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Abstract—A magnetron is a high power microwave oscillator in
which the potential energy of an electron cloud near the cathode
is converted into RF energy in a series of cavity resonators.
As depicted by the low frequency analog, the rear wall of
the structure may be considered the inductive portion, and the
vane tip region the capacitor portion of the tquivaltnt resonant
circuit. The resonance frequency of a microwave cavity is lhtrchy
determined by the physical di of the r tor t
with the reactive effect of any perturbations to the |nduct|ve or
capacitive portion of the equivalent circuit. In order to sustain
oscillations in a resonant circuit, it is necessary to continuously
input energy in the correct phase. An eight cavity magnetron is
the typical mﬂgnctron we nmllylc with discussion of stability.
I‘(rr an eight gnetron, the important modes are
n = 1,2, 5 4. In general n = 1,2,3..N/2 where N is the
numhcr of resonators or cavity. The equivalent circuit of a
chain of LC may be ¢ ed in a planar circuit
using split-ring resonators to realize each LC. The open space
between the magnetron’s cathode and anode is called interaction
space, where £ and B fields interact with electrons—these are
accelerated and emit radiation at a frequency determined by
the cavity dimensions. The eight cavity magnetron equivalent
circuit can be analyzed for stability behavior under different
parameter variations. There is a practical guideline that combines
graphical information with analytical work to effectively study
the local stability of models. The stability of a given steady state
is determined by phase space plot of a number of magnetron
parameters.

Index Terms—Magnetron, Cavity resonators, Slot, Hole and
slot, Efficiency, stability, fixed point, oscillations.

I. INTRODUCTION

ASICALLY, we can characterize the magnetron as a

electronic diode in an environment of strong magnetic
field. The natural path of electron in a magnetron is a move-
ment from the cathode to anode and surrounding by magnetic
field. The magnetic field is at right angels reference to the
celectron motion direction. The electrons are under influence of
another force at right angles concern the direction of motion
and the magnetic field. The curve path is the way which the
electrons move along. We can see similarity to DC motor
rotation. When we use configuration of coaxial cavity, the
frequency range of operation is between 200 kHz to 10 MHz.
The structure is a enclosure of a glass envelope regarding the
cathode. Sealing is the key issue. It is when ferromagnetic
material create the covering member when the ends are close
and open and all related to cylinder. Parts in the comparison
are outer cylinder (made of ferromagnetic material) and a
cover (outer cylinder). Anode cylinder surrounding by outer
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cylinder. The curve path of electrons is from cathode to anode
by influence of a strong magnetic field. It is perpendicular
to the electric field. Good practical behavior is magnetron
with 12 c¢m cavity which oscillate at 2.5 GHz. The history
of magnetron engineering implementation is very interesting.
Start from pulsed radar transmitter (~10 kW to 3 MW peak
power, frequency range between ~600 MHz to 47 GHz), then
microwave ovens (Continue Wave type, 2.45 GHz frequency,
output power between 65-1200 W and efficiency ~65%). The
applications for microwave oven are industrial. Military radars
magnetron are in the S band and the power is around 50 kW.
We drive the military radars magnetron by a pulse of 30 kV
1.0 ps pulse. We get ~30% efficiency results and (WW2)
~65%. Other characteristic can be 167 kW input peak power
and peak current 5.6 A, 1000 repetition. The average input
power is 167 W. Magnetron interaction space is the active area.
It is where electric and magnetic fields (F and H) interact
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and we get microwaves in cavities. In the particular case of

magnetron with eight cavity anodes, all cavities are induced
by microwave energy. We get an output of microwave energy.

In our analysis we concentrate on the equivalent circuit of

magnetron and specialy cavity with cylindrical hole. It is a
copper anode and slot which the interaction and cavity are
connected. We represent in our analysis the hole and slot
equivalent circuit as a capacitor (C) in parallel to circular
inductor. Magnetron’s slot has parallel sides which can be
consider as a plates of capacitor. The walls of the hole are
considered as an inductor. We can characterize the magnetron
hole and slot as a resonant LC circuit with high quality factor
(). Magnetron anode is constructed from number of cavities.
The cavity LC tanks are in series (no strapping). In the case
of strapping, cavities are connected in parallel [1] [2] [3].

II. MAGNETRON OPERATION AND PARAMETERS

A magnetron is a high power microwave oscillator in which
the potential energy of an electron cloud near the cathode is
converted into RF energy in a series of cavity resonators. As
depicted by the low frequency analog, the rear wall of the
structure may be considered the inductive portion, and the
vane tip region the capacitor portion of the equivalent resonant
circuit. The resonant frequency of a microwave cavity is
thereby determined by the physical dimension of the resonator
together with the reactive effect of any perturbations to the
inductive or capacitive portion of the equivalent circuit. In
order to sustain oscillations in a resonant circuit, it is necessary
to continuously input energy in the correct phase. If the
instantaneous RF field, due to steady state oscillations in the
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resonator, is in the direction, and, an electron with velocity was
to travel through the RF field such that the RF field retarded
the electron velocity by an amount, the decrease in electron
energy will be exactly offset by an increase in the RF field
strength. In a magnetron, the source of electrons is a heated
cathode located on the axis of an anode structure containing a
number of microwave resonators. Electrons leave the cathode
and are accelerated toward the anode, due to the DC field
established by the voltage source E.

A. Magnetron magnetic field and electron

The presence of a strong magnetic field B in the region
between cathode and anode produces a force on each electron
which is mutually perpendicular to the dc field and the electron
velocity vectors, thereby causing the electrons to spiral away
from the cathode in paths of varying curvature, depending
upon the initial electron velocity at the time it leaves the
cathode. As this cloud of electrons approaches the anode, it
falls under the influence of the RF fields at the vane tips, and
electrons will either be retarded in velocity, if they happen to
face an opposing RF field, or accelerated if they are in the
vicinity of an aiding RF field. Since the force on an electron
due to the magnetic field B is proportional to the electron
velocity through the field, the retarded velocity electrons will
experience less curling force and will therefore drift toward the
anode, while the accelerated velocity electrons will curl back
away from the anode. The result is an automatic collection of
electron spokes as the cloud nears the anode, with each spoke
located at a resonator having an opposing RF field. On the
next half cycle of RF oscillation, the RF field pattern will
have reversed polarity and the spoke pattern will rotate to
maintain its presence in an opposing field. The “automatic”
synchronism between the electrons spoke pattern and the RF
field polarity in a crossed field device allows a magnetron
to maintain relatively stable operation over a wide range of
applied input parameters. For example, a magnetron designed
for an output power of 200 kW peak will operate quite well at
100 kW peak output by simply reducing the modulator drive
level.

B. Magnetron important parameters

There are typical magnetron important parameters.
Thermal Drift: At the time high voltage is first applied to a
magnetron, the thermal equilibrium of the device is suddenly
altered. The anode vanes being to heat at the tips due to
electron bombardment and the entire anode/cathode structure
undergoes a transient change in thermal profile. During the
time required for each part of the magnetron to stabilize at
its normal operating temperature, the output frequency of
the magnetron will drift. The curve of output frequency vs.
time during the period following initial turn on is called the
thermal Drift curve [9] [10]. Temperature Coefficient: After
the thermal drift period has expired and a stable operating
frequency has been achieved, changes to ambient conditions
which cause a corresponding change in the magnetron
temperature will produce a change in the output frequency.
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C. Magnerron frequency and temperature behavior

In this content ambient changes include cooling air tem-
perature or pressure in air cooled magnetrons; mounting plate
temperature in heat sink cooled magnetrons; and flow rate
or temperature in liquid cocled magnetrons. The change in
magnetron output frequency for each degree change in body
temperature, as measured at a specified point on the outside
surface of the magnetron body, is defined as the Temperature
Coefficient for the magnetron and is usually expressed in
MHz/°C. For most magnetrons the temperature coefficient is a
negative (frequency decreases as temperature increases) and is
essentially constant over the operating range of the magnetron.
Pushing Figure: The pushing figure of a magnetron is defined
as the change in magnetron frequency due to a change in
the peak cathode current. The resonant frequency of a vane
resonator is determined by its mechanical dimensions plus the
reactive effect of any perturbation. The presence of electrons in
the vicinity of the vane tips affects the equivalent capacitance
of the resonator by an amount proportional to the density of
the electrons and, since electron density is similarly related to
peak pulse current, changes in pulse current level will produce
changes in output frequency. The pushing figure expressed in
MHz/Amp is represented by the slope of a frequency vs. peak
current curve plotted for a particular magnetron type [16].

IIT. DIFFERENT TYPES OF MAGNETRON

The early types of magnetron are non-oscillation diode
with magnetic field. The early types of magnetron are Hull
original diode, Split anode, Split anode with internal resonator,
improved split anode and four-segment anode. In the crossed
electric and magnetic fields which exist between the cathode
and anode an electron that is emitted by the cathode moves
under the influence of a force F, = Fe and a force F,, =
£(V x B) where E is the electric field, B the magnetic field,
¢ the velocity of light, V' the velocity of the electron, and e is
its charge. The solution of the resulting equations of motion,
which neglect space-charge effects, shows that the path of the
electron is a Quasi-cyclonical orbit with a frequency given
approximately by fr = eB/mc. When this orbit touches the
anode, a condition of cutoff 2is said to exist, and the following
equation holds: 7, = goer[l — (22)?% Where V is the
potential difference between the anode and the cathode And
rq and 7, are their radii. The relation is an important one
from the standpoint of magnetron operation. It implies that
for ¥/ B? less than the right side of the equation, no currents
flows and, as V/ B2 is increased through the cutoff condition,
a rapid increase in current takes place. The first type of Hull
original diode can be made to oscillate at very high frequencies
if the cathode and anode are made part of a resonant circuit
with reasonably high impedance and low losses. Conditions
for oscillation are that /B2 must be adjusted close to the
cutoff condition and that the frequency of the resonant current
be close to the transit frequency of the electrons. Split-anode
magnetrons will also oscillate when the frequency of the
resonant circuit (now connected to the two segments) is close
to the transit frequerncy of the electrons and the anode voltage
adjusted close to cutoff conditions [18].
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A. Magnerron important modifications

An important modification in the design of split-anode
magnetrons was made when the resonant circuit was placed
entirely within the vacuum system. This step was the result
of efforts to increase, I, both the frequency and power output.
This type of tube has produced power outputs of 100400 W
at 50 cm and 80 W at 20 cm. A particularly important feature
of this design is that for a given B and r,. The four-segment
magnetron can be made to oscillate at twice the frequency
of a two-segment one. Posthumus’ developed a theory for
oscillation of this type, which although space-charge effects
are neglected, gives a reasonable explanation of the observed
characteristics. This explanation can be made conveniently in
terms of the four-segment tube. For oscillations to occur the
angular velocity of the electrons must approximate that of
one of the rotating waves so that the electrons retain for an
appreciable length of time their phase relationship with the
RF field. Posthumus showed that this condition exists when
f= 4—’:{%@, When f is the frequency, V, and r, the anode
potential and radius, B the magnetic field, n the number of
pairs of segments. The theory also shows-that electrons which
are retarded by the RF field and thus contribute energy to
it spiral outward and eventually strike the anode. Equation
f = 4{{% is consistent with the characteristics of these
oscillations as observed by Posthumus. The upper-frequency
limit for a given tube is inversely proportional to B, and for
n = 2 this limiting frequency is twice that for n = 1. The
theory is also consistent with such facts, that the anode voltage
is proportional to 2. and that for oscillations to occur the ratio
V/B must remain constant. Of the three types of oscillations—
cyclotron frequency, negative resistance, and traveling wave—
the last has proved the most effective in magnetrons that are
used as practical sources of microwaves. Some advantages of
the traveling-wave type of oscillations are good efficiencies at
high frequencies, moderate magnetic field requirements, and
stability of operation over a wide range of input and output
conditions. Other type is a British cavity magnetron. Perfected
a traveling-wave type magnetron with internal resonators that
when pulsed produced microwave radiation with peak powers
several orders of magnitude greater than had been obtained
before by any means. It is a very high pulsed-power output at
wavelengths of 10 cm.

B. Microwave magnetron description

Microwave magnetron is another type. This system is
composed of a number of coupled resonators surrounding a
relatively large cylindrical cathode. These magnetrons are self-
excited oscillators, the purpose of which is to convert the DC
input power into RF output power. This conversion takes place
in the interaction space I which is between the eylindrical
cathode C and the anode block A. A constant and nearly
uniform magnetic field is maintained in this interaction space
in a direction parallel to the axis of the tube. In operation,
the cathode is maintained at a negative potential, while the
anode block is usually at ground potential. The anode block
is pierced in a direction parallel to the axis by a nmumber of
resonatrors R which open into the interaction space so that the

anode surface consists of alternate segments and gaps. The
ends of the resonating cavities open into chambers that are
called “end spaces” through which the lines of flux extending
from one resonator to the next pass. The coupling between
the resonators is increased by conducing bars called straps &
which connect alternate segments.

C. Microwave magnetron operation

Power is extracted from one resonator, one method being
a coupling loop L which forms a part of the ourpur circuir.
The combination of resonant cavities, end spaces, straps, and
output circuit is called the resonans system. In this design,
the cathode C' is oxide-coated and heated indirectly by an
internal heating coil of tungsten or molybdenum. It is attached
mechanically to two cathode stems supported by glass to
provide anode to-cathode insulation. Coaxial line chokes K
are frequently placed on these stems to prevent the escape
of any stray radiation that may be picked up by the cathode
structure. At each end of the cathode there is an end shield H
whose purpose is to prevent electrons from leaving the cathode
structure in a direction parallel to the axis of the magnetron.
These end shields must be kept at a temperature too low
to cause the emission of electrons. The radial dimensions
of the interaction space depend upon the wavelength and
voltage at which the magnetron is to operate and for amy
given type are proportional to the wavelength and to the
square root of the anode voltage. For efficient operation, the
ratio of cathode diameter to anode diameter must remain
within narrow limits set by the number of resonators. In a
12-resonator magnetron, this ratio is about 1/2 the anode;
for fewer oscillators, it is somewhat smaller, and for more
than 12 oscillators, somewhat larger. The combination of the
anode block, output circuit, end spaces, and other parts that
contribute to the RF properties of the tube is defined as the
resonant system. It is a most important part of the magnetron,
for it determines the frequency and also plays a most important
role in the electronic processes. This integration of the entire
oscillating system into one tube complicates the problems
of design and limits the versatility of single magnetrons as
compared with low-frequency oscillators where the oscillator
tube is distinct from the associated resonant circuits.

D. Magnretron resonant system

The function of the resonant system is to present to the
space charge an RF field of the desired frequency and with
the proper configuration and magnitude to effect an efficient
generation of radio frequency and further to transmit this
power to an external load. The resonant system accomplishes
this by storing a quantity of the energy to produce the RF
fields, at the same time releasing a portion to the external load.
There is a hole-and-slot anode block, will be used as a specific
magnetron. When operating in the desired manner, oscillations
result in a disposition of charge and electric field [19]. One-
quarter of a period later the electric field and charges have
disappeared and currents are flowing around the inside of the
cavities, producing a magnetic field along the hole portion of
the cavities. Oscillations of this character are called r-mode
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oscillations from the fact that the phase difference between
adjacent resonators is w. Other modes are possible, however,
and each is characterized by varying phase difterences among
the eight coupled resonators that comprise this particular
resonant system. The number of possible modes is reduced by
the fact that the resonator system is a closed one and the total
phase shift around the resonator system must be a multiple
n of 2r, where n is called the mode number. For an eight-
resonator magnetron, the important modes are » = 1,2,3,4,
In general » = 1,2,3..N/2 where N is the number of
resonators. The phase differenices between the resonators in the
example chosen for n = 1,2, 3,4 are n/4, /2, 37/4, and w. In
principle, one would also expect modes corresponding to r >
N/2 in which the phase difference between resonators is some
multiple of m2 corresponding to harmonics of the individual
resonators, These modes apparently are unimportant to the
operation of magnetrons and have only rarely been observed.

E. Dypes of magnetron cavities

The explanation of the effect of strapping can be made
in several ways. The simplest is to conceive of the strap as
maintaining +r-mode oscillations by tying together points that
for this type of oscillation remain at the same potential. A
more sophisticated explanation arises from a consideration of
the effective capacitance and inductance of the straps for the
various modes. For w-mode operation the concentration of
charge on the strap is a maximum and the effective capacitance
of the strap is relatively large. For any other mode the potential
difference between adjacent segments will be less, resulting
in less charge on the strap and thus decreasing the effective
capacitance that it contributes to the resonant system. Other
modes, currents will flow along the entire strap, decreasing
the effective inductance of the rescnant cavity. Thus the straps
present both a reduced capacitance and a reduced inductance
for all non-w modes, and the frequency of these modes is
increased with respect to the w-mode. The uses to which
a magnetron is put are usually such that it is desirable
to attain both high efficiency and high-frequency stability
against changes in load and changes in input conditions. These
objectives are not consistent, and most magnetrons represent
a compromise between efficiency and stability that depends
on the particular application. The problem is a most important
one in magnetron design. For any given frequency, a variety of
oscillator configurations is possible corresponding to different
oscillator impedances of L/C ratios, and the efficiency and
frequency stability desired determine the proper oscillator
impedance to use. There are three forms of oscillators arranged
in order of increasing impedance. The three common types
of magnetron cavities: slot, hole and slot, and vane. The
efficiency » with which a magnetron converts the input power
into RF power at the output (cathode power is excluded) is
given by 5 = %ﬁm, The losses arise from the
bombardment of the anode by the electrons and from the
circulating RF currents producing I2R losses in the copper
and other materials. To distinguish these two sources of energy
loss it is customary to express the over-all efficiency « of a
magnetron as the product of the electronic efficiency 1., and
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circuit efficiency 7., or % = n.7.. The electronic efficiency is
defined as the fraction of the input power that is converted into
RF power within the anode block, and the circuit efficiency is
the fraction of this RF power which is transmitted to the load.
The problem of high efficiency may then be restarted as one
of making the product 7.7, a maximum. Both 7, and %, are
affected by the impedance of the oscillators, but in a different
ways [23].

IV. MAGNETRON DC VOLTAGE MAGNETIC FIELD
RELASHIONSHIP

There is a simple expression relating the operating voltage
V, the magnetic field B, the wavelength A, and the anode and
cathode radii, respectively r, and r.. For efficient operation
of the magnetron V' and B must be such that the angular
velocity of the electron keeps pace with the changes in phase
of the resonators. Thus an electron must move from a point
opposite any segment to a point opposite the next in one-
half a period. Assuming that the electron is intermediate
between the cathode and anode then the electron radius is this
distance is Z=f’= then the circle circumference is 2 (Z2}72)
and for one magnetron segment (N segments) %’r(%)
when N is the number of resonators. The velocity must then

_distance=F(ratre) £ aretro)
be v = Tme=2TTrn ; =2/F e+ 1)y = F5%

where f is the frequency of the magnetron. The mode number
n*ﬁ')\ _c. f*i'v* mratr.) _ cmlratr.)

T2 oM TS T A 7‘[\’%77 7o

An electron moves through crossed, uniform electric and
magnetic fields with a velocity » that is normal to £ and
B. The force equation under these conditions is Bcﬂ =
el + %mu2 where R is the radius of the orbit of the
electrons and we consider that R is positive for orbits curving
down. Where the path of the electrons is a straight line, the
condition is obtained by letting £ — co. In the case of
infinite radius of the orbit of electrons lim %mqu = 0 then

R—oo

Bev — of = v = <€ Forv < £

. 5 5 the electromagnetic
foree will be reduced and the electrons will be deflected in the
direction of the electric force [25]. For v > %, the deflection
will be in the direction of the magnetic force. The deflection
that an electron suffers in this example when speeded up
or slowed down thus corresponds to what happens in a
magnetron, and it is significant that the operating conditions
are ones for whichv =~ %, The velocity of the electron is

given by v = Ec/B = E = % and the field F,

Ve _em(ratre)
B(ra —rc) - M

TL)\O
We get the expression for magnetron voltage vs other
parameters,

e (ra + 7¢)
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Integration with the previous equations and we get the
reduce equation: V[volt] = 807 (;2 _ ;2y(B — 108

The voltage which is a linear function of B is known as the
Hartree voltage [26]. The voltage is that at which oscillations
should start provided at the same that B is sufficiently large
so that the undistorted space charge does not extend to the
anode.

V. MAGNETRON ELECTRON VELOCITY AND
ACCELERATION PHY SICAL VERIFICATION

A magnetron physical verification is done by checking
parameter ranges. We plot electron velocity and acceleration,
this makes physical reality check. If an electron gets into
a range where the acceleration or velocity is unrealistic or
impossible then it is a physical limit of a magnetron. Mag-
netron are magnetized plasma devices that are widely used as
sputtering sources for thin film deposition. There are several
geometrical configurations, including cylindrical magnetrons,
planar magnetron, and sputter guns. The cathode is bombarded
by ions to produce the desired sputtering flux. Magnetrons are
characterized by nonuniform electric and magnetic fields F
and B that are configured to provide confinement of electrons
in the vicinity of the cathode. The electric field is established
by the electric sheath between the plasma and the cathode. The
magnetic fleld is provided externally by a set of permanent
magnets or electromagnets located behind the cathode. The
electrons are confined in a closed circuit in which they move
in the ExB direction. As a result of confining the electrons
near the cathode, it is possible to operate the discharge at
a neural pressure and a lower discharge voltage than would
be required without confinement. Other possibility, that tur-
bulence is responsible for electron transport. Low frequency
turbulence is characterized by random electric fields that result
in random FxB velocities, which perturb an electron out of
its stable orbit. There are two categories of electrons, fast and
bulk, according to their origin, Fast electron originate at the
cathode or in the sheath, while the bulk electrons are created in
the main discharge region. There are energetic electrons, which
refers to those electrons that have enough energy to ionize
neutrals. Another discussion is on FxB drift, magnetron, is
electrical discharge device used for sputter deposition of thin
films. Modern magnetrons use crossed ExB fields that cause
a Hall current (Hall drift), directed across both field vectors.
Uncontrolled Hall current will lead to electrons escape from
the discharge. Electron losses can be limited by closing the
drift current. The use of closed drift configurations ensured
a significant increase in the plasma density and discharge
efficiency. There are magnetron layouts, the planar one and
cylindrical one. In planar devices, the closed drift current flows
between the anode and cathode, while cylindrical, or axial
magnetrons the drift current circulates around the electrode
(cathode). Electrons are trapped in the region of a high mag-
netic field and rotate around cylindrical cathode due to Hall
effect, thus creating Hall current. In addition electrons diffuse
across the magnetic field due to collisions thus sustaining the
main discharge current [12].

We already the electron movement through crossed, uniform
electric and magnetic fields with a velocity v that is normal

to E and B. V is the magnetron operation voltage (potential
difference between the magnetron anode and cathode) and it
is a function of other magnetron parameters.

_ T g2 %mc -2 cp_L
Voo B T = i = L
Vnlo 2rme
B=—r—— 2 5
7 (r2 —r2) + en)\o ®)
The velocity of electron is given by v = %,
FEe
v= 2. TImne (6)
(W(Yzi\rg + in)\o T?l
v = —V—Eﬁ
Critmptasre 1
v E 0!
(m+snxo r2
B En(r2 —r2) fendo g Vv ®
T VnZedg +2m2mr2(r2 — r2) 7T (rg — 7o)
If ro = r. then the velocity of electron is zero (v = 0).
2 2
. vV ( n(rs — r;) fenAo ) ©
(ra —re) Vn2edo + 2m2mr2(r2 — r2) f
14 w(re +71e) (T — 1) fEn
v= ( g )(2 2 )2 20 ) am
(ro — 1¢) " Va2erg + 2m2mr2(r2 — r2)f
_ Vir(re + rc) fenio an
Vn2edg + 2m2mr(r2 — r2) f
Vi (re + re)enc 12)

- VTL2€% +2m2mr2(rz —r2) f

We check the physical limit when the electron velocity is
infinite (v — c0).

c
Vale— + 2rmar(r: —12)f =0y > 1o

13
7 (13

—2m2mr2(r2 — r2) 2

n2ec

V= (14)

We plot the electron velocity functions. N = 4,8,12 then
Mode number n = 2,4,6. Three functions: v = T1(V) v =
To(rs), v = Ts(f).v =T1(V)for f =1THz; r, = 0.004m ;
re =0.0015m ; V' : 15kV to 30kV. v = Ta(r,) for f = 1THz
3 Vo= 25kV,r, = 0.0015m 7, : 0.008m to 0.009m. v = T5(f)
for V = 25kV r, = 0.004m ; r, = 0.0015m ; f : 0.1THz
10THz.

Decreasing magnetron number of cavity (lower magnetron
mode number n) and increasing magnetron frequency or anode
radius result on higher electron velocity value. Increasing mag-
netron filament voltage has no significant effect on electron
velocity as can be seen in Figs. 1-3.

The magnetron radial DC electric field £ perpendicular to
the cathode is applied between cathode and anode. The electric
field and the axial magnetic field (parallel and coaxial with the
cathode) introduced by pole pieces at either end of the cathode
provide the required crossed field configuration. The electron
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V volt)

Fig. 1. A 3D plot of magnetron electron velocity, Umagnetron. versus filament
voltage, V', and mode number, n. This is for frequency, f = 1THz, anode
radius, 7o = 0.004m, cathode radius, r. = 0.0015m, and magnetron voltage
between V' = 15 kV to V' = 30 kV. Decreasing magnetron number of cavity
(lower magnetron mode number n) result on higher electron velocity value.
Increasing magnetron filament voltage has no significant effect on electron
velocity as can be seen.

v (m/sec)

Anode radius (m)

Fig. 2. A 3D plot of magnetron electron velocity, Umagnetron, Versus anode
radius 74, and mode number, n. This is for frequency, f = 1THz, cathode
radius, 7. = 0.0015m, and magnetron filament voltage, V' = 25 kV and
anode radius between 1, = 0.003m to 74 = 0.009. Decreasing magnetron
number of cavity (lower magnetron mode number n) result on higher electron
velocity value. Increasing magnetron anode radius result on higher electron
velocity value as can be seen.

moving in the space between the cathode and anode block of
a multi-resonator magnetron are acted upon by three fields. A
constant electric field, a constant magnetic field, and a SHF
electric field (from the resonator system).

The trajectory of an electron starting from rest at the cathode
of a planar magnetron with static, spatially £ and B fields
is governed by the relation of the time rate of change of
the particle’s momentum to the forces caused by the applied

f(Hz)

Fig. 3. A 3D plot of magnetron electron velocity, Umagnetron, Versus
frequency, f, and mode number, n. This is for frequency between f = 0.1THz
to f = 10THz, anode radius, r, = 0.004m, cathode radius, r. = 0.0015m,
and magnetron filament voltage V' = 25 kV. Decreasing magnetron number
of cavity (lower magnetron mode number n) result on higher electron velocity
value. Increasing magnetron frequency result on higher electron velocity value
as can be seen.

fields.

C 1

— =¢(F+—-(vx B
B — e ol )
Assuming constant particle mass and neglecting relativistic
effects gives an equation for particle acceleration.

(15)

Pxr e 1

The second order differential equation can be recast as a
system of first order equations %}— =Y where X is the vector
of position and velocity components and Y is the vector of
velocity and acceleration components.

(16)

T (0
Y Uy
z v
X= et 17
Vg L(E, + %(U x B).) 17
Uy %(Ey'*'%(UXB)y)
v, Z(E.+ ;(vxB):)
Lorentz force is define as F = e(f + 7 x ?)
3713‘ = £(B, +v,B, —v.B,)
j} = %(Ey + v, By — v B;) (18)
dv: _ e

i = 5B + v By —vy,By)

-

If we define operator D = dii then we can write our magnetron
velocity differential equations as

—
Vg Er
v=| v |;E= E‘z (19)
G E,
D _l% Z m B’/ e
=B, D —-£B, |7 =— (20)
e e m
~mBy  wmbBs D
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The orthonormal vectors of the Cartesian based is

{ec, ey, 6. BE=E, ez + Eye, + E.e.;B, = Be, then
e =2 (B 4, BY Ry = £(E, — 0, B)

;f = RE (constant acceleration along z axis). If we an
electron in E and B fields the Lorenz force on a point charge
is F=e(E+vxB). E[Y]and B in T (or gauss, 10000
gauss=1T). We can consider two subcases:

(1) E is constant and uniform K, = Fe,and there is a
constant acceleration along the x axis

dvl _ eE &_07%1; = 0.

(2) B is constant and uniform B, = Be, then

dv, _ _ dv, _

dt df B=W ; %B’dvdt =0 2n
% =2 Bh G = 2B

v, _ v, BYBja, = LTS

E 77( UBQ) 77%? B (22)
dz mie ’ dt me Ve

The electron motion under the influence of an electromagnetic
field in the absence of collisions is governed by the Lorentz
differential equation: ‘2—;’ = 2(E+v x B)with v = ve, +
vgeg + v, €, the electron velocity vector field, t is the time, e
is the electron charge, m the electron mass and E as well as B
are the electric and magnetic vector fields, respectively [39].
The components of the electron velocity field in the 1, ¢, and
z directions are denoted by u,,vgand v,, respectively. Note
that the parametric representation of the electron trajectories
is described by r = r(t);¢ = ¢(t)as well as z=z(t) and a
cylindrical polar coordinate system is adapted here with the
r-axis an the cathode target and the z-axis pointing vertically
upwards. The Cartesian and cylindrical polar coordinates are
related by the equations » = r cos(¢);y = r sin(¢)and z = 2.
The orthonormal vectors of the eylindrical and Cartesian base
{er,e4, €, tand {eq, ey, e, }, respectively, are related by the
following equations:

{er,e4,€:} — {em, ey e} :

ex = cos(P)e, — sin(Pley (23)
ey = sin(¢)er + cos(d)egre: = e,

{ez, €y, ez} — {e,,qu,ez} z

er = cos{@)e, + sin(P)ey 24)

ey = —sin(@)e, + cos(P)eyre, = e,

The electron velocity in cylindrical polar coordinates is given
by v = %er + 7‘%64‘} + %e;. The magnetic field has
the form B = B,e, + B.e.for symmetry reasons. The
constant electric field is given by F = FE.e,. Using these
forms for the electric and magnetic fields, and other equation,
the Lorentz differential equations can be written as follows:
B, = Bcos(#); B, = Bsin(8).

2rm 2

Ez 7vz(7r(7‘2 rz)f+ endo T a

( 2rm .2 (25)
E, (7' —7r )f endp @
_ _VnaXg + 2mme .2
w(rZ—r?) endg Ta (26)
v = G = Ghity =
d ds
d2 ( ); m’ ciqt’)B @27
Tdtgb +2§: u!f =5(B:% - B.%

d2z e

d¢
= m g B

‘We can write our magnetron set of differential equations in
cylindrical polar coordinate:

(28)

e d¢ Vg

2mme 4

— 2 L . in(f) (29
a2 ( ) m dt W(TQ 7'2) Ta) Sln( ) ( )
dr d
it dtQ £t Zdt u!f 30
(W(’ — )+2‘5”7’—\m0ﬂ G”) dz dr ( )
- (cos(0) 22 — sin(0) %)
z _ e dz 2mm .2
— V )\(W(TQ—QTQ)f + endy ' G (31)
77“ dt ( (7'271—?‘E 677;7;00 a) COS(Q))
‘We define new variables: X7 = dz ;Xg dt,Xg —i
and we get the following differential equations:
d;": = rXf 77"X1( (,”,AS en’;:”o a) sin(#)
ey 2l
% = =l ”T)m ® " (cos(B) X3 — sin(0) Xo) (32)
72X2X1;
ax V. 2
10 S(T(rL—ﬁrWWLeH; 2 (33)
X (R + 259212) con(B))

We find our magnetron system fixed points (equilibrium
points) by setting:

de dr dz dX; dXo dX;

TR T TR T T
Our magnetron system fixed points:
Ex(r*, 4%, 25, X =0,X5 =0,X1=0)
Stability analysis: The standard local stability analysis
about any one of the equilibrium points of the
magnetron system consists in adding to coordinate
[r, ¢, 2, X1, Xo, X3]arbitrarily small increments of exponential
form [r, ¢, 2, 21,72, z3]e™and retaining the first order terms
in [r,¢,z X1, Xo, X3]. The magnetron system of six
homogeneous equations leads to a polynomial characteristic
equation in the eigenvalues. The polynomial characteristic
equations accept by set the below variables with respect to
time into magnetron system equations. Magnetron system
fixed values with arbitrarily small increaments of exponential
form [r,¢,z, 21,22, x3]eMare: j=0 (first fixed point), j=1
(second fixed point), j=2 (third fixed point), ete.

#(t) = ¢+ derr(t) = P 4 opet
2(t) = 2D 4 2e¥ X (1) = X{J) 4y

Xo(t) = X5 f w02 X3(8) = X1 1 236N, We choose these
expressions for ourselves 7(t), ¢(¢), z(t) X1 (t), Xo(¢), X3(t)as
a small displacement [r, ¢, %, 1,2, 23|from the magnetron
system fixed points in time t=0.

(34)

(35

¢ + gyt =0) =r@ 4 r
x4

#(t=0) =

A(t=0) =29 4 5 X1t =0) = (6)
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Xg(t = 0) = XQ(J) +.’L‘2,X3(t = 0) = Xéj) + z3. For
A < 0t > 0, the selected fixed point is stable otherwise
A > 0,¢ > 0 is unstable. Qur magnetron system tends to the
selected fixed point exponentially for A < 0,¢ > 0 otherwise
go away from the selected fixed point exponentially. A is
the eigenvalue parameter which is established if the fixed
point is stable or unstable; additionally, his absolute value
{|A|) establishes the speed of flow toward or away from the
selected fixed point (Yuri, 1995; Jack and Huseyin, 1991).
The speeds of flow toward or away from the selected fixed
point for magnetron ystem variables with respect to time
are %() Ade At. d:”i Are )\t z(z) — Aze )\z ax. 1@)

Aziett; dXQ(t) = Az e”,dX;t(t) )\rge F1rst we take

magnetron Vanables r %, X1, Xo, X3 dlfferentlal equations
and adding to coordinate [r, ¢, z, X1, X2, X3 arbitrarly small
increments of exponential terms [r, ¢, 2,1, #3, z3)e™and re-
taining the first order terms in r, ¢, z, 1, z2, z3 then

E*(T*,Q’)*,Z*,X{,XS,X;:):(7‘*7¢*7z*’07070) 37
pU=0) e 4G=0) — g ,G=0) — o+ (37
X(J 0) _ = X1, X(J 0) _ = X3, X(J 0) _ =X (38)
AreM = (X§ =0) + zge? = —Ar + 22 =0 (39)
Aeet = (X =0) +age’M = Az f a3 =0
Apert = (X} =0) 4+ 216™ = —Ap+2, =0 (40)
o rrly Ar el
% T R ﬂT)m © " (costB) X5 —sin(0) Xz) A1)
72X2X1;
X < (vfnjof)*'imf @ €] by
Amyett = s (cos(B) (X" + m3e™)
—sin(B) (X + 25e™)) @2)
“2XF + 22 (XY + 216™) - b
(i EEEr)y
Aze™ = ”((TT :;JF)T?M):VS (XBG) cos(f)
+z3 cos(ﬁ)e” — XQ(J) sin(f) — zo sin(g)e“) 3)
2(Xg’)X§’)+Xé7)mle”+X§’)zge“erzlez**)
- (0 4reit)
Foz1 & 0= zam1e2 22 0
e e S KA [ B
AzieMt = ”((TT ;:r)re“);?(a T (Xm cos(8)
4-x3co8 (9)6>\t X(J) sin(f) — xo 51n(9)e)‘t) 44)

72(X(”X )+X( )mlext+X(.7)er/\t)(7.(;) rett)
(7‘(”4»7‘9“)(7‘(7’)—7‘6“)

Vo
ety HEE D (1) —ret)

(r2 —¢

(T e

Ax1e™ =

(XY cos(8) + 25 con(f)e X(j) sin(9)

. 2 X(J)X X Va1 M X D g er ) (r() _peht
—zpsin(@)et) — X e e ) :
2 0 = 722 0

“5)

VonX e 2 i At
e bt ize ) (Fy — ™)
)\zle (r2—r2) 0 G

(X(J) cos(@) + z3 cos(@)ekt X(J) sin(8)
At) 2(X§J)X£J) + XQ(J)I eAr
)\t)

—zgsin(f)e
+X£J)CEQE>‘E)(;(177 — ﬁ;‘re
(gt D)

s T LX) cos(e)
7>X( )sm(ﬁ)

rz3 cos(f)e?

Azie™ =
+T(1])a:3 cos(B)ert —

7X3 COS(G)TJ)]ZTE)\
+X2 51n(9)‘]gre +T1:gsm(9)e ‘J)g)

Z(X(J)X(J) 1 +X(J)I em 1 +X(J)126 TY

7‘(7

[ (7)]

XQO)XY)‘I[ o ret Xg):vﬂe”“"wl)]

,X(r)m o2t Wl)] )

rzg a2 0= rxs cos(@)eg)‘”m ~ 07z = 0
rag sin(f)e?M [T(%]g ~0
zr A 0= XQ(j)Ilre”‘t [T(;]z ~ 0y rzg & 0
X{J)nge”‘t [ml)] A ()

e T ) ;
Apget = —rlE=rd) T { (1J>X§‘7) cos(#)

m
+T71J7z3 cos(@)eM — TYX(J) sin(6)
—Lrzasin(B)e™
+X2(7 SIH(G)WTE)\E) Z(Xéj)ij)ﬂlﬁ
)(2(‘7)118>‘t 17 XI(J):EQEM%
X(J)x(])[ 1] ret)

Xg 7 cos(#) ﬁﬂeh

Vnro y Gwmep
At n(ﬁﬂ-?) enhg )

Azie —e—— (X(J) cos(f)
~XP sin(8)) — 2X9 XD 1
e@i%ﬂ%r+i$g 2}

(v

(7‘(7)13 coa(f)eM
— s sin(e)e X(J) cos(@)‘ﬂe"
+X(7 s1n(3)‘]gTe)"’) - 2(X(J)mle b

X(’)zgeh 1 X(j)ij)ﬁgre)‘)
At fixed points (equilibrium points):
X oxp=0x =x3=0,xY =X =0
el gy e

(r2—r2

il G (X9 cos(8) — X sin(9))
ZX(J)X(J) 1 =0

e( L0 VMo s

Appet = e ) ol (;(177563 cos()e
— e sin(@)e)‘z)

Dividing the two side of the above equation by e* term

Ofer Aluf; Magnetron High Voltage System Eight Cavity Stability Analysis under Parameters Variation, Transactions
on Networks and Communications, Volume 4 No. 2, April (2016); pp: 1-27

{46)

zg sin(Mert

A7)

{48)

49)

(30)

(51

(52)

(53)
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e(—Yrho Vido _y 2rme .2

ﬂ(rd,r) enig e

/\Cl,‘l
—yz sm((‘)))

(Fr 23 cos(d)

e( Vnho 4 2rme :-\M 2
7/\11 4o mtrgTrg)  eRR0 % ior M(ﬁlﬁl‘a cos(f)
7712 sin(f)) =0
I, - e mr
—dxy+Tzs cos(@) Ia2gsin(@) =0
dXo e Vg 2rme .
o X X (—— 2 {4
T 1(7r(7‘§ —r2)  enko ra) sin{f)

Azge = T(X(j) +xeM)24 2 (r(j) +rett)
(X(J) + Ilem)( Vnlig + QTrmc 2) Sln(e)

w(ri=rZy endy

Azget = r([X(j)] +1262)‘Z+2X(j)z ey

i W X e
+ izrfoc 72) sin(0)

Azgelt = T([X](_j)]g + a2eM L QXij)zleM)
4 (X(J'),(j) + zl&}\t,r(j) + X%j)rem + IITEQM)

2nme .2

(7r(7‘2 )\7'2) + enXg G)SHI(Q)

27t ~0

zlm()ére P Oyar 2 0= zyre

Azget = r([X(j)] +2X(j)xle>‘”) 4+ £ (X(j)r(j)

+z,eMr ) 1 X(’)re)“)(r‘:{%ﬁrf) i:g\l; 72) sin(f)

Azget [X(j)} X(J)’f‘(])( VnAOZ)Jr
2rme 2) Sln(9)+27‘X(J)I16>\t)+ e (Ile)\t,r(‘])

enAqg
+XT ) (2 + Zer?) sin(0)

At fixed points (equilibrium points): X {‘7 Y=o

[X(j)} eX(j)r(j)( (‘:;3\25)
222212) in(6) — 0
Valg 27rmc 2

2 5in(0)

e )
Azge™t = lee)‘tr@)(
m T

R

Dividing the two sides of the above equation by e

Azg = —le(J) (% + 27rmc 2)sm(9)
_ e Vg 27rmc 2 _
Axg -+ L (Tr('rg o 2)sin(f) =0

Ty = T(J)(W(‘:gzi\'?‘z) + 2xme 2y e

enliy Ta)m

—Azg + sz sin(d) =0

(54)

(55)

(56)

57

(58)

(59)

(60)

(61)

(62)

©3)

(64)

(65)

(66)

©7)

(©8)

| (Xa(er 2y
77‘X1(7T(7'2 23y + Gk ra) cos(6))

Aase = £ (XS 23 (s oy + 252
—(r@ 4 re)‘t)(X(J) + I1€M)(ﬁ(‘:2 j22)
Vi) conlh)

_erx@
Azget o (X3J (m+emo 2)
+I36 ( S —r3)f 67’7,)\07“1
7(T(J)X(»7 +T(J)I16AI+X(J) N L rgy )
(20 + 2252 cos(0))
rz1~ 0= rpe?™ ~ 0
AwgeM = e L
gy et (W(‘:"j‘g oty i:focrz) cos(6))

Dividing the two side of the above equation by e**

)\:Eg (Ig(m -+ 62:5\?; g -
T(J)Il(ﬂ_(‘:;“ ;{2) if;;\loc 2)cos(9))
Azt 8 (05 (e + 2eTE)—

‘T‘(J)Il( Vn)\g Ay 2mme 2) COS(G)) =0

enlg Ta

Vi
[s = 2 (orenyy + 25272)

—Azy + 1515 :I‘gcnl cos(f) =0

(69)

(70)

(71}

(72)

(73)

(74)

(73)

(76)

We can summery our magnetron system arbitrarily small

increments equations:

—Ar4x0=0; —Az+23=0, —A¢+21 =0
—Az1+ zgcos(f) — Tyzgsin(@) =0

—Azg + oz sin(f) =0

—Az3+ [sz3 — oz cos(f) =0

Ty T1s ¢
=0 Ti1=—=X
Te1 Tes
Tio=Tis=Tia=0T15=1;T15=0

To1 =0;Too = A Tas =0;Tog =1
Tos =Tog =0;T31 = T3 =0;Ta3 = —-A
Tog =T35 =0;T35 =1;T41 = Tyo = Ty3 =0

T44 = 7)\', T45 = 7F]_ SIH(Q), T45 = F]_ COS(Q)
Ts1 = Tsz = Ts3 = 0; Tsg = Tysin(f); Tes = —A
Ts6 =0;Te1 = Tez = T3 = 0; Toq = —'2cos(?)
Tes =0;Tes = —A+1'3
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(78)

(79

(80)



Tll TIG

A= | sdet(a - A =0 @)
Te1 Tes

‘We get for our magnetron system’s eigenvalues equation:

3
— XT3 + ATz — (] | Tw)sin®(9)] = (82)

k=1

A8

We got for our magnetron system’s electron motion
investigation six eigenvalues. Three eigenvalues are equal
to zero (A = Ag = Az = 0). If all other eigenvalues
are negative real number (Ay < 0; A5 < 0; Ag < 0) then
our magnetron system’s electron motion fixed points are
attraction line. If all other eigenvalues are positive real number
(hg > 0;As > 0; A > 0) then our magnetron system'’s
electron motion fixed points are repelling line. If at least one
of eigenvalues A4, As, Ag is positive and others are negative
real numbers then our magnetron system’s electron motion
fixed points are saddle line. Other complicate magnetron
system’s fixed points classification is presented in the below
table.

o Fixed points
igenvalues i i
fjlas?ﬁb:l:anon 1
Re(h) > 005 = AjAg >0 | -/oeble SPird
kR s
S nstable spira
Re(A) > 0545 = Aj3 A6 < 0 saddle fine
- nstable spira
Re(Ad) < 035 = Af;h6 > 0 andgfe line I
Re()\4) < 03hs — M he < 0 tal e.splra
node line

Table 1. Magnetron system’s electron motion fixed points classification.

VI. MAGNETRON OPERATING FREQUENCY VERSUS
VARIOUS DESIGN PARAMETERS

We plot graphs of magnetron operating frequency versus
various important design parameters: f = fuagnetron
(V. rq,7e,n, B) or by some functions:

fmagnetron = wl("‘m Tc)'y fmagnetron = Tﬁ? (V)

83
fmagnetron = Tﬁg(n); fmagnetron = ?/14(3) ®3)
_ T 5 o2 _ 2ame

Vivolt] = o (rz—12)(B v (84)

V' voltage is a linear function of B (Hartree voltage).
The voltage (V) is that at which oscillations should start
provided at the same time that B is sufficiently large so
that the undistorted space charge does not extend to the anode.

f — Magnetron frequency.

B — Magnetron magnetic field.

n — Numbers of pairs of segment.

e — Electron charge (1.6<1071% C),
— Magnetron anode radius.

Ofer Aluf; Magnetron High Voltage System Eight Cavity Stability Analysis under Parameters Variation, Transactions
on Networks and Communications, Volume 4 No. 2, April (2016); pp: 1-27

— Magnetron cathode radius.
¢ — Speed of light 3 x 10% m/s.
n = N/2; N — number of resonators. N =8 n =4.
m — Blectron mass (9.1 x 1073 kg),
2nmec .2

Vivolt] = 755 (r2 — r2)(B — 2K5rs

1t]
)‘ = % f = fmagnetron = TCD

Vvoli] = 2)(B — Zome,2 ®5)
¥
=22 — r2)(B — 22de?)
Vivolt] = % (2 — r&) (/B — 2mn g a) (86)
=V x (7‘ - r2)(2”mf fB)
T2 2 27r7m 22 o7 _ _
)P G BV =0 (8T
{aga(rs — 2)?B?
- (7‘2 - T?)B + —47 (7"2 — 'F%)
QTrm 2v}
fmagnetron = P (Tg _ 7‘3 277ng
nc en (88)
We define discriminant as A
e T 2
= W(Tz - 2B - 4%02 - T?)?ﬂ%v (89)

Our fmagnetron > O and real number then A > 0 and we
have two subcases: Case I: A =0, Case II: A>0.
Case I. A=0
2)2B2

A= Tg(T

90
74 (Tii,r?)??rm QV ( )
(r2 — 27?1 g2 S
e (rs—T3)B* — —aVl=0. 0D
Case I-1: ‘2—(”:;)” =0 then
2 r2=0= 1, =r,orr, = —r, cannot exist since
Ta > Ter
Case [-2:
r2 —12)B? — BmT?IV =0=
ig 2 2%82 semrgv 92)
= (r_+HB
fmagnetron = Qﬁn(;éjrf)ﬂ)g”rg = 45;7:3 (93)
= fmagnetron = 47”.,.”‘2

‘When orbit touches the anode, a condition of cutoff is said to
exist. The V' is the potential difference between magnetron s
anode and cathode. r, and rC their radii. 27 = W[l (2=)?).

No current ﬂow when 7 < —7[ - (“) 1.

The value of 7 grows up then there is a rapid increase in
the current The COIldlthIl of no cutoff must fulfil in our case
then 2 > W[l — (&)%)

In that subcase we have the following results:

A=0= 1(7‘ —r2}B?% = 8m 2V
2 2 94
A
No cutoff region: %y > mi‘ [1— (=)

URL: http://dx.doi.org/10.14738/tnc.42.1933



http://dx.doi.org/10.14738/tnc.42.1933

Transactions on Networks and Communications; Volume 4, Issue 2, April 2016

2
o

Vv T,
@zgm@nwwg_T -G )
Lol= 7‘ <c
Which exist and then fragnetron = 457;7;2,

The magnetron frequency is independent“on the voltage V'
but V' must fulfil two conditions.

Case 1I: A>0
L 212 p2 T2 2, 2Tm 4
A= (g —r) B —4—(r; —72) 2V >0 (96)
n2c nc en
gtz B medviso o
To > Te = m >0
12 +)B? B2y 0=
i 98)
i('r —rHB? > Se 2V
LTy VY
1 TEi) > 55 99)
No cutoff region: 57 > ¢ % [1— ()7

e

v er? To\o
o (1*7)>Bg}ﬂ{§28mcg[1*(a)]} (100)

Sme

e r2 V o_r? e
78m6177)>822?%[17( )] <1 (1010
In that case:

n? .2 212 p2
L2 QBi {W(TaiTc)B —4
, nelfa TrOB ] L S zyy
magnetron — I 2
2L (r2 — p2) 2008, 2
ne ern (102)
(rZ—r?yn? 2 2
L(r2—r )B:t\/ n—z[ {ra—72)
B? — =T 2V]
fmagnetron = 2%(7‘3 7 T?)inm’!‘g
(103)
(2 — 2B £ (/U
{202 — B2 — sy
fmagnetron = (104)

z
25— D) =R

‘We have two possible solutions and take only those which
giVe fmagnetron > 0

me(ra =B + Ry B
(/102 - B Sy

T (2 2\ 21m .2
ZE(Ta - rc) en Tz

(105)

fmagnetron; =

A0 rB -
/102 — B2 — Bmr2y)

2502 )

Gi=rl)
AL e

Ffmagnetron, =

(106)

Fmagnetron > 0 And all other negative results are mathe-
matics and not realistic. We plot graphs which are related to
Case II: A > 0 ;8 cavity magnetron: » = N/2; N — number
of resonators. If N = 8 then the mode number is four n = 4
and we choose B =024 T V = 25 kV.

e 1.610°1°

= = g8 Tio-aaes = [-926
m 10-°7.3.10 107
% TR on
7.326 - (1 — 92)
mg<1;»ra<17320m
(108)

7326 (177)>00043§177>58695 104

<09994
(109)
T<09994:>09994 [a] > 0= (110
(0 9997 — e ) (0.9997+: ) >0
” 09997&” —0.9997 5 r. > 050, >0
< > Te > Tq > (111

§0< = <09997

In magnetron ro = re=1> ” which fulfil our case.

Overview on typical magneiron cathode and anode diame-
ters: there are mary magnetron types and we sort then by cath-
ode and anode diameters and radius. d, =2 74 3 de = 2 - 7.
LL3 is an eight oscillator tube with anode dimension identical
with those of 2I139(LVS), r, = 0.4 cm, 7, = 0.15 cm. LCW
magnetron dimension in meter, d, = 0.034 m, d, = 0.021 m.
CM16B magnetron dimension in meter, d, = 0.0058 m,
d, = 0.0034 m. 2I38 and 2J39 magnetron dimension in
meter, d, = 0.008 m, d. = 0.003 m. 2J32 magnetron
dimension in meter, d, = 0.016 m, d. = 0.005 m. 4170
and 4J77 magnetron dimension in meter, d, = 0.02 m,
d. = 0.011 m. HP10V magnetron dimension in meter,
dy = 0.029 m, d, = 0.015 m. BM50 magnetron in meter,
d, = 0.0025 m, d. = 0.0016 m. 2J41 magnetron dimension
in meter, d, = 0.0024 m, d, = 0.001 m. 2J42 magnetron in
meter, d, = 0.0039 m, d. = 0.0021 m. 4J50 (4J52, 4J78) high
power 3 cm magnetron dimension in meters for 4150 and 4152
type, d, = 0.0081 m, d, = 0.0053 m. AX9 magnetron dimen-
sion in meter, d, = 0.019 m, d, = 0.0065 m. Tube dimension
in meters of 3131 magnetron, d, = 0.004 m, d, = 0.0024 m.
Dimensions in meters for 725 A magnetron anode dimensions,
Hole and Slot or Vane type, dq = 0.0051 m, d. = 0.0025 m.
First we analyze the graphs fmagnetron = #1 (74, 7¢)-

o (re — ) B2 —
=af?+bf+c=0

fﬁ(rach)B+V (112)
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Magnetron 'requen(:y1 (Hz)

Anode radius (mm) 00 Cathode radius x 0.1 (mm)

Fig. 4. A 3D plot of magnetron frequency, fmagnetron, versus anode radius.
T, and cathode radius, rc. This is for mode number, n = 4, magnetic field,
B = 0.24 T, and magnetron voltage, V' = 25 kV. Increasing magnetron
anode radius decreases magnetron frequency. Increasing magnetron cathode
radius has no significant effect on. First solution.

T 2mm ) 3
a= E(rﬁ—r?)-ﬁrj =2.3365x 10720(r2 —72)r2 (113)

— Tp2 _ a2\ — _ —6Y(2 _ .2
b=—T(rz—712)B (6.28 x 107°%)(rg —r2) (114)
=V, f = fmagnetron

fmagnetron; = M (115)
2a

fmagnetron, = w (116)
a

Increasing magnetron anode radius decreases magnetron
frequency. Increasing magnetron cathode radius has no
significant effect on as can be seen in Figs. 4-7.

Case A:
re: 0.001 m— 0.01 m in steps of 0.0001 m.
7¢: 0.02 m— 0.03 m in steps of 0.001 m, for 7, > 7.

Case B:
7e: 0.1 m— 1 m in steps of 0.01 m.
Tq: 2 m— 3 m in steps of 0.1 m, for r, > 7.

Conclusion: when we increase the dimension of our mag-
netron by higher values of r,, r. our magnetron frequency
decrease. Only one graph describes the actual magnetron
behavior. The other graph is a mathematic solution.

fmagnetmn = u’Jz(V), we choose Ta = 0.4 cm = 0.004 m,
re = 0.15 cm = 0.0015 m

r2 = 0.000016 r2 = 0.0000025 72 — r2 = 0.00001375.
n=4,B=0.24T, V =15kV to 30 kV.

x10"

Magnetron 'requeru:y2 (Hz)

Anode radius (mm) 0 o

Cathode radius x 0.1 (mm)

Fig. 5. A 3D plot of magnetron frequency, fmagnetron, versus anode radius,
rq, and cathode radius, 7. This is for mode number, n = 4, magnetic field,
B = 0.24 T. and magnetron voltage, V' = 25 kV. Increasing magnetron
anode radius decreases magnetron frequency. Increasing magnetron cathode
radius has no significant effect on. Second solution.

13

x10

Magnetron frequency| (Hz)

Anode radius x 100 (mm) 0 0

Cathode radius x 10 (mm)

Fig. 6. The 3D plot of magnetron frequency is the same as Fig. 4, except
the 7, and 7. ranges and steps. Increasing magnetron anode radius decreases
magnetron frequency. Increasing magnetron cathode radius has no significant
effect on. First solution.

Two different solutions for 2D plot of magnetron frequency,
fmagnetron, Versus magnetron voltage V. as can be seen in
Figs. 8-9.

Results: We get two different behaviors for fiagnetron =
12(V'), one solution is mathematic while the other is the actual
magnetron behavior. fiagnetron = ¥3(n), we choose r, =
0.4 cm = 0.004 m, r. = 0.15 cm = 0.0015 m

r2 = 0.000016 ; 72 = 0.0000025 ; 72 — r2 = 0.00001375.
B =0.24 T,V = 25 kV. For an eight resonator magnetron,
the important modes are n = 1,2,3,..., N/2 where N is
the number of resonators. The phase differences between the
resonators is for n = 1,2,3,4 are w/4, w/2, 37/4, and =.
We change mode number n in the range n = 1 to n = 4

URL: http://dx.doi.org/10.14738/tnc.42.1933
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Magnetron frequency, (Hz)

Anode radius x 100 (mm) 0 o0

Cathode radius x 10 (mm)

Fig. 7. The 3D plot of magnetron frequency is the same as Fig. 5, except
the 74 and . ranges and steps. Increasing magnetron anode radius decreases
magnetron frequency. Increasing magnetron cathode radius has no significant
effect on. Second solution.

x10"
167! : .

1.67981 1

1.6798 1

1.67981 4

1.67981 4

1.67981 1

1.67981 1

Magnetron frequency, [Hz)

1.67981 R

1.67981 R

15 2 25 3

V(volt) x10°

Fig. 8. A 2D p]ot of mag n fi Y, i tron. VEISUS magnetron

voltage V. This is for mode number n = 4, magnetic field. B = 0.24 T,
anode radius, 7, = 0.4 cm, cathode radius, 7. = 0.15 cm and we change
magnetron voltage between V' = 15 kV to V' = 30 kV. Increasing magnetron
voltage causes decreasing magnetron frequency. First solution.

and get the values for a,b,c,; a =
~SAXI0T . & = 25000

Two solutions for 2D plot of magnetron frequency,
fmagnetron, Versus magnetron mode number 1 as can be seen
in Figs. 10-11.

Results: magnetron higher mode gives higher frequency. we
get two behaviors, one is mathematic while the other is the
actual behavior of magnetron.

fmagnetron = ¥4(B), we choose 7, = 0.4 cm = 0.004 m,
7r.=0.15 cm=0.0015 m and

r2 = 0.000016 ‘rf = 0.0000025 r2 —
V=25kVn=4,B=02Tto03T.
(2.3365 x 1072%) x 0.00001375 x 0.000016, b =

8.2245% 10”2 W
n? )

2 = 0.00001375.

a =

36

34 4

26 4

Magnetron frequency, (Hz)

22 4

15 2 25 3
V (volt) and

Fig. 9. A 2D plot of n frequency, f, , versus mag
voltage V. This is for mode number, n = 4, magnetic field, B = 0.24 T,
anode radius, 7, = 0.4 cm, cathode radius, 7. = 0.15 cm and we change
magnetron voltage between V' = 15 kV to V' = 30 kV. Increasing magnetron
voltage causes increasing magnetron frequency. Second solution.

x 10

Magnetron frequency, (Hz)

on fi SO
mode number n. This is for magnetic field, B =
ra = 0.4 cm, cathode radius, 7 = 0.15 cm, magnetron voltage ,
25 kV, and we change magnetron mude number between n = 1 to n = 4.
Increasing magnetron mode number causes increasing magnetron frequency.
First solution.

Fig. 10. A 2D plot of mag versus magnetron
0.24 T, anode radius,

vV =

— 2l % 0.00001375 x B

Two solutions for 2D plot of magnetron frequency,
fmagnetron, Versus magnetron magnetic field B as can be seen
in Figs. 12-13.

Results: We have two different behaviors for fiagnetron =
t4(B), one is a mathematic solution while the other is an
actual magnetron behavior.

VII. MAGNETRON DESIGN WEAKNESSES AND WHY IT
MIGHT NOT WORK - SOLUTION
We already plot our magnetron frequency versus magnetron

voltage V and got two graphical solutions. The first graph
shows the result that increasing magnetron voltage causes

Copyright © Society for Science and Education United Kingdom



Magnetron frequency, (Hz)

Fig. 11. A 2D plot of magnetron frequency, fmagnetron, Versus magnetron
mode number . This is for magnetic field. B = 0.24 T. anode radius,
rq = 0.4 cm, cathode radivs, . = 0.15 cm, magnetron voltage , V' =
25 kV, and we change magnetron mode number between = = 1 to n = 4.
Increasing magnetron mode number causes increasing magnetron frequency.
Second solution.

Magnetron frequency, (Hz)
o
I

13 I 1 I I . L 1 I 1
2000 2100 2200 2300 2400 2500 2600 2700 2800 2800 3000
Bx 0.0001 (Tesla)

Fig. 12. A 2D plot of magnetron frequency, fmagnetron, VEIsus magnetron
magnetic field B. This is for mode number, » = 4, anode radius, r, =
0.4 cm, cathode radius, . = 0.15 cm, magnetron voltage, V' = 25 kV, and
we change magnetron magnetic field between B = 0.2 Tto B = 0.3 T.
Increasing magnetron magnetic field causes increasing magnetron frequency.
First solution.

decreasing magnetron frequency while the other shows that
increasing magnetron voltage causes increasing magnetron
frequency. One solution is only mathematical while the other
is the real behavior of our magnetron. The function graphs
magnetron frequency versus mode number n give two results.
Both show the behavior that increasing magnetron mode
number causes increasing magnetron frequency. The results
show that the mode number n must be bigger than one.
The function graphs magnetron frequency versus magnetron
magnetic field B give two solutions. The first solution shows
that increasing magnetron magnetic field causes increasing
magnetron frequency while the other graph shows that increas-
ing magnetron magnetic field causes decreasing magnetron

Ofer Aluf; Magnetron High Voltage System Eight Cavity Stability Analysis under Parameters Variation, Transactions
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x 10
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o
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29 . . . . . . . . .
2000 2100 2200 2300 2400 2500 2600 2700 2800 2000 3000
B x 0.0001 (Tesla)
Fig. 13. A 2D plot of magnetron frequency, fmagnetron, Versus magnetron

magnetic field B. This is for mode number, » = 4, anode radius, », =
0.4 cm, cathode radivs, 7. = 0.15 cm, magnetron voltage, V' = 25 kV, and
we change magnetron magnetic field between B = 0.2 Tto B = 0.3 T.
Increasing magnetron magnetic field causes decreasing magnetron frequency.
First solution.

frequency. One solution is only mathematical while the other
is the real behavior of our magnetron. The magnetic field B
and mode number n can not be negative or complex numbers.
We got two mathematical function solutions for magnetron
frequency (fmagnetronls fmagnetron2). The frequency must be
a real number (not negative or complex).

—b++/ b2 —dac,

fmagnetronl = %a (117)
_ —b—+/b%—dac
fmagnetron? P
T, 5 o 2TMm 5 T .5 o
a = %(rach)—en rovh = 75(%7%)3;% =V (118)

Casel : b* — dac, = 0= b = dac, =

5 (119)
B A GE DY
? o ovope T2 2T o
ey (re —r3)°B* — SE(TQ - TC)ETQV =0 (120
2
R U Lt LR R,
B= [smeav =
Since r, # 7oy 7q > 7 then must fulfill
%('rz —r2)B? = 8%7‘2‘/
fmagnetronl = fmagnetron? = E_% >0
fmagnetronl = fmagnetron? = ET (122)
_ _ E(ri-THB
IR ]
Ben
fmagnetron = fmagnatronl = fmagnetron? = m (123)
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1) l( 2 2)B2 Sm 2V
¢
) (124)
B= /8™ TQV(TETT;T)
2)
fmagnatron = 45?;‘2
Ammr? : (125)
B = on = fmagnetron
drmr?
(1) = @) > 7% Frsagnetron = B2V Gy
fmagnet?‘on = ﬁ (T‘EZ*LTCSW
(126)

1THz = 1012(Hz)our magnetron fragnetron € [0.17Hz —
10T Hzlthen 0.1THz < fragnetron < 10THz. Since

Ben
fmagnetron - fmagnevronl fmagnetron2 W
The magnetron magnetic field is very important and we want

to find the gap.

0.1THz < B;;fz <10THz =

127
ST Uy < B < A1 {1z
n=47 =8ld;m = 9.1 x 103 kg (128)
e=1.6 x 100C;r, = 0.003m — 0.009m
Bmax = MlOISHZ Bmin = mlollHZ
Bmax(rc_:O.OOSm) = 0.00167 (129)
Bmax(rm:O.OOQm) = 0.0048T
Brin(ro=0.003m)y = 1.6073e — 005T
Bunin(r.—0.000m) = 4.8219¢ — 05T (130)
Casell : b2 — dac, > 0= b > dae, 131
B (E 2P > An (2 2mpy (B
m 2 2\2 p2 T2 2, T 5
nQCQ(TaiTC) B 78E(T077‘c)a7‘av>0 (132)
2 B2 m 2
ch('r (L E2 - +2)B2-87r2V) > 0 133)
(T -T )>0 7"a>"c:7'a7é7‘c
Since T # 7oy Ta > T then must fulfill
12 _+2)B2? > 8mp2Y
%(ri - B2 — S%ergv >0 (134)
12 ,2yp2  gm. 2y _ (B f(r2—r2)
C(Tll Tc) e a ( P (135)

4,2 QWZV)(B /(Tisz)_TaQ’ /@)

(B«/ LT a2 @) > 0 for all magnetron parameters
values then

B /(Tﬁzrf) — 2

Bp .

2m > 0 must be fulfill.

2mV>0

= BT o, zr (136)
= B >r,2 e(TTYfz)

Copyright © Society for

2mVe
B2, —re 137
7T e ) 437
—b b2 —dac,
fmagnetronl ;\QZ
b<0= b>0a77r(r 7r2)2’rm2>0 (138)

fmagnetronl >0

2
Fmagnetron2 = ﬂ . We need to find our magnetron
parameters restnctlon for getting real and positive frequency
(fmagnetronQ > 0)

—b— /b2 —dac, > 0= —b > /b2 — dac, (139)
%(7‘2 —r2)B > (140)
(12— 12)° B2 — A (2 — v2) 2
l(rQ )8 >
s (141)
02— 1) B (A2 - 2)Be - Emp2y)
T(r2 - rHB >
( ) (142)

/ 1 B2 _ 8m,2
n\f 7‘a*" \/c 77"0 gTaV)

E2-r)B
/Ty (e - 2B - gy) >0

(143)
n 2 _ 2 (ri—r2)

N Rl ”

—/ 07— BB~ 2203)) > 0

x r2 —12) > Othen
n/c [ c

B\/(Tifrf) 1¢.2 2 B2 8m 2V 0 (145)

GD ez - 2B - 222y >

B> [oata /(L2 —r2)B2 - Bmp2y
iy G B e

= B> \/(32 — B2V )

2 _ 2
PN
C

%M/) >0 (147)

G p2
B(\/L“Cm) — (U2 —r3) = 2gEr2V)) >0 (148)
B>0
then
By - (1 — e r2y)) > 0
c (wZ—ri)eB?'a (149)
- /0~ V) > 0
1 Bm__ec 2y 1
(1-g (7‘2 SoraV) < (150)

=0<1- B el < 1
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Bmin (Tesla)

40

Anode radius (mm) %0 Cathode radius x 0.1 (mm)

Fig. 14. The 3D plot of magnetron ic field as a function of
Tq and 7 ranges and steps. Increasing magnelron anode radius decreases

ic field value. Increasing magnetron cathode
radius increases minimum magnetic field value.

0<1—ﬁ-(TT7,2—7'V<1 (]il)
BTV > 0N { B msgraV <1} :
& T‘!——r’_r V<32

=B ——W12V>0 (152)
(B +7ay/ 3y (B = Tay | 1850y) > 0

B+ra,/e—(sp"—’—f%- > 0 always, then B—ra‘/c(ﬁgr’"_ﬂ:}—) must

fulfil.

B—Ta‘/vrgn_—rr>0=>B>Ta|/e(—8r,?‘nf—‘:5

(153)
meV
(2)3 >Ta TY«}__'?_)
(1) N (2) = {B > ra2,/ F2Vs} (st
(B > 10,/ 8%} = B > ra2y [ 5255
2mV.
B > Buin; Bmin =742 L (155)

e(rz —r2)

We need to plot B,,;,, function vs two magnetron variables r,,
o

VIII. MAGNETRON EIGHT CAVITY ANODE EQUIVALENT
CIRCUIT STABILITY ANALYSIS

Magnetron eight cavity anode equivalent circuit is describe
in figures Figs. 15-16. The elements C' and L are magnetron
one cavity capacitance and inductance equivalent circuit. The
letters A; for i = 1,..,9 are relate to magnetron equivalent
circuit nodes.

Rp

Filament
Voltage

B nductor; (] Capacitor

Fig. 15.  Schematic of magnetron eight cavity anode equivalent circuit. One
cavity equivalent circuit is represented as a parallel capacitor and inductor
resonant circuit. We have eight magnetron cavities in loop series and one
magnetron filament voltage source which is connected in parallel to one
magnetron cavity element. Magnetron filament voltage source has parasitic
resistance 7.

c1

1.y | pa A | YR f5 N pay A3 2
1 Iz o] o) JieE =3 ey U=
2] 2 L3 ) LS L6 L7 LB
VL VWL L WL WYL WYL AW
Re - Fllament vottage source parasitic resistance
R Filament SRdlemeghrnes o
voltage
i|—4 Eignt equivalent circuits in series, typical of German and Japanese magnetrons

V.

Fig. 16. Schematic of magnetron eight cavity anode equivalent circuit. One
cavity equivalent circuit is rep: d as a parallel capacitor and inductor
resonant circuit. We have eight magnetron cavities in loop series and one
magnetron filament voltage source which is connected in parallel to one
magnetron cavity element. It is typical German and Japanese magnetron.
Magnetron filament voltage source has parasitic resistance 1,

Ig, =Ici + Iy +1Ics +Ips s Ios + s = Ior + 17
Ic7+ 17 =Ice + 16 ;s Ios + Ine = Ios + Iis
(156)

Ics +Is =Ica+Ira s Ioa+Ipa = Ios + 113
Ica+ I3 =1Ico+1I12: V=Vg, +Vy1=Vg, + ‘;?%7)

Var—Vao =Vor = V51 ; Var — Vaz = Vg = Vig
Vaz —Vaa =Vor =Viz; Vas — Vas = Ve = Vi
(158)

Vas —Vae = Ves = Vis ;
Var —Vag = Vo3 = Vi3 ;

Vae —Var =Voa = Via
Vas = Vag = Voo = Vi

(159)
Vag =0 => VA1 = Vm =V51; Vas = Voo = V52
Ioy = Oy e m’ k—@%’
Vi = Lz—“ Ic3 = Cyfea 7, 1 Vig = Lyt
Icy = Cyfes 1 Vg = Ly4es

(160)
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av; dar av;
Ios = Cs52% s Vis = Ls “ 5 5 Ios = Cg“30°

i
VLB _ Lsdeﬁ IC? _ O’?d CT VL’? — L7d L7 (161)
Ios = CsBVes ; Vis = LeZts 1 Vi, = In. Rp (162)
V= IRPRP +LlUUL1 = IRPRP Ve
Ie, = -8 g:t1 = VCi = %ffcldt (163)
V= IRPRP+L1 dt =In.Rp+ & fICldt
dd‘;v _ dIRp RP + ICl
Ip, = 01 Yoa +I + OB + Ins (164)
Vo = Ly~ Iy = L Virdt
Vis = Lg? d%g = ILB ~ IVLSdt
Ip, = 1%t ¢ I fVletJr Cs s + zg J Vesdt
(165)
dldip = Cld Vo + 4 Vo + CS at = +4 S Vis 166
s v dt Vo V 4 (166)
8 + L f Ls Td T L I Verdt
Vis = L2 = Irs = & [ Visdt (167)
Vi S v
Csdd‘t/fg +7 VLS C’fdzd‘t/?m Tz V” (168)
Cp¥or 4 L fVLTdi Cs T JV 1o Veedt
Vie = Letli = Ipg = L fVLBdt (169)
C’7ddncT +z 3 “Vir = Co dt;;s + 1. Vee
CoT3 + 7= [ Viedt = 77 [ Visdt + O (170)
Vis = LSd%S =I5 = % fVLSdt
Collge + AVig = £ Vis + Cs ‘%’5 a71)
Cyfzs 4 L Vigdt — CyB%s 4 L [V de
Via = Lafift = Ta = 7 [ Viadt an
Co %™ + - Ves = 04%% + L4VL4
Cofif + 20 [ Vaadt = Cofigt b o [Veadt
Vis = LBMLS =13 = lz IVLBdi
BVoy 1 Vs | 1
Comgp T UtV 0T
Ve 1 dVos 1
. Ll = Vaadt (175
L Lg/L3 2t JrLz./‘m e
Viz = L% = Tra = & [ Viadt (176)
C3 T3 + £, Ve = Co? dt22 Ve

We can summery our intermediate results equations:

Copyright © Society for Science

4V, 1 vV 1
Cof gt + L Vs = CQ‘rdtm ; Ve
Vo Vs L
Ca® 84 + £ I Ly, = Cs*rdt Is Via
a2V 1 42V
C5dd55::5 + fEVL5 = Oyt g8t + 1~ ‘;;:4
Celles 4+ +=Vis = £ Vis + CpLles
EVor | 1 _ v d®Vee | 1
C7d2d‘t/z —+ L7 Vir=Cs 7 —+ Le Vis
Colg@t + £Vig = Cre dtCT +&Vir
dlr d*v, 1 2V 1
g = O+ o Ve + G5 + 1. Vs
av dlr ar
G = "gE R+ Iy sV = In. Rp+ L %3

V=Ig Rp+ 114 = Ly =V Ip Rp

ditgy _ V
Earralal IRPL L= L
iy 7K71 Rp _ dlpy V By Ry
F L

dt — L

Re Ty dt T
dIRP C‘ Ves

a2V, 1 1
L VL1+CBW + - Vis

(177)

(178)

(179)

(180)

(181)

(182)

14l %V 1 Cs d2V2 1
feny dip =g+ .0, Vi + ?f pranie Is0; L8
Ci=Ca=..=0Cs =
(183)
al d*V
él a:ip =g+ LC Vi + dzgs + LCV (184)
R =X, Li=L;=..=1L
‘We define the following new variables:
v - g o
18rp t_ dZVcit &Ves | 1y V. (185)
o = Saet g+ e (Ves + Vi)
Vie=Veu Vi =1,..,8
14rp _ d?Vg, 4 Vs + L(V +V )
C dt aes dz2 IC\VC8 c1 (186)
%X dd‘g L+ dd‘szcs + LC (Vos + Vo)
X =%+ %(V08+V01) = X =4+
Y1 =Ves+Vers y=14 dt (187)
1 dy 1 dYy 1
X =1+ 2V =X —Y 188
e T a teh T Tt e U
2
Cstlga =V = C”T‘;% + £V = (189)
2
Csd s — Cr & R = Vi — A Vi
Y, = Pos _ dVor
d*Vos jtdgvcv d: Ay,. Ly (190)
de? dt? — LCVYLT T LC L8
e = L (Vi —Vig); Yo =Vir — Vg =
& (191)

LCYSv i £

A
&
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2
C7dd‘:§7 + LVir=Cs? dtge + LVie = (192)
Cr 43 — Co s = - Vie — 4 Vir
@ %
dd‘,;m — dd‘fgs = (Ves — Vir)y Yo = 22r d‘;fs
Ys=Vie— Vir; 4 = Vs 193
dYs d*Voe 1 1 Ves
Yi=——F Co—p++— =—V; C
4 TR s, +L6 6 s 5+ Cs BT
(194)
d?Ves Vs 1
= C —C = - —V 195
> SR Ly L8 e (195)
22 Ves dgd‘;'m _ %VLs VLG 1Y = chs d‘g?5
s = L (Vis — Vie)
dt e (196)
WedeﬁHeY7—VL57VL57m7%Y7;%:7Y—5
Cs d;‘:zcs + 5 V2L5 Cy e dt24 + 1 LV = (197)
Cyties C4d vos = HVL4 - ﬁVLs
a’v, &£V,
6;5 £ - — Oyt = fiVL4 - ﬁVLs = (198)
dd‘gs - dd‘t/204 = %(VM — Vis)
dVos  dVey dYs 1
Ys = — s —— = —(Via — V] 199
3 7 PR C’( e —Ves)  (199)
We define Yo = Vry — Vs % = %Yg
a¥e _ vy, . (7,4 Ve +4 V O, % Ves + i V
dat 8,4 dg L4 = V37 g2 3
= Ol - Gl = LV — LV (200)
2
Z = dd‘t/g * = 7o (Vis — Via) s Yio = D — 452
Era LC (Via —Vi4) (201)
We define Y11 = Viz—Vra ) d¥io L—ICYH ] d =Y
2
Csd Yos 4 LSVLS Collee 4 Vi = (202)
C‘fgd Vaa Ogdd‘t/cz — 12 VLQ _ flgVL3
2 2
‘rj 7 — ‘rfd‘;cz = 75(Via— Vig); Yip = Tgs — d¥n
2 = 2o (Vo — Vig) 203)
We define Y15 = Vio—Vrs; 222 = Vi 2 = ¥,
We can summery our system differential equations:
Usp _ X d0—y 9Y 1X
B oo gt (204)
dd?:L IPRTP;%: Y37ﬁ Y
a¥s _ Y5-dY5:,Y4-M:LY7
) de ; Ic 205
L LG SRR T A

a¥y 1 134 Yiz -1
Tohn; gt = Vo TG = getis o
dd” =Y
11
‘We can summery our system variables:
01:02:...:CBZC',leLQ:...:LBZL
New System vari- | New System vari-
Vari- able Variable | able
able
av, av;
IRy 1;}1213 s A
X o Y7 Vis — Vie
Y dVLi + dVLz YB d\;fs _ d\d/f4
Y, V08 + VCl Ys Via —Vis
Iry I Y10 741‘;:4 - L;f@
av, av,
Y, F oty -l AT Vis—Vig
av, av,
Y3 Vig —Vis | V12 &~ g
av. av.
Yy Ter— 2t | Vi Vie — Vi3
Ys Vie —Ver | Vie = Veu Vi =
1,..,8
Table 2. Magnetron eight cavity new variables.
We already got the expression V' = _T—(rZ — rZ)(B — ZEZTDC r2) volts
lyy _ ¥V _ 1, Ep
=+ —Ip. = =
i T x e Zeyp_ ammenny g, Ep 207
T = 1 - ) (B - el —Ipp
o=F (208)
I
I = Pt 2B - T 1 Be

Remark: we consider for simplicity, all resonators are the same (identical,
L and C parallel) [3] [4]. We consider

T 300w 1 300 Zmmec , 106 209)
nho  mg ndo  mg | emhig o=
Then Vvelt] = Z9T(rZ — r2)(B — L2£) by Posthumus (reduce

equation), The voltage V is a linear function of £B. The voltage V is known
as the Hartree voltage. This voltage is that at which oscillations should start
provided at the same time that B is sufficiently large so that the undistorted
space charge does not extend to the anode. According to Hartree there is a
functional graph of voltage [kV] vs magnetic field in tesla [T]. If we take
the maximum magnetic field, the table as follow: » = 4 (B = 024 T,
V=25kVi,n=3B=024TV =41kV), n =2 (B =024T,
V =60 kV).
Analysis: The analysis is done for two set of differential equations:

aYy _ ay _ 1 1 dipy _ v

First set =X @ =Yg =X -V =1 -
Ipp ~f =B

We have five variables: [, X, ¥1,Y, 14 and four differential equations.

Second set: ddﬁ = ﬁYMA ; et _ —Yy: k is vared from 2

to 12 according to the magnetron resonator segment. The varables are
Yit1, YV VEke2,..,12

8
n=4n0 =120, B=024T,f =3 GHz do = £ = 2/ [[T//S]]
01m=01x10"31kg e=16x10"12 C
2 10.6
P2 = 0 g2 = 3985 = 7, = 181 210)
enio ng

7y > 7o We consider magnetron cathode radius (r.) is constant and
scaling down the dimension of magnetron is done by reducing the value
of magnetron anode radius (1;). We run our MATLAB script for different
values of rZ — »Zexpression [18].
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Fig. 17. Magnetron 2D function. Magnetron eight cavﬁy Afs as a

function of magnetron Ir, A phase space for one cavity pa_rameter values
(C = 1 mF, L = 10 mH), magnetron filament voltage source parasitic
resistance rp is equal to 10 €. There is one stable spiral fixed point at Iz, =

Ep _
0. —F= =

7‘3 — rg V= %7007((72 77"3)(B — %)Volts
no:300~4~%9%:120
B=024T

10 188.4 KV

5 94.2 kv

1 18.84 kV

0.1 1.884 kV

0.01 0.188 kv

Table 3. Magnetron eight cavity V vs 73 —

MATLAB script for first set of differential aquations‘ rp = 10
=0

‘id‘? =0 ‘%Y :o;dfdgi = O then X* = 0 Ye— o Y*:o;
f - = =0= 15 = . If we define our system fixed

pomtsasPE’*theanlmF L710mH Ry, =100, IR, =10 A,
Xo =2 Y1y =3 Yo = 4, IL1lg = 5 A. First we analyze the case
ré —r2=10=V = 1884 kV

where * indicates a fixed point in the phase space.

Magnetron 2D functions eight cavity phase space for different variables as
can be seen in figures Figs, 17-22 for V = 188.4 &V

Magnetron 2D function. Magnetron eight cavity I (t),..., Iz, (t) as a
function of time ¢[sec] as can be seen in figure Fig. 23 for V = 188.4 kV.,

MATLAB sctipts: 2 —r2 = 0.01 = V=188 V

Magnetron 2D functions eight cavity phase space for different variables as
can be seen in figures Figs, 24-29 for V = 188 V'

Magnetron 2D function. Magnetron eight cavity In (t),.. ., Iz, (t) as a

function of time t[sec] as can be seen in ﬁgure Fig. 30 for V =188 V.

Second set: % = IOYk+1 H aYe = —Y; k is varied from 2

to 12 according to the magnetron resonator segment. The variables are
Yoy1,Yu ¥k € 2,...,12. We choose k=2 then % = z=Ya; g5
—Ysand we plot MATLAB graph for Yz v8 Yo, and Ys(t), Yg(l) MATLAB
variables: Yo — z;Y: = Tf%g;ddf — g v, =2
Dot Yy = Viy = Vie s Vos = Vis s Vor = Vie

We ca]l the function: magnetronnl (0.001,0.001,3,5).
C=1mF. L=1mH Y20=3 Y30=5.

Magnetron eight cavity Yz = V. — Vi [V] as a function of Yg =
Vg dvc

d’tl“ha graph is the same for all magnetron eight cavities. Magnetron a1ght
cavity Ya(t), Yz (¢) as a function of time ¢[sec] as can be seen in figure Fig. 32

dt

10
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i 1
=
- F 1
(o}
= fixed paint
& ot 1
O
=
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_q 1
B -1 05 0 05 1 15 2 25 3
IRp (A) © 10%
Fig. 18. Magnetron 2D function. Magnetron eight cavity Vo, + Vg, V

as a function of magnetron [z, A phase space for one cavity parameter
values (C' = 1 mF, L = 10 mH), magnetron filament voltage source parasitic
resistance 7p 18 equal to 10 . There is one stable spiral fixed point at Vo +
Vo, =01Ir, =0

24

x 10
2
. ]
o ]
i ]
=
g b
2
& _a fixed point
O
=
4 ]
_q ]
_ L L L L L L I I
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Fig. 19. Magnetron 2D function. Magnetron eight cavity Vo, + Vg, V

ar
as a function of magnetron P A/s phase space for one cavity parameter
values (C = 1 mF, L = 10 mH), magnetron filament voltage source parasitic
resistance 7 is equal to 10 €2. There is one stable node fixed point at V5 4

Vo, P _o0

IX. MAGNETRON EIGHT STRAPPED CAVITY ANODE
EQUIVALENT CIRCUIT STABILITY ANALYSIS
Magnetron eight strapped cavity anode equivalent circuit is describe in
figures Figs. 33-34. We analyse the case of magnetron eight strapped cavities
anode behavior and stability under parameters variation. The below figure is a
schematic of eight strapped cavities, when alternate Cavities strapped together
with solid copper rings. This ensures that oscillations in cavities are in phase.

Igy =Cy [M(VB —Va); Vo =VE —Va= L4

t 211)
Iog=Cole(Ve — Vi) Vg = Vg — Vi = L% dﬁw

Izs 703dt(VB —Va)y;Vea=Vp —Va= Ly

212)
Tos =Cat (Ve = Va) s Via =V — Va = L, 214

dff4
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Fig.20. Magnetron 2D function. Magnetron eight cavity 7 e Vis

ar
as a function of magnetron Eﬁp A/s phase space for one cavity parameter

values (C' = 1 mF, L = 10 mH), magnetron filament voltage source parasitic

resistance ry is equal to 10 {2, There is one stable spiral fixed point at di L4
aVig dry,

@ =0 =

fixed point

dvL1/dt+dVLB/dt (Visec)

-05 0 05 1 15 2 25 3
IRp{A) anlS

Fig. 21. Magnetron 2D function. Magnetron eight cavity d‘;ii + d‘;lt‘s Vis

as a function of magnetron Ig_ A phase space for one cavity parameter
values (C' = 1 mE, L = 10 mH), magnetron filament voltage source parasitic

resistance rp is equal to 10 2. There is one stable spiral fixed point at d‘;';“l +
vy
e =0Irp =0
Ice :Csd%(VB —Vay: Vi =V — Vau :Lsd;f‘r’ 213)
Toe =Co (Ve — V) ; Vie = Vg — Vi = Le 228
d al,
Igr =Cr—(VB —Va); Ver =Vg —Va =Ly Ly (214
dé dé
d dl,
Ios=Cagy (Ve — Via) i Vs = Ve — Va=Le dig (215)

V=Ig,Ro + Vi1 =IrpRp+ Vi ; Vg —Va =Vo1 = Viy
V =IrpRp+Ve —Va;lor= Ck%(VB —Vy) 16

Ofer Aluf; Magnetron High Voltage System Eight Cavity Stability Analysis under Parameters Variation, Transactions
on Networks and Communications, Volume 4 No. 2, April (2016); pp: 1-27

fixed point

VCE+VCT (V)

7 . . .
-5 -4 -3

L
= -1 0 1 2
d¥L 1/dt+dvL8/dt (V/sec) 2

v an

Fig. 22. Magnetron 2D function. Magnetron eight cavity Vog + Vo, V

A%
as a function of magnetron ;1 + ;8 V/s phase space for one cavity
parameter values (C = 1 mF, L = 10 mH), magnetron filament voltage

source patasitic resistance r, i3 equal to 10 (2. There is one stable spiral

fixed point at Vizg + Vo, =0, d‘;% + d‘;ﬁs [Vis]=0

10
V=188400v=1884kv

L I I I I I I I I
0 01 02 03 04 05 06 07 08 09 1
t([sec)

Fig. 23. Magnetron 2D function. Magnetron eight cavity Ir (t), ..., I, (t)
as a function of time ¢ sec magnetron time domain for one cavity parameter
values (C = 1 mF, L = 10 mH), magnetron filament voltage source parasitic
resistance r is equal to 10 £2. Magnetron variables oscillate in time and decay
toward to fixed point

Vip=Vp—Vy= Lk—d;f;k Whk=1,.,8 Q17
KCL @ B:

8 8
Irp=2 i Ioe+ 2 lows Dol Le | o | Le

8

Li=Ly=.=Le=L;t =37 Fl=r=% @18
=Lr=1L

G| Cal.. | Ca;C1=Co=..=Cg=C

1| Ce |l [|Cs;C1=0Cr s 219

8
Cr = zi:l Cilo,=c = 8C
The equivalent circuit for our eight strapped cavities circuit: Cr=Cypqr 5
Lr=Liotat.

V=1IgyRp +Vo, =InpRp + Vi, i Irp = lon + 11y

5 5 4V (220
Top =Yy o =20, Ohl 5% VBa = Vo - Vi
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Fig. 24, Magnetren 2D function, Magnetron eight cavity Vigg + Vi, Voas
a function of magnetron Iz A phase space for one cavity parameter values
(C =1 mF,L = 10 mH), magnetron filament voltage source parasitic

resistance r, is equal to 10 £2, magnetron filament voltage is equal to V =
188 V. There is one stable spiral fixed point at Viog + Vg, = 0,15, =0

fixed point

dIRp/dt (Afsec)
|

IRp (A)

alp,

Fig. 25. Magnetron 2D function. Magnetron eight cavity Afs as a
function of magnetron I A phase space for one cavity patameter values
(C = 1 mF, L = 10 mH), magnetron filament voltage source parasitic
resistance r is equal to 10 {2, magnetron filament voltage is equal to V' =

Ep _
at

188 V. There is one stable spiral fixed point at fr, =0,

8
aly, d[z _ Il )
Vea=Lr g =L~ =g Iy = (aci z6l (221
Ing =75 [Veadt; 3, Ine] = 7 [ Veads
V =InpRp +Vea = Iny = L5784 [ Tpp=Iop +1
© 5 Rp 37 Rp Cr Lr 222
V-V, 8 v,
= Eet = D Oul T + i el
V1V, % 8
R;AV: SCT‘?:‘;\» I fVBAdt (223)
S e A
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AN AR s e,
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Fig. 26, Magnetron 2D function. Magnetron eight cavity Viog + Vo, V
ar

as a function of magnetron d}ip AJ/s phase space for one cavity parameter

values (C' = 1 mF, L = 10 mH), magnetron filament voltage source parasitic

resistance 7y is equal to 10 {3, magnetron filament voltage is equal to V' =

al
188 V. There is one stable node fized point at Vo, + Vi, =0, ﬁp =0

05 T T T T T T T

fixed point

dvL1/dt+dVL8/dt {v/sec)
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Fig. 27. Magnetron 2D function. Magnetron eight cavity d‘;ft‘ 14 d‘;# Vi
as a function of magnetron M;P AJ/s phase space for one cavity parameter
values (C = 1 mF, L = 10 mH), magnetron filament voltage source parasitic
resistance r, is equal to 10 (), magnetron filament voltage is equal to V' =

L Vg g Hre
at at > Tt

188 V. There is one stable spiral fixed point at

-~ dVpa dX -~ d*Vea

X - = Y =V; 225
& @ proaall BA (225
,ixfgcg+§yégcg:,i ,éy 226)
Rp dt L dt Rp L
X _ Ly 1y o @27)
dt 8CRp CL dt
‘We can represent our system as matrix 2x2 differential set.
@ —sohy o X
3 = 8
% = e 5 ( v ) (228)
To find system fixed points: % =0; % =0
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Fig. 28, Magnetron 2D function, Magnetron eight cavily Ly ;gs Vis

as a function of magnetron Ir, A phase space for one cavny parameter
values (C' = 1 mE, L = 10 mH), magnetron filament voltage source parasitic
resistance 7, is equal to 10 (3, magnetron filament voltage source parasitic
resistance rp is equal to 10 £, magnet_mn ﬁlament Voltage is equal to V =

ciVL8 _ OyIRP —0
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Fig. 29.  Magnetron 2D function. Magnetron eight cavity Vg + Vo, 'V
av;
as a function of magnetron di Loy 28 g phase space for one cavity
parameter values (C = 1 mF, L = 10 mH), magnetron filament voltage

source parasitic resistance o is equal to 10 €2, magnetron filament voltage is
equal to V' = 188 V. There is one stable spiral fixed point at Viog + Vg, =

)dVLi 4 dVL8 [V/ ]70

ay _ * . X _ __ 1 ® _ 1 oye
g =05 XV =0, =0 —gop X* — ¥ =0

=Y*=0; B*(X*V*)=(0,0)

(230)
det[A — M| = 0= (gohs + NA+ =0
g - M= 0= (somy # A o (231)
=M+ Aggry top =0
i L a4
SCRp saceRL, ~ OL
Atz = (232)

2
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Fig. 30. Magnetron 2D function. Magnetron eight cavity Iry (%), ..., Ir, (t)
as a function of time ¢ sec magnetron time domain for one cavity parameter
values (C' = 1 mF, L = 10 mH), magnetron filament voltage source parasitic
resistance 7, is equal to 10 {2, magnetron filament voltage is equal to V' =
188 V. Magnetron variables oscillate in time and decay toward to fixed point
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Fig. 31. Magnetron 2D function. Magnetron eight cavity Y3 =V, =V, V

as a function of YV = =8 oy V/s magnetron phase space for one
cavity parameter values (Cj’ = 1 mF L = 10 mH), magnetron new variables
initial valves (Y5, = 3, Y3, = 5), magnetron filament voltage V" and parasitic
resistance rp do not effect our phase space behavior. We see a clear phase
space circle which explain the oscillation of our magnetron

1 1 1 4
AL = — 233
' T16CEp 84CRL  CL @33)
Xy = ! L ! 4 (234)
"7 T16CRr 2%/ 64C°RZL  CL

Stability analysis: we need to classify our system fixed point. Analysis of
eigenvalues helps as to classify our system behavior.
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Il ’ , ‘ ‘ l circuit. The equivalent circuit is represented as a parallel capacitor Cyotal and
oo inductor Liotal resonant circuit. We have eight magnetron strapped cavities
in loop series and one magnetron filament voltage source which is connected
in parallel to one magnetron cavity element. It is typical German and Japanese
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Fig. 32. Magnetron 2D function. Magnetron eight cavity Y2(2), Ya(¢) as iiig & | Saddle point 7%‘”4@}% a0l <o
a function of time ¢ sec magnetron time domain for one cavity parameter Oi A >0 1 c0em [ exist
values (C' = 1 mE L = 10 mH), magnetron new variables initial values & /\1 oL
o : 2<0
(Y3, = 3,Y3, = 5), magnetron filament voltage V' and parasitic resistance A As<0
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Fig. 33. Schematic of magnetron eight strapped cavity anode equivalent
circuit. One cavity equivalent circuit is represented as a parallel capacitor
and inductor resonant circuit, We have eight magnetron strapped cavities in
loop series and one magnetron filament voltage source which is connected in
parallel to one magnetron cavity element. Magnetron filament voltage source
has parasitic resistance ry.
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Fig. 34.  Schematic of magnetron eight strapped cavity anode equivalent
circuit. One cavity equivalent circuit is represented as a parallel capacitor
and inductor resonant circuit. We have eight magnetron strapped cavities in
loop series and one magnetron filament voltage source which is connected in
parallel to one magnetron cavity element. It is typical German and Japanese
magnetron. Magnetron filament voltage source has parasitic resistance r.

Table 4. Magnetron eight strapped cavities stability analysis.

The eigenvalues of a system matrix A are given by the characteristic
equationdet (A — AI) = 0; Where I is the identity matrix. For a 2x2 system

matrix:
__t i
A= 8CEp oL (235)
1 0
And the characteristic equation becomes
L L
det BCRlp _Ci\L = (236)
Expanding the determinant yields /\2 —7A+ A = 0 where 7 =
trace({A) = —soRp A= det(A)
then Ay — T+m m

are solutions of the quadrailc equatmn /\2 —7A+ A = 0. The eigenvalue
depend only on the trace and determinant of the matrix A, We can show the
type and stability of all the different fixed points.

S
Apg— IEYT A 72 B A MALir=AtAL @3

If A <0, the eigenvalues are real and have opposite sign; hence the fixed
point is a saddle point (not exist since A = det(A) = =z > 0. If A =
det(A) > 0 (our case), the eigenvalues are either real with the
same sign (no&es) or complex conjugate (spiral and center). Nodes satisfy

2—4A>0¢m Z£ > 0 and spiral satisfy 72 — 4A <0 =

CL<0

6402 RL
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Fig. 36. Magnetron 2D function. Magnetron eight strapped cavity ¥ =

aVab

Vob V as a function of X = 'V/s magnetron phase space for one cavity
parameter values (C' = 1 mF, L = 10 mH) and magnetron filament parasitic
resistance r, = 10 (), magnetron new variables initial values (Y5 = 2, Xo =
10). We see a clear phase space spiral which explain the decay oscillation of
our magnetron.

The parabola 72 — 4A = 0 = —=t=r — Zr = 0 is the bor-
derline between nodes and spirals; star nodes and degenerate nodes live
on this parabola. The stabﬂny of the nodes and spirals is determined by

T =trace(A) = scR

When 7 = irace(A) = 7ﬁ <0

(our case), both eigenvalues have negative real parts, the fixed point is
stable, Unstable spiral and nodes haver = trace(A) > 0, not in our case.
Neutrally stable centers live on the bordetliner = trace(A) = 0, where
the eigenvalues are purely imaginary. If A = det{A) = O, at least one
of the eigenvalues is zero. Then the origin is not an isolated fixed point.
There is a whole line of fixed points. We run MATLAB scripts to analyze the
behavior of our system. We choose the following circuit parameters values:
C =0.001F= 1mF, L = 0.01H= 10mH, Ry, = 1002 (case ), Ry = 10052
(case Iy, and R = 1000 (2 (case IIT). We choose the following initial values
for our system variables X, Y.

X@t=0)=10Y({t =0y =2 X = 284, oX _
Vea

Magnetron eight strapped cavity Y = V,b[V] as a function of X =
dVab [V/s] magnetron phase space as can be seen in figure Fig. 36 for rp =

Ve . Y =
a2 T

Magnetmn eight strapped cavity X (2), Y (¢) as a function of time #[sec]
as can be seen in figure Fig. 37 for rp, = 10 (2.

Magnetron eight strapped cavity X (¢), ¥ (¢) as a function of time ¢[sec]
as can be seen in figure Fig. 38 for r, = 100

Magnetron eight strapped cavity ¥ = V; b[V] as a function of X =
dV“ [V/s] magnetron phase space as can be seen in figure Fig, 39 for rp, =

Magnetron eight strapped cavity ¥ = V,b[V] as a function of X =
dVab [V/s] magnetron phase space as can be seen in figure Fig, 40 for rp, —
1000

Magnatmn eight strapped cavity X (¢), Y (t) as a function of time #[sec]
as can be seen in figure Fig. 41 for », = 1000

X. MAGNETRON EIGHT CAVITY HULL CUTOFF AND
HARTREE VOLTAGES

In the last discussion we inspect magnetron eight cavity behavior for
applied voltage which is equal to Hartree voltage. It is the voltage which
oscillations should start. We desire our magnetron Hole-Slot-Type cavity
related to magnetron filament voltage. We enhance our analysis regarding
the applied voltage at which oscillations start and the interval limits of that
voltage. Magnetron potential difference between the anode and cathode blocks
(V') should be in an interval with limits determined by the Hartree voltage
V: and Hull cutoff voltage Vo (Vi< V <Vo). We define voltage V' as the
magnetron applied voltage. Hartree voltage value is bigger than Hull cutoff
voltage. The interval determines the magneyron operation region. We define
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Fig. 37. Magnetron 2D function. Magnetron eight strapped cavity X (), Y (t)
as a function of time ¢ sec magnetron time domain for one cavity parameter
values (C = 1 mF, L = 10 mH) and magnetron filament parasitic resistance
rp = 10 €2), magnetron new variables initial values (Yo = 2, Xo = 10).
We see a clear decay oscillation in time of our magnetron new variables
X(@),Y ().

800

600H 1

400 1

200

80 L L L L
02 04 0.6 08 1

t(sec)

Fig. 38. Magnetron 2D function. Magnetron eight strapped cavity X (), Y'(t)
as a function of time ¢ sec magnetron time domain for one cavity parameter
values (C' = 1 mF, L = 10 mH) and magnetron filament parasitic resistance
rp = 100 (1), magnetron new variables initial values (Y = 2, Xg = 10).
We see a clear oscillation in time of our magnetron new variables X (¢), Y'(¢).

our enhance magnetron design parameters: the magnetron length A, the radius
of the cathode (r.), voltage between the anode and cathode blocks (V),
distance between the cathode and anode blocks (7o _s--7c), applied magnetic
field orthogonal to electric field (B), inner and outer radii of the magnetron
anode (ran_ir. Tan_or). length of the magnetron slot ({g,¢). width of the
magnetron slot (2w o), number of resonators (N), and magnetron hole radivs
slot (rp0ie), L is the distance between cavity. Voue is the magnetron output
DC voltage (operating DC voltage) is equal to the peak RF synchronous
voltage and is related to the electron phase velocity. The magnetron output
DC voltage (Voue) can be different from the voltage between the anode and
cathode blocks (V). The magnetron required voltage (V') can be defined an
applied voltage V; ;. The magnetron mode number (r2) is equal to magnetron
number of resonators (N) divided by 2 (n = N/2). Vy is the electron phase
velocity and is equal to the below equation [7].

wk
=== 238
B Zie= Ty = - 238
71 is the efficiency. wo, 2 angular velocity of electron.
I = 2™an i g, = YTon sr
T " (239)
Vour = ﬁ,sz Ty
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Fig. 39. Magnetron 2D function. Magnetron eight strapped cavity ¥ =

V,b V as a function of X = V/s magnetron phase space for one
cavity parameter values (C = 1 mF, L = 10 mH) and magnetron filament
parasitic resistance r, = 100 £1), magnetron new variables initial values
(Yo = 2, Xo = 10). We see a clear phase space circle which explain the
oscillation of our magnetron.
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Fig. 40. Magnetron 2D function. Magnetron eight strapped cavity ¥ =

Vob V as a function of X = d‘djgb V/s magnetron phase space for one
cavity parameter values (C = 1 mF, L = 10 mH) and magnetron filament
parasitic resistance r, = 1000 £2). magnetron new variables initial values
(Yo = 2, Xo = 10). We see a clear phase space circle which explain the
oscillation of our magnetron.

2 _ 200 Vous

an_ir = g . (240)

Tan_ir = 4V 277£out§""cm7ir = TE
Q:%:y,w:won -
Qmwo = 2 (1— i) 1

w is cyclotron angular frequency. Bg is the cutoff static magnetic field. .o, =
= Bo; Bapp = B.

e r2 20m
£ =wo = ——Bo(1 - —°—); By = " (242)
2m Tan_ir e{l — e
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Fig. 41. Magnetron 2D function. Magnetron eight strapped cavity X (2), ¥ (t)
as a function of time ¢ sec magnetron time domain for one cavity parameter
values (C = 1 mF, L = 10 mH) and magnetron filament parasitic resistance
rp = 1000 ), magnetron new variables initial values (¥Yp = 2, Xo = 10).
We see a clear oscillation in time of our magnetron new variables X (¢), Y (2).

By = Zuom — 2um
ellm—e—)  nell-p=—)
Bom s an_in (243)

_dmm
ne(i- )

Bg define as the cutoff static magnetic field. There are two important voltages
related to magnetron operation region. The first lower limit is the Hartree
voltage (V) and the second upper limit is Hull cutoff voltage (V). The
expressions for these voltages are as follow:

2 2 2

Vt:TMTJT(l,ZL)ﬁBW?,M(E)Z (244)
an_ir s 2Ze ’VZ

E’fm in Tf 2

L A @15
Vo> Vi, Ve <V < Voo
2 2 2

Vo2, ot (246)

-
T onle(l— T Te )
‘We choose our applied magnetron voltage V' = V;, 5, to be in the middle of
this limit valves V =V = 2% .35 5 34,

‘We define the gap between magnetron applied voltage upper limit and lower
limit as Vyup = Vo — Vi

2 2
VgapZVO*VtZTﬁn - 2 mJ;
e

retr T @47

2 2 2
S " " m
2z ie (1 - o )zBa,pp e (Z)Z
an_ir

2 2.2 2
Voo = Vo — Vi = Wgnﬁw 27r:‘ +<)
Gz 7 (248)

2
T T W
——ene(l— e )2 Bupy

‘We define two functions: the first is average voltage V" as function of electron
phase velocity and other parameters £1(wvp,.....) and second function is the
gap voltage Vi, as funetion of electron phase velocity and other parameters

Ex{wp, . )

PO %
wiel(l——%—)
nzvp ) (249)

2 2,2
o 2 u
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We need to plot the two functions for different values of electron phase
velocity when other parameters are constant.

XI. DiscussionN

In this paper, we discuss and analyse the behaviour of magnetron eight
cavity system. We already got the expression: Vwolt] = 1 (r7 —r2) (B~
2mme .2
enko 7 ; 300 (2 _ .2 106
(Posthumus). Which reduce to V[wolt] = To"(fra —ri)NB — ) By
Posthumus (reduce equation). The voltage V" is a linear function of B The
voltage V' is known as the Hartree voltage. This voltage is that at which
oscillations should start provided at the same time that B is sufficiently
large so that the undistorted space charge does not extend to the anode.
According to Hartree there is a functional graph of voltage [kv] vs magnetic
field in gauss. If we take the maximum magnetic field, the table as follow:
n=4(B =024T, V = 25kv). n = 3 (B = 0.24T, V = 41kv), n = 2
(B = 0.24T, V = 60kv). 7o > .. We consider magnetron cathode radivs
(tz) is constant and scaling down the dimension of magnetron is done by
reducing the value of magnetron anode radius (r,). We run our MATLAB
script for different values of 73 —r2 expression. We plot graphs for two cases:

2 —rl | Vivolt] = DI -5 (B- 12
3.10%m / sec X
no = 3004 SEeor Tt = 120;
B=024T
10 188.4kvolt
0.01 0.188kvolt

Table 4. Magnetron eight cavity V vs 73 — r2 (two cases).

As we lowering the dimension of magnetron (rZ —r2) | the voltage V' go
down. We analyze our system for the biggest A = r2 — r2 value A=10 and
lowest A = r2—rZ value A=0.01. The dynamical behavior is the same, stable
spital fixed pointE™ = E(I3,, X*, Y7 Y5 1)) = B(52,0,0,0, I3, ).
But the different is the size of the phase space. As we lower magnetron
dimension (V?) the phase space size is smaller but the fixed point classification
is the same (stable spiral). All my analysis is done by the reduce V equation
(Posthumus)[24].

We see in the below graph the Magnetron oscillations. Our fixed point

is a center and it exist for all 8 segments. For the second set Yy _

4t
ﬁYk+1 ; %’—1 = —Y: k is varied from 2 to 12 according to the

magnetron resonator segment. The variables ate Yz 1, Y ¥k € 2,...,12.
Our Magnetron dimension scaling down does not influence on magnetron
oscillation and amplitude. It is only effect by the L and C values. Additionally
we analyse the case of magnetron eight strapped cavity anode behavior and
stability under parameters variation. Alternate Cavity strapped together with
solid copper rings. This ensures that oscillations in cavity are in phase.
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