In each, the cavities and anode are
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made from a single metal block; B, is arranged as in (d).

a resonant L-C tank as in Fig. 4:
the cavity walls fix inductance,
the wall conductivity fixes resis-
tance {not shown). Several ver-
sions are shown in Fig. 5; each is
a single metal block, and B, ap-
pears in Fig. 5-d.

Consider the hole-and-slot
block in Fig. 5-a; the others are
similar. For unstrapped (un-
shorted) anodes, the tanks are in
series, as in Fig. 6-a. However, if
alternate cavities are strapped
(shorted) as in Fig. 6-b, the anode
is an array of parallel L-C tanks,
as in Fig. 6-c. That's normal for
most magnetrons: due to the
strapping of alternate cavities,
adjacent resonators are 180° out
of phase.

Pi-mode operation

Most magnetrons work in n-
mode, where the phase shift be-
tween adjacent resonators is wra-
dians, or 180°. The radian is an
alternate unit of angle, where 1
radian=57.3°. When a magne-
tron is turned on, the electron
cloud shock-excites (rings) the
cavities, setting up a spatially-
and time-varying electric field in
the cathode-anode interaction
space, adding to that due to the

FIG. 6—EACH HOLE AND SLOT CAVITY IS
A paraliel-resonant L-C tank. In unstrap-
ped (unshorted) anode, the tanks are in
series, as in (a). If alternate cavities are
strapped (shorted) as in (b), the magne-
tron becomes an array of parallel L-C
tanks, as in (c). Magnetrons are normally
strapped, so adjacent resonators are 180°
out of phase.

operating potential. It varies the
acceleration of the electrons due
to the operating potential V.
modulating their velocity and V
density, creating a “bunched up”
pattern. )

Figure 7-a shows the electric
field due to the operating poten-
tial for a hole-and-slot block, and
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for a trapezoidal block in Fig. 7-b,
both in n-mode. For oscillation to
occur, the electron velocity must
equal the phase velocity of the RF
wave, so resonance can transfer
kinetic energy into RF energy. If
that occurs, the electron cloud
keeps ringing the cavities, gener-
ating RF waves. The electron ve-
locity is the ratio of the electric
field from the operating potential
to the magnetic flux density, or

Vo © Eo/Bo-

At that speed, the electrons
lose energy to the RF wave. slow
down. and return. During os-
cillation. there's no anode cur-
rent. as shown in Fig. 3-d. Since
the magnetic field is perpen-
dicular to the electron motion,
the centripetal acceleration in-
ward from the magnetic field
equals that radially outward
from the electric field.

A reentrant cavity resonator is
a “slow-wave” structure: its pur-
pose is to slow down the phase

FIG. 7—THE SHOCK-EXCITED, spatiaily-
varying n-mode E, for a hole-and-slot
block in (a), and a trapezoidal block in (b),
both with N=8. They cause nonuniform
electron acceleration resulting in velocity
and density modulation, and “bunching
up” of electrons.

velocity of an RF wave (more be-
low), so it interacts with an elec-
tron beam. The cavity is designed
so oscillations occur only il the
total phase shift around the
anode is a multiple of 360° or
2 X radians, creating a stand-
ing wave. For an N-cavity anode,
the phase shift between adjacent
resonators is

bn = (2 Xt xn)/N,

where n is the mode of oscilla-
tion.

All RF waves have a group ve-
locity and a phase velocity. Group
velocity v, is the speed of energy
propagation, equal to the speed
of light in free space divided by
the refractive index of the medi-
um an RF wave passes through.
Phase velocity v, is the speed of
phase propagation, the rate
phase varies with distance, the
speed of light multiplied by re-
fractive index of the medium.
The refractive index of a medium
is always the square root of the
product of its relative per-
meability and permittivity, so
that

vg=C/VL, X €,

and

Vp=CX VL, X €,
where
c=3x108 m/s

is the speed of light in free space.
In the vacuum of a magnetron,
both group and phase velocities
equal c.

Another way to think about
these two speeds is that group
velocity means, “So many joules
of energy per square meter pass a
point per unit time,” while phase
velocity means, “So many radi-
ans of a wave pass a point per
unit time.” For a magnetron to
oscillate, the electron tangential
speed must equal the phase ve-
locity, or

Vo= Ve

In Fig. 7, the electric fields
shown are for two different eight-
cavity blocks, or N=8. For those
two blocks, the mode can be
found since

by =(2XaXN)/8=n,

so that those two anode blocks
exhibit fourth-order modes. or
n=4. The successive adjacent
cavities create a traveling RF
wave along the surface of the

4

slow-wave structure. The
“spokes” in Fig. 7-b represent
segments ol the space-charge
cloud as it revolves.

For a magnetron operating in
s-mode, the number of cavities
has to be even. or N=2, 4, 6,....
Since the phase shift between ad-
jacent cavities is 180", cach pair
of cavities shifts the phase 360°.
or one cycle, maintaining a
standing wave. The operating
frequency of a magnetron is the
speed of light divided by the prod-
uct of the number of cavities N
and the mean distance L between
them, or

f=cih = c/(N < L),

The Hartree cutoff condition
The Hull condition expresses
the cutofl potential in terms of
magnetic {lux density. or vice-ver-
sa. A more complex companion
condition relating magnetic flux
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FIG. 8—THE RELATIVE EFFECTS of the
hull and Hartree criteria, plotting the elec-
tric field E, versus the magnetic flux den-
sity B,. The electric field is directly pro-
portional to the operating potential V,,
since the cathode-anode spacing is fixed.
The Hull criterion is above, the Hartree
criterion below, and they intersect both at
the origin and when V. = V. If V, -V,
and B, B,,;, oscillation occurs; if not, the
RF energy is cutoff.

density to the cathode-anode
spacing and the operating poten-
tial is the Hartree criterion. For
the conventional magnetron

2nf
Von - —TNCBL(be a?).

In this expression

V,n is the Hartree potential in

volts,

B, is the magnetic flux density in

webers per square meter {Wb/

m?),

fis the frequency in Hz,

N is the number of resonators,

b is the anode radius in meters,
continued on page 76



