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ABSTRACT

DESIGN AND ANALYSIS OF X - BAND CAVITY MAGNETRON

Cavity magnetron as a high power microwave source has been around since the Second
World War. It is mostly used in radars and communication satellites. Even though the
theory of magnetron has been around for a long time, there is no straightforward design
method to follow. Usually iterative techniques have been used and particle simulators are
the first choice in the study and design of cavity magnetrons. In recent years, although

MAGIC is very popular program, in this thesis, CST Particle Studio is used.

In a magnetron design, it is very important to start with accurately calculated parameters to
ensure convergence to desired results and develop the design in a relatively short time. For
this reason, a design method is derived and explained in detail in this thesis. The resulting
expressions are used in the design of X band magnetron. Using eigenmode, tracking and
PIC solver parts of CST Particle Studio, 3D computer model is formed and the effects of
all primary design parameters are examined. In addition, simulations run with different

program parameters to study the effects of modeling parameters on designed model.

Another important phenomenon in magnetron design is its noise. The noise generating
mechanism has not been understood completely even though many studies have been
devoted to this subject. On the other hand, the various experiments have been performed to
reveal primary noise sources of a magnetron. According to these works, there exist several
noise reduction techniques. These methods are separately modeled using CST Particle
Studio and best noise reduction technique is chosen for particular magnetron geometry.

Thus, the contribution of this thesis is two-fold. First, the design of an X band cavity
magnetron is detailed and the impacts of design parameters on the performance of an X-
band magnetron are investigated. Then, the sources of noise in a magnetron are studied and
noise reduction mechanisms are proposed and implemented on a hole-slot type eight cavity

magnetron.



OZET

X BANT KAVITE MAGNETRON TASARIMI VE ANALIZi

Kavite magnetronlar, Ikinci Diinya Savasi’ndan bu yana mikrodalga frekanslarda yiiksek
glic gereksinimini saglamak amaciyla kullanilmaktadir. Radar ve haberlesme uydulari
baslica kullanimalanlaridir. Magnetron teorisi lizerine uzun zamandir ¢alisilmasia ragmen
takip edilen belirlenmis sabit bir tasarim metodu gelistirilememistir. Tasarim sirasinda
genelikle iterative tekniklere yer verilir ve parcacik simulasyonu yapabilen programlar
kullanilr. MAGIC bunlar igerisinde en yaygini olmasma ragmen, bu calismada CST

Particle Studio kullanilmastir.

Magnetron tasarimini gorece kisa bir zamanda gergeklestirebilmek ve istenilen sonuglara
yeterli hassasiyette ulasabilmek i¢in tasarimda kullanilan parametrelerin ilk degerlerinin
dogru hesaplanmasi ¢ok onemlidir. Bu nedenle, tasarim metodu gelistirilmis ve ¢ikarilan
metot agik¢a anlatilmistir. Belirlenen metot yardimiyla X frekans bandinda calisan
magnetron tasarlanmistir. CST Particle Studio’nun Eigenmode, Particle Tracking ve PIC
solver kisimlar1 kullanilarak yapinin ii¢ boyutlu modeli olusturulmus ve tiim tasarim
parametrelerinin etkileri incelenmistir. Ayrica, simulasyonlar farkli program parametreleri

ile de calistirilarak model lizerindeki etkileri gozlemlenmistir.

Magnetron tasarimindaki bir diger 6nemli konu da giiriiltii analizidir. Yillardir yiiriitiilen
calismalara ragmen giiriiltii iireten mekanizma tamamen agiklanamamaktadir. Diger
yandan, giiriiltii kaynagini ortaya ¢ikarabilmek amaciyla bir ¢ok deney gerceklestirilmistir.
Yapilan bu caligmalarda giiriiltii azaltma amaciyla cesitli teknikler gelistirilmistir. Bu
metotlarin her biri CST Particle Studio ile modellenmis, simule edilmis ve sonuglari

gozlemlenmistir.

Yapilan ¢aligmalar sonucunda tezin katkisini iki ana baslik altinda toplamak miimkiindiir.
Oncelikle magnetron tasarrmi detayli bir sekilde agiklanmis, bu yapidaki magnetron
tasarimlar1 i¢in belirli bir tasarim yolu cikarilmistir. Ayrica tasarim parametrelerinin

magnetron performansini nasil etkiledikleri de incelenmistir. Ardindan, magnetron
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yapisinda giiriiltiiye neden olan mekanizma arastirilmis ve giiriiltii azaltma metotlar1
aciklanmistir. Bahsedilen teknikler tasarlanan sekiz kaviteli X frekans bandinda calisan

magnetron yapisina CST Particle Studio yardimiyla uygulanmistir.
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1. INTRODUCTION

Rapid development of applications and systems related to microwave frequencies
constantly increase the importance of microwave techniques. These techniques have been
increasingly used in applications such as long distance communications, radar systems,
heaters, defense and missile electronic systems, and space technologies. For all these
devices and systems, high power microwave source is one of the most important parts of
the system. As a power source, electron tubes have primary advantages over solid state
devices that they are usually more efficient and can operate at higher temperature, hence

go along with the production of high output power for relatively high frequencies [1].

Electron tubes can be classified into two general groups such as conventional vacuum
tubes and microwave tubes. Microwave tubes perform the same functions of generation
and amplification in the microwave portion of the frequency spectrum that vacuum tubes
perform at lower frequencies. The conventional vacuum tubes, triodes, tetrodes, and
pentodes, are still used as signal sources of low output power at low microwave
frequencies. On the other hand, three characteristics of ordinary vacuum tubes become
important as frequency increases; these are interelectrode capacitance, lead inductance and
electron transit time which is the time required for electrons to travel from cathode to the
plate. For extremely high frequency applications, standard electron tube construction

becomes prohibitive.

In high frequency and high power systems such as radar systems, the primary signal
sources are microwave tubes. Although there exist different types of tubes depending on
their structure, or interaction mechanism between electrons and electromagnetic field, they
have similar features about their operating principle. Microwave vacuum tubes typically
consist of two or more electrodes enclosed in a glass, metal, or ceramic envelope. A
cathode, which is a source of electrons, usually a metallic electrode that electrons emitted
from thereby the methods such as thermionic emission, field emission, or secondary
emission. Once the electrons are emitted, the movement of charged particles is controlled
by the electromagnetic field. An electric field is supplied by an application of a voltage

between the electrodes in the tube, and magnetic field can be established by a permanent



magnet outside the tube. By this interaction, it is intended to achieve that the DC energy
stored in an external power supply can be converted to microwave energy at the output.
This can be achieved by affecting the energy of electrons, for instance, as an electron is
decelerated by the applied electromagnetic field, it loses its kinetic energy to the RF field.
This obtained RF field is coupled out of the tube using coupling probes or waveguides. The
determinant characteristics of the microwave tubes are their output powers, operating

frequencies, efficiencies, bandwidth, noise and tuning range.

An exact analysis of a microwave tube would be very difficult. Two approaches may be
used in analyzing the dynamic behavior of the electron beam: the earliest approach used
Lagrangian approach and the other type is called the field or Eulerian approach. In the first
one, the motion of an individual electron is studied, and in the second method, the electron

beam is essentially treated as a charged fluid [2].

Microwave tubes can be classified into two groups depending on their different interaction
mechanism between charged particles and the electromagnetic field: the microwave linear-
beam tubes which are also called ‘O’ type tubes and the microwave crossed-field tubes

which are also called ‘M’ type tubes. The linear beam tubes are tabulated as in Figure 1.1

[3].

Linear Beam Tubes
(O-type)
Cavity Slow wave structure
|
! y 1
Resonant Forward wave Backward wave
| |
b g l
Klystron Helix TWT BWA. BWO
N NE ’
Reflex Twystron Coupled
Klystron Cavity TWT

Figure 1.1. Linear beam tubes



The history of linear beam tubes began with the Heil oscillators in 1935 and the Varian
brothers’ klystron amplifier in 1939 [3]. The work was advanced by the space charge wave
propagation theory of Hahn and Ramo in 1939 and continued with the invention of the
helix-type traveling wave tube (TWT) by R. Kompfner in 1944 [3]. ‘O’ type tubes derive

their name from the French TPO (tubes a propagation des antes).

A simple schematic of typical ‘O’ type tube is shown in Figure 1.2.

Slow wave structure

RF po»l erin RF power out
T Collector

DC electric field |’ """"""""""""""""""

[ — I o @

(B direction)
_________________________________ Electron beam
Electron source

Anode
Interaction region

Figure 1.2. The schematic of a linear beam tube [4]

As it can be seen from the Figure 1.2, the interaction between electron beam and
electromagnetic field is 2D. In this type of tube, the magnetic field is parallel to the
longitudinal axis of the tube, and is used to hold the electron beam together as it travels the
length of the tube. The general principle of operation of these tubes can be described as the
electrons receive potential energy from the DC voltage before being arrived to interaction
region and this energy is converted into kinetic energy. Then, in the interaction region, the
acceleration or deceleration of the electrons by the electromagnetic field causes them
bunched as they travel along the tube. These electrons induce current in the output, give up

their kinetic energy to the RF fields and are collected by the collector [3].

The advent of the TWT started in 1933 by Haeff. He recognized the possibility of a
traveling wave interaction between an electron beam and a nearby RF circuit. In 1940,
Lindenblad was the first to describe helix traveling wave amplifiers that were similar to a
helix traveling wave tube. He was the first to explain that a synchronous interaction

between an electron beam and the RF wave on a helix. Finally, Kompfiner built the first



traveling wave tube in early 1943 in England [5]. Kompfiner’s experimental helix

amplifier is shown in Figure 1.3.

INPUT

GLASS ENVELOPE

QUTER CONDUCTOR

!

ovTPUT

/
COLLECTOR

Figure 1.3. Kompfiner’s experimental helix amplifier [5]

There are two types of TWTs: the helix TWT which is a relatively low power and

broadband device, the coupled cavity TWT which is a relatively high power, but

narrowband device. A typical schematic of a helix TWT is shown in Figure 1.4.

RF Input \

Magnetic Focusing Field
—

Attenuator

/ RF Output

/ A
Helix \
E'g‘ﬁ; on Eg?:;:g” Slow-Wave Collector
Circuit

Figure 1.4. Traveling wave tube and the main elements [5]

The RF wave is coupled to the slow wave structure and the wave is slowed down so that it

travels at nearly the same speed as the electron beam. Hence, the interaction between



electron beam and RF wave can be possible. The interaction forms electron bunches within
the beam, and the beam current becomes modulated by the RF signal. The bunches react
with the RF fields resulting in a net transfer of energy from beam to RF signal and
consequent amplification. The amplified RF signal is coupled out at the end of the slow
wave structure. The remaining energy of the electron beam is dissipated in the collector.
Since there are no resonant structures involved, amplification is obtained over a wide

bandwidth. The microwave crossed field tubes are tabulated as in Figure 1.5 [3].

Crossed Field Tubes
(M-type)
Resonant Nonresonant
l |
Standing N \ Maser effect
wave Forward wave Backward wave
Reentrant Reentrant Nonreentrant Reentrant Nonreentrant
Magnetron FWCFA Dematron Amplitron Carcinotron Gyrotrons

Figure 1.5. Crossed field tubes

Contrary to linear beam tubes, in crossed field tubes, dc magnetic field is perpendicular to
the dc electric field and it plays an important role in the RF interaction process. They are
also called ‘M’ type tubes which derive their name from the French TPOM (tubes a
propagation des ondes a champs magnetique: tubes for propagation of waves in a magnetic
field) [3]. In a crossed field tube, the electrons emitted from the cathode are accelerated by

the electric field and gain velocity, and their path is bent by the magnetic field.

Magnetron is a microwave oscillator and a crossed field device (‘M’ type tube). It can be
considered as a diode with a magnetic field parallel to the axis. There is a cylindrical
cathode and a coaxial anode, which contains several resonant cavities. In order to
understand the theory and the importance of the magnetron, it can be helpful if there is
knowledge about the history and development of the device. The history of magnetron can

be followed in Figure 1.6.
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Figure 1.6. The history of the magnetron [6]

The origin of a magnetron theory and development of their operation goes to 1913 when
Arthur Hull first investigated, then in 1921, the first magnetron was demonstrated to
produce radio frequency oscillations by Hull at the General Electric Laboratories in
Schenectady, New York [7]. By 1925 Elder at General Electric was able to produce an
output of 8 kW at 30 kHz with an efficiency of 69% [7]. In 1935, Posthomus first
described and built a cavity type magnetron oscillator, he explained its operation as being
due to an interaction between the tangential components of a traveling RF wave rotating
with a velocity equal that of the average velocity of electrons results in conversion of
electron energy to amplification of the RF wave [5]. He also demonstrated that, if traveling
wave conditions fulfilled which means the electron cloud rotated about the cathode in

synchronism with the RF field, then the efficiency can be grown up. Early types of



magnetrons only operated in UHF region and their efficiency were relatively low. The

structure schematic of early magnetrons is shown in Figure 1.7.

e e —

—

d.

Figure 1.7. Structure of early magnetrons, a. original Hull diode, b. split anode, c. split

anode with internal resonator, d. improved split anode, e. four segment anode [8]

In 1934, four-cavity magnetron developed by A.L. Samuel at the Bell Telephone
Laboratories. As it can be seen from Figure 1.8, the anode is a part of the vacuum
envelope, since the magnetic field had to be provided by a solenoid only low magnetic

field could be applied.
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Figure 1.8. Four-cavity magnetron [7]

During the World War 11, an urgent need for high power microwave generators for radar
transmitters led to the rapid development of the magnetron to its present state. The first
successful multicavity magnetron was developed in Russia by Aleksereff and Malearoff in
1936-1937, operating at a wavelength of approximately 9 cm was able to produce about
300 W continuous microwave powers with efficiency of about 20% [9]. Figure 1.9 shows

the schematic of four-cavity version of this device, the anode was made of a solid copper

block which was water cooled.
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Figure 1.9. The multicavity magnetron developed by Aleksereff and Malearoff [8]

In late 1939, Boot and Randall designed the multicavity magnetron with an external anode
contrary to earlier designs where the anode was within a glass envelope. By this design, the
magnet gap could be reduced and cooling the anode was easier [7]. They also study the
type of cavity resonator, the number of cavities and the form of the output circuit. In 1940,
the first experimental results of the tube which had six cavities in the anode block
established such that the magnetron was able to produce 400 W of continuous power at a
length of 9.8 cm. Such properties of this design as the anode being part of the vacuum
envelope and the output coupling loop inside a cavity let the high-power cavity magnetron
possible. This development was the essential part of the development of microwave radar
systems. In addition to these developments, the Japan Radio Company had developed an 8-

cavity, water cooled magnetron at a wavelength of 10 cm with a continuous power of 500
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W. The first experimental magnetron of Boot and Randall’s magnetron is shown in Figure

1.10 and Figure 1.11.

Figure 1.11. Anode block of Randall and Boot’s first experimental magnetron [8]

After design of Randall and Boot’s magnetron, the General Electric Company (GEC)
started to design and manufacture the sealed-off versions of this design. Air cooled tubes
emerged contrary to water cooled. The leader of GEC laboratories made two important
changes to the original Randall and Boot’s design: the first one was to pulse the tube at

very high voltages, and the second one was to increase the diameter of the cathode and to
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use oxide-coated cathodes. By August 1940, the first of a revised design with 8 cavities

rather than 6 was tested and it produced 10 kW. The figure of this design is shown in
Figure 1.12.

Y Output couphing locp
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Resonator system
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HSSSNN cathode tube

Insulator

Cathode
. end-shields

End plate

[nsulated heater

Gald ring

Radiator.

Tungsten cathode leads

Cathode and heater
side -arms

Figure 1.12. An eight cavity magnetron [7]

In addition, in September 1941, John Sayers found that increased frequency separation
could be achieved by interconnecting alternate segments which are called “strap”. The
measurements showed a considerable increase in magnetron efficiency, i.e. unstrapped
tube had an efficiency of 12 percent, but the strapped tube was 55 percent efficient with
improved stability [7]. After the study of conventional magnetrons, in order to produce

much more power, the relativistic magnetrons were suggested. Starting from 1970s,
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relativistic cavity magnetrons have been constantly investigated. The first relativistic
magnetron design was developed by Bekefi, Orzechowski, and Palevski. The output
microwave power was about 900 MW [10], whereas the conventional magnetrons generate
about 10 MW power. When the magnetrons produced continuous wave power output, the
heating problem appeared at cathode due to back bombardment. In order to solve this
problem and also to produce more power, the pulsed magnetron design was developed.
The general parameters of conventional and relativistic magnetrons are given in

comparison in Table 1.1 [6].

Table 1.1. General operating parameters for conventional and relativistic magnetrons

Parameter Conventional Magnetrons Relativistic Magnetrons
Voltage <100 kV >500 kV
Current ~100 A >5-10 kA
Cathode process | Thermionic and secondary emission Explosive emission
Pulse duration > 1 ms <100 ns

Rise time <200 kV/ms ~ 100 kV/ns
Power <10 MW > 1GW
Efficiency ~50-90 % ~20-40 %
Tunable range ~5% ~30 %

The rising sun and strapping techniques which are used in conventional magnetrons for
good mode selection, cannot be applied to relativistic magnetrons due to high field stress
that would cause arcing and field emission. Conventional and relativistic magnetrons are
pictured in Figure 1.13. The relativistic magnetron is briefly discussed in detail in section

2.2.4.
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Figure 1.13. The cut through of a conventional magnetron used in a microwave oven is at

the left hand side, and the relativistic magnetron from the University of Michigan’s is at

the right hand side [11]
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2. OPERATING PRINCIPLE OF MAGNETRONS

In this chapter, operating principles of cavity resonators, especially cylindrical ones are
given. The various types of magnetrons and the theory of these magnetrons will be further

investigated and analyzed in detail.

2.1. CYLINDRICAL CAVITY RESONATORS

A cavity resonator is a metallic enclosure that confines the electromagnetic energy. The
stored electric and magnetic energies inside the cavity determine its equivalent inductance
and capacitance. The energy dissipated by the finite conductivity of the cavity walls
determines its equivalent resistance [3]. There are types of cavity resonators such as
rectangular cavity resonator and cylindrical cavity resonator which are termed by cavity
shapes. The resonant cavities have many advantages and for this reason they are used at
microwave frequencies. They have a very high Q which give a narrow bandwidth and
allow very accurate tuning. The shape and size of cavities determine the resonant

frequencies, in general the smaller the cavity the higher the resonant frequency.

A cylindrical cavity resonator can be constructed from a section of circular waveguide at
both ends [12]. Since the dominant circular waveguide mode, which is the resonant mode
having the lowest frequency, is the TE;; mode, the dominant cylindrical cavity mode is
TE ;1 mode. The dominant TM mode is TM;;p mode. The resonant frequencies for the

TEnm and TMyy circular cavity modes are derived as:

The geometry of cylindrical cavity is given in Figure 2.1.
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Figure 2.1. The geometry of cylindrical cavity [3]
The wave function in cylindrical cavity should satisfy Maxwell’s equations subject to the

boundary conditions. The transverse electric fields (E,, E¢) of the TE;m, or TMyy, circular

waveguide mode can be written as [12]
E/(r,¢,2) = &(r, p)[A*e~IFrm? + A= eJfnm?] 2.1)

where, é(r, ) represents the transverse variation of the mode, A* and are A~ arbitrary

amplitudes of the forward and backward travelling waves. The propagation constants are

I 2

.Bnm = [k? — ( Zm) (2.2)
for TE,m» mode and
B = k2 — (p”_my
nm — a (2-3)

for TM,, mode.
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where k = w+/ue, u is a permeability, € is a permittivity and py.,, Pnm are the mth roots of

J. Bessel functions of first kind and the derivative of Bessel function with respect to its

argument respectively.
According to boundary conditions E{ =0atz=0andz=d
At = A"
and
At sin Bp,d =0
are found. This means that
Brmd =l
forl =0,1,2,...

Thus, the resonant frequencies of TE,m and TMpm are obtained

2

=i (22 ()

for TE,, mode and

from = Zn\/C;E \[ (p,;m)z * (%T)

for TM,,; mode.

(2.4)

(2.5)

(2.6)

(2.7)

(2.8)
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2.2. MAGNETRON

Magnetron is a high power microwave source that can be classified as a diode which has
usually cylindrical shape. It is mostly used in radars and communication satellites; also it is
used for consumer electronic industry such as microwave oven. As it is mentioned in the
first part, the theory of magnetron and its beginning of development history goes to very
past years, the first quarter of 20™ century. Hull invented the magnetron in 1921 and the

theory has been developed since this date.

All magnetrons have anode and cathode parts which can be in different forms, operated in
a dc magnetic field normal to a dc electric field. The electrons emitted from the cathode are
influenced by these crossed electric and magnetic fields which result a curved electron
path. The development of magnetron theory also follows the evolution of geometry of
early type magnetrons, are shown in Figure 2.2. Hull’s first magnetron is represented in
Figure 2.2.a. Okabe developed the split anode magnetron in 1929 is shown in Figure 2.2.b.,
and the development of the split anode magnetron by dividing the anode into more
segments indicated in Figure 2.2.c. In all these magnetrons, the anode structures are
connected to outer oscillation circuits, on the other hand, Figure 2.2. d. shows the resonant
cavity magnetron, which the resonant cavities replaced outer oscillation circuits developed
by Randall and Boot [13]. They discovered that the output power can be increased with
this change.
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Figure 2.2. a. Cylindrical anode magnetron, b. Split anode magnetron, ¢. Multi-segment

magnetron, d. Resonant cavity magnetron [4]

The magnetrons classified into two groups according to their operating principle:

e Negative resistance oscillation magnetron (Habann type magnetron)

e Electron transit time oscillation magnetron (resonant cavity magnetron)

2.2.1. The Negative Resistance Oscillation Magnetron

This type of magnetron uses a static negative resistance between two anode segments [3].

The general construction of negative resistance magnetrons is similar to the cyclotron
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frequency magnetrons except that the anode has two halves which are at different RF

potentials as shown in Figure 2.3.

Figure 2.3. The general shape of negative resistance oscillation magnetron [14]

If an applied magnetic field to a split anode magnetron is greatly increased over what is
required for the cyclotron frequency magnetrons, this type of oscillation occurs. Figure
2.2.b. also represents this type of magnetron. The Figure 2.4 is a typical split anode
magnetron developed by Philips [15].
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Figure 2.4. Philips split anode magnetron

Under the influence of electromagnetic field, emitted electron from the cathode points

toward the more negative potential plate. The path of electron can be seen in Figure 2.5.

To
resonant
circuit

+50  Electron path

Figure 2.5. The trajectory of an electron in a negative resistance oscillation magnetron.

Two anode plates with different potentials, 150 Volts and 50 Volts [8]
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Because of the fact that only few electrons reach the higher potential plate and most of the
electrons strike the more negative part of the anode, more current induced in lower
potential plate which is the explanation of negative resistance oscillation. By the help of
resonant circuit located between the plates, the oscillated signal can be obtained. Since
required magnetic field for negative oscillation magnetrons is much greater than for
cyclotron frequency oscillation magnetrons, the length of the tube is limited to keep the
magnet at reasonable dimensions. These types of magnetrons are capable of operating at

100 cm wavelength and output powers of 100 Watts with an efficiency of 25 percent [16].

2.2.2. The Resonant Cavity Magnetron

The design of high performance magnetron with high electrical and thermal conductivity
features in a cylindrical symmetry device with a high frequency output circuit could be
capable of giving a relatively large anode current and high power [17]. This type of
magnetron operation depends on the electron transit time oscillation. Although electron
beam and RF field interaction inside a magnetron is very complicated, a simplified electron
motion in a planar and cylindrical diode is investigated under the influence of applied

electric and magnetic fields before explanation of the resonant cavity magnetron operation.

2.2.2.1. Electron Motion in an Electromagnetic Field inside a Planar Diode

The motion of electron beam is assumed to be in a uniform electromagnetic field since the
solution of the inhomogeneous differential equations in a non-uniform field is extremely
difficult to obtain and cannot be determined exactly. On the other hand, fortunately, there

are uniform electric and magnetic fields in magnetrons for the electron-field interaction.

In an applied electromagnetic field, the motion of electrons depends on the orientation of
the two fields, electric and magnetic field. For instance, if the magnetic field is in the same
direction with the electric field, the magnetic field exerts no force on the electron. On the
other hand, if the magnetic field is applied at right angle to the electric field, which is our
case, a magnetic force is also exerted on the electron beam. This type of field is called a

crossed field. This is demonstrated in Figure 2.6.
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Anode

Cathode

Figure 2.6. The electron trajectory in a crossed field planar diode [4]

As it can be seen from the Figure 2.6, there are two infinitely large plane electrodes, anode

and cathode, with potential difference of V.. Since the distance between two electrodesd,

the electric vector field between the electrodes is E = E(=a,) = (V4c/d)(—d,). A uniform

magnetic field is applied as B, = (B,)(—d,) perpendicular to the electric field. The motion of

electron emitted from the cathode under the influence of electric and magnetic field is

described by Lorentz force equation. We can represent the velocity of an electron as,
x| dy s

¥ = v, +v,d, = 5 d, + 4, where d, and d, are the unit vectors in a direction x and Yy,

respectively. The electric and magnetic force are written as follows;

F, = qE = (—e)E = (—e)E(-d,) = (e)E(d,) (2.9)
Fp=q(#xB)= e(—BO%&y + BO%@) (2.10)

dx

where, — and % are the horizontal components of the electron velocity in the Cartesian

coordinate system. Then, the following equation can be written,

- > — — —)dx
F=ma=P;+Fm=e(an—Boaay+B()Eax) (2.11)

a’x 5 d?y

If the acceleration vector is divided into components such that, d = —d, +—5d,, equation

2.11 can be rewritten as
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dzy - dx -
mo7 |4y = (eE —eB, E)ay (2.12)

d?x\ | dy_,
mo7 |4 = (eB, E)ax (2.13)

The solutions of the above differential equations are easily obtained and it can be seen that

the trajectory of an electron is a cycloid.
x = A; sin(w.t + ¢p) + Ayt + xq (2.14)
y = A; cos(w.t + @) + y, (2.15)
where, A, 4,, X, and y, are all constants, that can be determined by the initial conditions,

and w, = eBy/m is the angular frequency. Considering the following simple initial

conditions;

le=o = ¥l L =0 (2.16)
Xlt=0 = Ylt=0 = dt r=0 - dt r=o - .
The equation 2.7 and equation 2.8 become as
-mE E
X =TB_§Slant+B_0t (2.17)
-m E mE
y =TB_§C05th+?B_§ (2.18)

These equations show that with above initial conditions, the trajectory of an electron is like
a point on a circle rolling along the cathode surface as shown in Figure 2.6 with an angular
frequency w, = eBy/m and a cyclotron period T = 21/ w,. The radius of the rolling circle

1s found as
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T
R — Ymax _ 3’(5) _ mE (2.19)
c 2 2  eB

The maximum distance an electron travels in one period T, is

mE
x(T) = 2nR, = 2n—

2.2
eB? (2.20)

As it can be easily seen from the equation 2.12, the radius of the trajectory of an electron
will be varied with a magnetic field Byfor a given electric field E. The situation that an
electron just touch the anode, in other words, tangential to the anode plate, which is also

called a cut-off condition, when y,,,, = d, the magnetic field, B, is determined using the

2mE 1 |2m
B. = / _ - 2= 221
¢ ed d.| e Vac (221)

Also this condition can be expressed in terms of cut-off voltage for a given magnetic field,

equation 2.19,

B, such that

- d*eB?

C

(2.22)

2m

The trajectories of electron can be represented as in Figure 2.7. If there exists only an
electric field, which means absence of magnetic field, electron moves as Curve 1, if the
magnetic field is smaller than the cut-off magnetic field value B,, electron movement is
like Curve 2, if an applied magnetic field B = B, the electron just touch the anode plate,
and the electron orbit is like Curve 3, as a last, if the magnetic field is larger than the cut-

off value B,, the electron moves as Curve 4.
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Figure 2.7. The electron trajectories in a crossed field planar diode for different magnetic

fields [4]

As a last stage, if there is a an AC field in an interaction space between the cathode and
anode, when the magnetic field is larger than the cut-off value, B,, the electron does not go
through the anode plate directly. Depending on emission time from the cathode, electron

will be accelerated or decelerated. This situation is represented in Figure 2.8.

Anode

o (cgiose W,

Figure 2.8. The trajectory of electrons when an AC field is applied [4]

Curve 1 demonstrates the situation that an electron is accelerated by the AC field, it moves
back to the cathode plate quickly, the additional energy of an electron comes from the AC
field, thus they will not affect or amplify the AC field. When an electron is decelerated by
the AC field, the trajectory of an electron is like a Curve 2, the energy lost by the electron
is gained by the AC field, and thus this electron causes to amplify the AC field.
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2.2.2.2. Electron Motion in an Electromagnetic Field inside a Cylindrical Diode

Figure 2.9 represents the geometry of the cylindrical diode, with a cathode radius a, anode
radius b. The potential difference Vj, is applied between the cathode and anode plates. The
magnetic field B is parallel to the axis of the diode, into the page, and perpendicular to the

electric field.

Figure 2.9. The geometry of the cylindrical diode [3]

The analysis of an electron motion inside a cylindrical diode is made as similar way in
previous section. The differential equations should be rewritten in cylindrical coordinates.

The velocity and acceleration vectors can be written according to Figure 2.1 respectively,

dr do dz
—)=_—) _—) _—) 2.23
1% dtar+rdt a¢+dtaz ( )
d2r d\> 1d/ ,d¢ d?z
¢ (dt2 r(dt) >a7+rdt(r dt)a¢+ dat (224)

where, @, ag and @, are unit vectors in cylindrical coordinates. Using the equations 2.23

and 2.24, the kinetic equations of the electron 2.12 and 2.13, are written as

dp  (d*r d\>
eE — eBrE =m (W -7 (%) ) (2.25)
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dr 1d do
B = m——(r2 —) 2.26
“ar T Mrae (r dt (2.26)
By considering the initial condition, % _ =0 from the equation 2.26, the angular velocity
of the electron can be obtained that

dp w, a?

=T -1 -= (2.27)
Wo =3¢ =7 2

where, w,. = eB,/mis a cyclotron frequency of an electron. For the electron just grazing

the electron, the conditions r = b, V =V,, % =0 and since the electron leaves the

cathode with zero velocity, the kinetic energy equation is written as

1
Emvf, = el (2.28)

where, v, = b% is the angular velocity.Using the equations 2.27 and 2.28, the cut-off

voltage and magnetic field are obtained as follows

2

e a
= —B2%b%(1 — b—z)2 (2.29)

I/OC 8m

1/2
- % (2.30)
These equations mean that, for a given magnetic field B, if V; < V., the electrons will not
reach the anode, otherwise, it will strike the anode plate. Conversely, for a given V,, if
B > B, the electron misses the anode, otherwise, it reaches the anode. These are
represented in Figure 2.10. Curve 1 for the absence of magnetic field, Curve 2 represents
the trajectory for an electron in a magnetic field B < B., Curve 3 is a representation of cut-

off condition, B = B, as a last, for B > B_, the electron moves in a way as Curve 4.
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Figure 2.10. The electron trajectories in a crossed field cylindrical diode for different

magnetic fields [4]

Until now, the principle of electron transit time oscillation has been expressed, and

anymore, the theory of resonant cavity magnetron will be explained.

2.2.2.3. The Theory of Resonant Cavity Magnetron

At the time World War II, by the need of high power and wavelengths of 10 cm or less
magnetrons, this type of magnetron was found and from this time it has been developed for
more output power, more stable, low noise and high frequency operation. The following
features of resonant cavity magnetron make it very important and effective, a large
diameter oxide coated cathode can be used which cause to stable operation and large
emitting area; the anode block is part of the vacuum envelope which eases the heat
dissipation; the separate resonators are coupled by conducting elements to cause the

efficiency increase [8].

This type of magnetron is composed of coupled resonators surrounding a cylindrical
cathode and it is designed to convert DC input power to RF output power. This conversion
is a result of interaction between electron beam and RF field in a place between the
cylindrical cathode and the anode block which is called the interaction space. In this
mentioned geometry, the cathode is maintained at a negative potential, while the anode

block is at ground potential to create a potential difference between cathode and anode
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blocks. A constant and uniform magnetic field is applied in this interaction space in a
direction parallel to the axis of the tube, which is also perpendicular to the electric field.
This magnetic field is provided by an electromagnet or permanent magnet with pole faces
external to the magnetron [8]. The anode block consists of number of resonators which
open into the interaction space. Output power is extracted from one resonator by coupling

loop. All these described components and parts can also be seen in Figure 2.11.

~~ANODE

rpur

Figure 2.11. The schematic of a typical cylindrical magnetron (vane type) [3]

\
‘CATHODE

END HAT/

The resonant system design is a very important part of the magnetron design, since the
operating voltage, frequency (wavelength), interaction between the electron beam and RF
field are all determined by the dimensions and shapes of the resonant system. Also the
resonant system is responsible to make the operation of the magnetron as stable as

possible.

Now, the all required definitions, theorems and subjects about the resonant cavity

magnetrons are explained in detail to understand the theory and operating principle clearly.

2.2.2.4. Electrical Equivalent Circuit
In order to explain the RF oscillation in a magnetron and to define the mode concept,

eight-cavity hole and slot magnetron is considered as an example. Figure 2.12
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demonstrates the structure of the eight-cavity hole and slot magnetron and equivalent

circuit model.

Y

Figure 2.12. a. The cross section of an eight cavity hole and slot magnetron, b. Equivalent

circuit model of eight cavity hole and slot magnetron [4]

As shown in Figure 2.12.a, the cavity consists of a cylindrical hole in the anode block and
a slot which connects the cavity to the interaction space of a magnetron. These cavities
replace resonant circuits and the equivalent circuit can be modeled as Figure 2.12.b. The
parallel sides of the slot form the plates of a capacitor, while the walls of the hole behave
as an inductor. Thus, the hole and slot structure form a resonant LC circuit. ‘L’ and ‘C’
represent inductance and capacitance of individual cavities, whereas ‘C ’ is the capacitance

<

between the individual anode block and the cathode. ‘M’ demonstrates the magnetic
coupling due to magnetic flux in one individual cavity to adjacent cavity. All of these are
also valid in other types of magnetron such as vane, rising sun and slot. Figure 2.13 is a

representation of vane type magnetron cavity.

Figure 2.13. The individual cavity of vane type magnetron [18]
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The oscillation frequency of individual cavity resonators is w, = 1/VLC and LC tanks of
each cavity are connected in series. Since the distance between the cavities are same and
symmetrically located, the phase difference between each cavity is the same. This phase
difference is a very important phenomenon in magnetron operation which determines the
operating modes. This concept can be explained as follows;
The oscillating voltage between the anode vanes in one cavity can be written as

Vi = V,sin(wgt) (2.31)
Then, in the adjacent cavity, the oscillating voltage is,

V, = Vysin(wet — @) (2.32)
where, V,,is the amplitude of the RF voltage andgis the phase difference between the
adjacent cavities. If it is continued like that, for an eight cavity magnetron, the oscillating
voltage for the last cavity becomes,

Vg = Vpsin(wot — 7¢) (2.33)

Since the magnetron is a closed circuit,Vy =V, sin(wyt — 8¢)become equal to V; =

,, sin(wyt) leads to

8¢ =2nn (2.34)

where, n = 0,+1, +2, ....

If this result is generalized for N cavity magnetron, the equation 2.34 becomes as

Ny = 2nn (2.35)

or,
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=" (2.36)

From an equation 2.36, it is obviously seen that there exists more than one mode that can
satisfy the same phase difference. The modes corresponding to n =0,1,2,... and n =
0,—1,—2, ... are pairs of degenerate modes which are called doublets. If all the resonators
are identical and the structure is perfectly symmetrical, the frequencies of these degenerate
modes are equal. Thus the total important modes in an N cavity magnetron correspond to
n = 1ton = N/2. It can be easily seen that for n = N /2, the phase difference become as
@ =m , which 1s also result of n =0, corresponds to a condition of zero charge
distribution on every anode segments, thus this mode does not exist. This non-degenerate
characteristic of the n = N/2 mode which is also called m — mode, is an important
feature. In actual magnetrons, they do not have perfect symmetrical structure, and these
asymmetries cause the fact that the doublets have slightly different frequencies. This
situation increases the importance of m — mode. When the magnetron is operated in
desired mode, m — mode, the electric field and charge disposition can be illustrated as in
Figure 2.14. The phase of a, b, and ¢ differs progressively by /2. The magnetic fields
shown in Figure 2.14.b., are produced by the currents flowing around the inside of the

cavities.
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Figure 2.14. a. The electric field and charges in an oscillating eight cavity hole-slot
magnetron in T — mode, b. The currents and magnetic field in mentioned magnetron, c.

The formed electric field and charges after a one half period of case a [§]

For an eight cavity magnetron, the possible important modes are n=1, 2, 3, and 4, the phase
differences between adjacent resonators corresponding to these modes are m/4, m/2,
3m/4, mw. Charge and electric field distribution for these four modes are illustrated in

Figure 2.15.

The field and charge distribution of various modes are different and thus, the effective
capacitance and inductances are different which results the existence of different resonant
frequencies for each mode. Unfortunately, the difference in frequencies of each mode
which is also called mode separation is not as good as it is desired for many times. The

separation should be approximately 5-20 percent between the desired mode and the nearest
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frequency to it [8]. On the other hand, for instance, in an eight cavity magnetron, the
frequency separation is only 1-2 percent [19]. Also except the m — mode, each modes have
a close doublet which causes a problem that the two components of a doublet have nearly
same frequencies. In addition, the magnetron has more stable, higher output power and
higher efficiency in a m — mode operation. For these reasons, the m — mode is usually

selected as an operating mode in a magnetron.

Figure 2.15. The charge and field distribution for an eight cavity magnetron for different

four modes [8]

If the frequency difference between the m — mode and other modes is not as good as it is
desired, the frequency jumping appears which causes the low efficiency and instability. In
order to overcome this problem, several methods have been developed; one of them is

adding strap.
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2.2.2.5. DC Voltage - Magnetic Field Relationship (The Hartree and Hull Conditions)

In a magnetron, the actual source of the RF field is emitted electrons from the cathode. The
movement of the electrons in the interaction space determines the output power and
efficiency. The path and trajectory of an electron is determined by a constant magnetic and
electric fields. The magnetic field is applied parallel to the axis of the cathode, a constant
radial electric field results from the applied DC potential difference between the anode and
cathode. There exists also a varying electric field extending into the interaction space from
charges concentrated near the ends of the anode block segments. The movement of an
electron is determined by the Lorentz force as it is explained in section 2.2.2.1 and 2.2.2.2.
Figure 2.16 illustrates the path of an electron under the influence of different strength

applied magnetic fields.

Figure 2.16. The path of an electron under the influence of different magnetic field

strengths [20]

The electrons are emitted from the cathode which is a source of them and some emitted
electrons are used to transfer energy and amplify the RF field, whereas the residual
electrons strike the anode block. In order to maintain a regular electron movement, there
should be a potential difference between the anode and cathode blocks. This potential
difference is provided by a DC voltage source. The DC voltage causes an electric field
between plates and it affects emitted electrons. The required DC voltage which has an
extremely important role in a magnetron operation is first obtained by Hull in 1921. In
section 2.2.2.2, when an electron motion inside a cylindrical diode is analyzed, for an

electron just graze the anode block, the cut off voltage is found
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2

e a
= —B2b%(1 — b—z)2 (2.37)

I/OC 8m

where, V, is the cut off anode voltage, B is a cut off constant magnetic field,ais a cathode
radius andbis an anode radius. If an applied anode voltage is smaller than V., in the
absence of RF field, the electron cannot reach the anode. This voltage, V., is called Hull
voltage. If the trajectory of electrons are entitled as follows; when an electron just graze the
anode (B = B,), it is called “cut off regime”, when an electron strike the anode (B < B,),
it is called “before cut off regime” and when an electron returns to the cathode instead of
reaching the anode (B > B,), it is called “after cut off regime”, the Hull parabola can be

shown in Figure 2.17.

Ua
Hull’s
parabola™~~__
Before- After-cutoff
cutoff regimes
regimes

Figure 2.17. The Hull parabola, where U, is an anode voltage [19]

After the voltages in a region above the Hull parabola, although there exists an emission
from the cathode and the electrons reach the anode, unfortunately, the RF field cannot be
occurred due to fact that the electrons emitted below the cut off voltage oscillate and the
oscillation frequency appears, conversely, at the voltages above the cut off voltage, there
does not exist an oscillation. Since, for higher voltages, the electrons already strike the
anode plate until they complete their trajectory. Thus, the energy of electrons cannot be

coupled to RF field, and all energy is transferred to anode.

If the resonant frequency of mode n is w, the period of travelling wave which is the time to

travel around the anode become
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nan (2.38)
)
Ifit is called T = 27/ w, the rotating frequency is
2
T2 (2.39)
nT n

In order to be the electron beam in an interaction space between anode and cathode plates,
the magnetron should be operated below the cut off or Hull voltage. The condition for
starting oscillation is that the electrons should rotate synchronously with the RF field
which means the angular frequency of electron should equal to the rotating frequency of

the travelling wave. Let the angular frequency of an electron be (), then,

Q. =Q= (2.40)

)
n
By considering this condition, the threshold voltage which is also called Buneman-Hartree

voltage for RF oscillation to start in a magnetron is found as

b* ,m

B
Ve = EQe(b2 —a?) — - 22 (2.41)

For the detailed derivation, the reference [19] can be examined. When the anode voltage is
applied above this threshold voltage, oscillations can begin. By considering the conditions
and equations 2.29 and 2.33 together, the operation region of a magnetron is determined. It

is shown in Figure 2.18.
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Figure 2.18. The magnetron operating curves and oscillating region [21]

For an eight cavity magnetron, as an example, this region can be seen in Figure 2.19.
According to equations 2.37 and 2.41, as it is shown in Figure 2.19, the lines do not
intersect; the threshold line is only tangent to the Hull parabola. Below the Hartree voltage
line and above the Hull parabola, magnetrons cannot operate. The reason why above
voltages cannot operate is explained before. If the anode voltage is smaller than this
threshold voltage, the required DC voltage cannot be obtained and the electrons cannot
move in synchronism with rotating RF field. As it is seen from the figure, m — mode has
the lowest Hartree voltage. In practice, the anode voltage is set below ther — 1 mode line

which corresponds to n=3 in Figure 2.19.



39

l n=1
140

120}
100

o
o

300 "
B (Gs)

Figure 2.19. The Hartree-Hull diagram of an eight cavity magnetron [8]

In magnetrons, the transfer of electron energy to RF field with zero anode current is not
possible. This situation can be illustrated in Figure 2.20. The dashed line is an ideal case;

however, the real characteristic is shown by solid curve in Figure 2.20.a.

Anode Current

U, Magnetic Field (Gauss)

Figure 2.20. a. Voltage-current characteristic of a magnetron, where U, is cut off Hull
voltage, 1, is an anode current; b. Magnetic field-current characteristic of a magnetron [19,

22]
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2.2.2.6. RF field and Electron Beam Interaction

The movement of electrons under the influence of electromagnetic fields in a resonant
cavity magnetron is similar to that in a cylindrical diode. In order to understand the
interaction of the RF field and electron beam clearly, first the velocity modulation can be
explained. An electron can be accelerated or decelerated by an applied field. There are two
cases should be considered. First, when an electron travels in an opposite direction with an
electric field as shown in Figure 2.21.a, the velocity of an electron increases due to fact

that the negatively charged electron are attracted to the positively charged plate.

POSIVIVELY CHARGED
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— e
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Figure 2.21. a. The direction of an electron is against the lines of electrostatic force, b. An

electron travels in the same direction with the electrostatic lines of force [23]

As the velocity of an electron increases, the energy of an electron also increases. The
important point is that this additional energy acquired from the electrostatic field. Thus, it
is clear that, if an electron travels in an opposite direction to electric field lines, there is an

energy transfer from the field to an electron and velocity of an electron increases.

On the contrary, if an electron travels in the same direction with the electric field lines as
shown in Figure 2.21.b, the velocity of an electron decreases, thus, the energy is also
reduced, and this lost energy is gained by the field. These changes in electron velocity
cause to produce electron bunch. Eventually, the variation in the electron beam velocity is

defined as velocity modulation.

Now, the interaction mechanism between the RF field and electron beam can be discussed.
As it is mentioned before, the emitted electrons from the cathode travel towards the anode

in an interaction space under the influence of DC electric field and magnetic field in a
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curved trajectory. The RF field distribution of m —mode and the possible electron

trajectories are shown in Figure 2.22.
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Figure 2.22. The electron trajectories under the influence of fields in m — mode oscillating

magnetron [24]

When the magnetic field exceeds the cut off value, the electrons try to return the cathode in
the absence of the RF field. Because of the effects of electric field shown in Figure 2.22 by
relatively thin arrows, electron ‘a’ is in the decelerating electric field which causes the

electron is retarded. An applied magnetic field on the retarded electron ‘a’ according to

Lorentz magnetic force equation F= q(v x E), reduces, since the velocity of an electron
is decreased by the field. By adjusting the DC anode voltage and magnetic field, it can be
achieved that the electron ‘a’ takes approximately one half cycle of the RF oscillations of
the cavities from one slot position to the adjacent resonator. Thus, an electron ‘a’ is always
in a retarding field and according to velocity modulation, it delivers the energy to the RF
field until it finally strikes the anode block. On the other hand, an electron ‘b’ is an
accelerating field and it will turn back to the cathode. Since it strikes the cathode and
remains in the interaction space for a much shorter time, it will not contribute energy to the
RF field, in fact, according to velocity modulation principle, it will take small energy from
the RF field. Furthermore, returned electron ‘b’ causes heating loss in the cathode plate.
The electrons ‘c’ and ‘d’ shown in Figure 2.22, are also in decelerating RF field, however,

their movement under the influence of fields such that the electron ‘c’ moves faster than an
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electron ‘a’ and the electron ‘d’ travels in a velocity slower than an electron ‘a’ in order to
form bunch around an electron ‘a’. These electrons from ‘c’ to ‘d’ forms an electron cloud
which is called spokes. This phenomenon is called phase focusing. Figure 2.23 shows the

electron spokes in an eight cavity magnetron.
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Figure 2.23. The electron spokes of an eight cavity magnetron operating in T — mode [24]

The number of spokes is determined by the operating mode. For m — mode oscillations,
electron spokes have angular velocity equal to two anode poles per cycle. For eight cavity
magnetron this number is four as shown in Figure 2.23. The electrons within the spokes

continue to give up the energy to the RF field until they strike the anode.

2.2.3. The Type of Anode Blocks in Resonant Cavity Magnetrons

The resonant cavity magnetrons are also classified according to their anode block shapes as

shown in Figure 2.24.
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Figure 2.24. The general schematic of four different cavities; a. slot-type, b. vane-type, c.

rising-sun type, d. hole and slot type [20]

In four different types, more used cavities are hole-slot, vane, and rising sun magnetrons.

These three of them are explained below.

2.2.3.1. Hole-Slot Type Magnetron
Hole and slot type magnetrons are the first cavity magnetrons. The cavities of these type
magnetrons consist union of a circle and a rectangle. The cross section of an eight cavity

magnetron is shown in Figure 2.25.

Figure 2.25. The general schematic of an eight cavity hole and slot magnetron
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2.2.3.2. Vane Type Magnetron
The cavities of these magnetrons consist of one type structures. As being in other cavity
types, they are used to adjust the resonant frequency. The general schematic is illustrated in

Figure 2.26.

Figure 2.26.The cross section of a twelve cavity vane type magnetron

2.2.3.3. Rising-Sun Type Magnetron

The rising sun anode structure consists of two resonating systems, small and large cavities.
The cross section view is shown in Figure 2.27. In this figure, the waveguide is also shown
which is used as the output structure to transfer the amplified RF field to the out of the

magnetron.

Figure 2.27. The rising sun type magnetron geometry [25]
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Rising sun resonators are generally used for relatively high frequencies, above 10 GHz.
Because the dimensions of resonators become smaller when the operating frequency
increases, and the fabrication of strapped structure become difficult mechanically. In
addition, their small spacing results in large copper losses which cause a decrease in
magnetron efficiencies. Therefore, like these high frequencies, rising sun type anode
structures are used for mode separation instead of strapping. Furthermore, the other
advantage of the rising sun design is its effectiveness when a large number of cavities are

needed.

The operating principle for mode separation in a rising sun anode structure is based on the
influence of different size cavities on the frequencies. The two different size resonators
have different resonant frequencies, and the resonant frequency of a magnetron is obtained
between those frequencies of small and large cavities. The RF voltage across the large
cavities is larger than that across the small cavities, thus, the RF fields extending from the
segments into the interaction space are not uniform. However, fortunately, these non-
uniform fields are nearly as efficient as uniform fields. Desired mode separation can be
achieved by adjusting the ratio of the frequencies of the large and small cavities. There
exists a net circulating RF current around the entire anode. The RF currents in the large
cavities exceed those in the small cavities and since the large cavity currents are in the
same direction, the net circulating current arises. This situation is illustrated in Figure 2.28.

The direction of this current is shown by dotted arrow.

Figure 2.28.The circulating RF current in a rising sun magnetron [8]
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2.2.4. The Relativistic Magnetron

Relativistic magnetrons were developed after the invention of cavity magnetrons for the
applications of much higher voltages obtained by conventional magnetrons and explosive
emission cathodes. The relativistic magnetron is a high current extension of the
conventional magnetrons due to fact that using the explosive emission cathodes overcomes
the current limitations related to cathode emission and space charge. Thus, the current and

output power increases.

The first relativistic magnetron was developed by Orzechowski and Bekefi in 1976 [10]
and the six vane A6 relativistic magnetron explored by Palevsky and Bekefi [26]. This first
relativistic magnetron is operated at a frequency three GHz with a potential 360 kV, a
magnetic field eight kG and a field emission current of 35 kA, which gave a 1.7 GW
output power with a 35 percent efficiency and 30 ns pulse duration [19]. In order to
increase the pulse duration of a relativistic magnetron is increasing the volume of the
device by increasing the number of resonators which also optimize the output power [25].
There is one more advantage of the relativistic magnetron compared to conventional ones;
large number of resonators can be used. Since in conventional magnetrons, increasing the
number of resonators decreases the mode separation. Furthermore, the magnetron with the
pin cathode was able to exhibit better mode stability than the cylindrical velvet cathodes at
lower peak microwave power [27]. The operating frequencies of relativistic magnetrons
extended from the S-band to the X-band in 1980 and to the L-band in 1991 [6]. Figure 2.29

illustrates the Bekefi relativistic magnetron.

Figure 2.29. The geometry of Bekefi relativistic magnetron [19]
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Table 2.1. The characteristic dimensions of several relativistic magnetrons [27]

Magnetron Te Ta T L (0] frequency N
A6 1.58 2.11 4.11 7.2 20 2.34 6
B6 1.58 2.11 4.11 3.81 20 2.34 6
D6 1.83 2.46 4.83 8.42 20 1.98 6
J6 1.69 2.22 3.82 7.2 18 2.81 6

In Table 2.1, dimensions of some relativistic magnetrons are given, where, the lengths are
in cm, angle is in degree and frequency is in GHz. Hull and Hartree conditions for

relativistic magnetrons is given as [19]

2 C/mVié
B, = > 2y, 4+~
/(e/m)(l _Tc /raZ)ra \[ c (242)

It is the cut off magnetic field value. The non-relativistic approximation of the Hull
parabola given in equation 2.37 can be used for I, < 300 kV, whereas the equation is
valid for V, > 5MV [19]. Hartree voltage equation for the relativistic magnetron is given

as

2
Vin = 2 0,(b2 — a2) — 2(1 - J1 ~(2) 3 (2.43)

The maximum efficiency is taken near the Hartree straight line as being in conventional
magnetrons. The relativistic magnetrons efficiency (10-40 percent) is lower than that of the
conventional magnetrons (80-90 percent). The efficiency can be increased by an axial

diffraction output and transparent cathode [28].
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3. THE DESIGN AND ANALYSIS OF AN X BAND MAGNETRON:
HOLE-SLOT TYPE

The operating principle of magnetron was mentioned in chapter two. In this chapter,
further information is given about magnetron design. Primary design parameters, the
method of magnetron design, the requirements for design and simulation are all explained
in detail. According to these instructions, X band hole-slot type resonant cavity magnetron
is designed. 3D modeling of a designed magnetron is performed. The effects of design
parameters and computer model parameters are investigated. The steps of modeling and

simulation results are presented.

3.1. THE DESIGN OF MAGNETRON

Although it is widespread use in industry since World War 11, its physical and electrical
characteristics are very complicated to fit an algebraic model. There are various parameters
that affect the performance directly. In the first part, these parameters are described to

develop procedures of magnetron design.

3.1.1. The Principles of Design

The cathode, the resonant system, the interaction space and the magnetic circuit are four
principal parts of magnetron and the design of magnetron is formed by considering the
design of these components. On the other hand, these four parts are not independent from
each other that the design of one part cannot be realized independently. The design
procedure and design parameters are described clearly in [8]. The parameters that indicate
the requirements for the magnetron design are called primary design parameters;
frequency, pulse-power output, voltage, efficiency, pulse duration and average power
input, heater power, tuning requirements, frequency stability and weight [8]. These express
the relationship between the magnetron components. In general, to achieve the design
over-all magnetron, the requirements to consider are these primary design parameters and

the consistency between the designs of four parts of the structure.
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The first step of magnetron design might be a design of the interaction space. If the
primary design parameters are known and the interaction space is designed, then the rest of
the components will be determined. The requirements for the interaction space design are
voltage, current, wavelength, shape factors and relative operating point. The shape factors

N, g, u are the parameters that determine the structure of the interaction space. Here,

e N: The number of resonators (oscillators).
e ¢: The ratio of cathode radius to anode radius (r. / 1a).
e u: The ratio of the space thickness between vanes to total length of vane thickness

and space thickness (w / d) that can be seen from the Figure 3.1.

Figure 3.1. The cross section of interaction space of a magnetron

The parameters to determine the nature of electronic orbits are called relative operating
point: b, i, g. These are the dimensionless variables that will be found by the following

expressions [8];

h=— (3.1)

i=— (3.2)



50

9= (3.3)

where, B is a magnetic field, I is a current, G;, is a slot conductance and the scale factors,

B;, i1, G, are defined as;

B, = (m) (ZHC) 1 _ 2.12 Tesla
e’/ \ni [1 _ (:C) ] (1) [1 (7 2] (3.4)
; 2ma, (m) (2nc>3 2o - 8440a, (2nra)3 h
1 [1 ~ (:_2)2] (:_Z N 1) e/\n1) @70 [1 _ (:_2)2] (:_Z N 1) nA ) o 35)
G, = :/—1 1/0 (3.6)
and
v, = %(g) (%)Zra2 = 253()00(2171T—/1r“)2 % 3.7)

a, is a function ofr, /7.and is shown in Figure 3.2 [8]. n is chosen as N/2 that corresponds

to T — mode.

15 ‘ ;}‘
\ / '
10 —~—
oy
05
0
1 2 3 4 5 6
B/

Figure 3.2.The variation of a; as a function of /7, [8]
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If the primary design parameters, shape factors and relative operating point are known,
then it is possible to design interaction space of the magnetron. For the interpretation of the
performance of “family of magnetron”, the helpful charts are used. The magnetrons which
have geometrically similar interaction space cross sections and resonant systems made up
of equivalent resonators are called family of magnetrons [8]. There are two diagrams that
are used to interpret the performance and behavior of a magnetron. The “performance
charts” show the relationship between susceptance H, current I, voltage V, power P, and
wavelength A for constant load. On the other hand, the “Rieke diagram” shows the
relationship among conductance G, magnetic field B, power P, voltage VV and wavelength
A for constant current I. Here, H and I are related with the input section, G and B with the
output section and P, V and A are the observed quantities [29]. By choosing the shape
factors N, o, u and the parameters related to the relative operating points b, i, the other
required design parameters g, v, p are determined from one of the performance charts. “v”

({998

and “p” are dimensionless parameters defined as

V
v =— (3.8)

Vi

P
P=p (3.9)
Pl = i1v1 (310)

V and P are voltage and power respectively, V| and P are characteristic scale factors. The
design of interaction space permits determination of the parameters electronic efficiency
e, slot conductance G, slot width w, anode height h, anode radius 7, cathode radius 7,
cathode current density J, magnetic field B, which are called secondary design parameters.
Consequently, using the following equations [8], the secondary design parameters are
found in terms of V, I, A, the shape factors N, o, u, the relative operating points b, i, g.

These equations are obtained using the equations 1 to 9;

42400

=bm (3.11)
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(1-0)2(1+-)

h = 2392 (;) (é)zv . (3.12)
N |V
y = @f? (3.13)
I
6.=9(5)@ (.14

N v
r,=A—== |—0
6320\/; (3.15)
ul |V
_ 4 3.16
W 1010ﬂ (3-16)

i ’V 1 a,
=420 |— 3.17
J Olz vN?A(1 - 02)2(1 +§) (3.17)
_Ph
Ne = o (3.18)

Further information and some useful graphics are given about the parameters that can help
the design of a magnetron in reference [8]. They are obtained from the experiments and are
used to choose the initial parameters for the first assumptions. The determination of
secondary design parameters provides the design of the remaining parts of the magnetron
which are resonant system, cathode and magnetic circuit. Hence, the overall magnetron

design is completed. The general design procedure of magnetron is presented in Figure 3.3

[8].
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Figure 3.3. The analysis of general design procedure of magnetron

Since the number of equations do not equal to the number of unknown parameters, some of
the variables must be chosen and fixed with initial values, and then the other parameters
should be found by the design equations. Here, one way of design procedures is expressed,
in this explained way, the primary design parameters are fixed, shape factors and the
relative operating point are assumed and the other parameters are determined according to
design equations. The other methods are mentioned in [8]. The assumptions are mostly
based on the previous experience. If computed parameters are not consistent the other
aspects of the design and if one is not acquired desired solution, then the initial
assumptions are changed instead of the new values. Since developed equations depend on
assumptions and theoretical ideal cases like infinitely long resonators, it can be made some

minor corrections after the design and simulations to improve the results.

There are some limitations on the size about the main parts of structure such as anode
height, number of resonators, anode diameter, and the ratio w/d, etc. There are suggested
values that can keep the operation of a magnetron more stable. For instance, if the number
of resonators increases, the range of other parameters that can be used decreases or the
structure height is usually kept less than 0.84. The important points about both design and

development of a magnetron are given in [29 - 32].
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The dimensions of the magnetron structure and all design parameters is given about the
typical X band magnetrons, such as BM50, 2J41, 2J42, 725A, 4J50, 4]J52 can be examined
in [8].

3.1.2. The Design of an X Band Magnetron

In this part, according to design rules and taking into consideration all desired
specifications, X band hole slot type resonant cavity magnetron is designed. The design
and dimension parameters about cathode, interaction space, anode and magnets are
determined. Meanwhile the structure material of cathode is very important in terms of
design and realization. It should be designed to have satisfactory long life and have high
durability against very high temperatures, back bombardments. There are various types of
cathodes in terms of used materials in composites. Since the experimental validation is not
performed, the cathode block structure is assumed to have sufficient strength and the
design of material structure is neglected. On the other hand, this subject was examined in

literature and different types of cathodes are used to improve the magnetron performance

[6, 8,31, 33 -37].

The design parameters can be specified according to their related parts of magnetron as

follows:

The cathode part;

e The length (h) and radius (r.) of the cathode block.
e (Cathode voltage (V).

Interaction space;

e Voltage (Vapp) between anode and cathode blocks.
e The distance between cathode and anode blocks (7an 7).

e Applied magnetic field (Bapp) orthogonal to electric field.

The anode part;
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e The length (h) and the inner (74, i) and outer (7'an or) radiuses of anode block.
e The length (slot)) and width (sloty,) of the slot.

e The number of resonators (N).

e Hole radius (7holc).

e Anode voltage (V,).

Magnetic circuit;

e Applied magnetic field (Bpp).

Generic design procedure 1s expressed step by step. Meanwhile, it should not be forgotten
that all calculations are approximate; many assumptions are required to use equations and
inequalities. These calculations just provide useful insight and help to start by reasonable
values in very complicated magnetron design. Appropriate particle simulator programs,

computer codes should be used to determine final values of parameters.

Step 1: First, the operating frequency and desired output power should be specified.
According to given specifications, required number of resonators can be estimated, hence,

n=N/2 is fixed and non-degenerate mode is determined.

Step 2: As a second part, for a given resonant frequency, the shape parameters, cathode
radius, inner anode radius, the length of anode (cathode) block, hole radius, slot width and

slot length are determined according to inequalities and further information [§].

< 0.5 (3.19)
ran_ir
and
e N-o4 3.20
ran_ir~N+4 ( )

and
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h < 0.81 (3.21)

First, 7. is chosen and fixed according to previous experiences, then using (3.19), (3.20)

and (3.21), the other parameters are obtained.

If desired efficiency is also given in step 1, then the following equations about the anode
radius should also be kept in mind. On the other hand, in this case, output voltage is also

required to know, the synchronous voltage related to the phase velocity is given as [38]

Vour = —175 (3.22)

where, v, is the phase velocity and defined as

(3.23)

S
=&

and,

=
Il
=18

(3.24)

where, L is the distance between cavities and it is found as

L= 2T gn ir (3.25)
2n

Hence, anode inner radius can be found from given parameters; frequency, number of

resonators, efficiency and voltage using the following equation

n
Tan_ir = @V 2nVour (3.26)

Then, using (3.19), (3.20) and (3.21), 1, and h are determined. There are no formulas or

equations directly related to the other shape parameters, hole radius, slot width and length.
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On the other hand, Figure 3.4 can be taken into consideration, where Al indicates that

fringing fields have been neglected.

]
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Figure 3.4. Design parameter curves for hole — slot type resonators [8]

Moreover, there are known information about these parameters such that the radius of hole

affects the resonant frequency directly, when it is increased, then the operation frequency

decreases, slot length is inversely proportional to the resonant frequency. In addition, the

ratio u = w/d according to Figure 3.1, is approximately chosen 0.25~0.3.
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Step 3: The next step is to find required magnetic field and the potential difference
between anode and cathode blocks. Using the following equations, the equation related

with cut off magnetic field is obtained
=7 (3.27)

where, () is an angular velocity of an electron. It was also found in chapter 2 and it can be

written as

2

w T,
N=w,= 76(1 —r+) (3.28)

an_ir

Here, w, is a cyclotron angular frequency and it is defined as
B, (3.29)

where, e is an electron charge value equals -1.602177x10™"° C, m unit mass value of an
electron, 9.10939x10" kg, and B, is cut off static magnetic field in unit Tesla. Combining

the equations (3.27), (3.28), (3.29), the following relation is obtained,

w_2nf_eB . 2 330

The equation (3.30) can be rewritten as

4fm 1
BO = 72
ne (1 _ 20 )

Tan_ir

(3.31)

Hence, unknown variable B, is found. As it is explained in chapter 1, required potential
difference between the anode and cathode blocks should be in an interval which the

boundaries are determined by Hartree voltage and Hull — cut off voltage values. This
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interval determines the magnetron operation region. The Hartree and Hull cut off voltage

equations are rewritten respectively as below

r2 . 2 \w T, M @
Vt = a;_l?" (1 _rz ' )EBapp - 2 ?(E)z (332)
an_lr
and
o=z (- TC g 3.33
=—7r2 (1- .
0 8m an;, rzfn_ir 0 ( )

Using the equation (3.33), Hull cut off voltage can be determined easily. The equation

(3.32) can be rewritten in other form as

B
V, = =2 _ 1)V, (3.34)
B
where, B, 1s an applied magnetic field which is chosen less than cut off static magnetic

field, B,. After determination of Hull cut off and Hartree voltages, required voltage value,

%4

app» Must be chosen in an interval,

Ve < Vipp < Vo (3.35)

It should be noted that, the choice of B changes Hartree voltage value, which also

app

affects operation region.

Step 4: The last step is computer modeling of magnetron. After determination of design
parameters, appropriate computer programs should be used to simulate designed
magnetron. Since the calculations using the equations are approximate, particle simulators
are necessary to find the exact values of parameters and to understand real performance. If
required, the parameter values can be changed according to simulation results, hence the

desired specifications are obtained.
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Now, design procedure explained above is applied in order. The operating frequency of the
magnetron, f = 10 GHz, is specified which is in X band, 8 — 12 GHz. It is the only known
parameter to start design for the beginning. The number of resonator is chosen N=8, so the
non-degenerate mode, m — mode, becomes n=N/2=4. As it is known, the magnetron
operation is based on the cathode emitted electron motion in the interaction space under the
influence of orthogonal electric and magnetic fields for a desired specific frequency. Some
of the design parameters described above as Vapp, Bapp, T'c, Tan_ir, 1 and resonant frequency,
f, are all dependent to each other. For this reason, it is required to choose some of these,

and then the rest can be found by formulas and inequalities mentioned above.

We start the design by choosing the radius of cathode as 7, = 0.144, whered = ¢/f is a
wavelength. According to inequalities (3.19), (3.20), 14, i = 0.31 is found and the length
of anode block is chosen as h = 0.584. The next step is to find the magnetic field and the
potential difference between anode and cathode blocks. Using related equation (3.31),
B, = 0.228325 T is found. The operation region is also determined by obtaining Hartree
and Hull cut off voltages. Using an equation (3.33), V, = 56.81 is found, then if applied

magnetic field value, B,,, = 0.21, is taken, using an equation (3.34), Hartree threshold

app
voltage, V; = 47.69 kV is obtained. By considering the inequality (3.35), V,,, = 48kV is
determined. In order to get exact values, various simulations are performed. After
simulations, the rest of the dimensions of the magnetron structure are obtained as h =
0.584, 13,01 = 0.124, slot; = 0.074, and slot,, = 0.1A. Hence, an X band resonant cavity

magnetron dimensions are determined and the design is achieved.

3.2. 3D MODELING OF X BAND MAGNETRON

Computer modeling of magnetron structure is very important and necessary to design and
characterize the behavior of a device. It is required for detailed analysis of principle of
operation and to see the performance of designed structure. Using the computer programs,

various simulations are performed to study and design the magnetron [38 - 48].

In general, the magnetron 1s difficult to model relative to o-type devices due to facts that

the electromagnetic field and the electron cloud interaction is at least two-dimensional, and
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also depending on the interaction process, the geometry and analysis of such devices

requires large memory.

In this report, CST Particle Studio is used for all required simulation work. CST Particle
Studio is a part of the CST Studio Suite. It is dedicated for the 3D simulation of the
electromagnetic fields interacting with charged particles. It is based on the Finite
Integration Technique (FIT) and for the simulation of charged particle interaction with

electromagnetic fields, PIC codes are used [49].

The interaction between charge particles and electromagnetic fields to obtain behavior of
particle trajectories and to provide current and charge densities are determined by the
technique called particle in cell (PIC). The algorithm scheme of PIC is illustrated in Figure
3.5[50, 51].

Numeric solution of Maxwell’s
equations

(discrete positions in grid space)

(Charge density, J)y — s (E.B);

Interpolation ’\AD Interpolation
E and B fields

Current density
(x,v)i = (Charge density,J); (E.B); = F

‘ Numerical solution of equations of |

motion
(Any position in grid space)
F; > Vi — X

Figure 3.5. The scheme of PIC algorithm

Using relativistic equation of motion, Lorentz force and Maxwell’s equations, this cycle is
rounded. The electromagnetic fields will only be obtained at discrete positions in grid

space, whereas the particle quantities can be determined any position.
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In our simulation works, the explosive emission model is used. It depends on the electric
field by the way that if the electric field strength near the cathode is greater than a user
specified threshold breakdown field, electron emission will start. This process is

irreversible that if it is started once, then it could not stop by the threshold again [52].

Simulation of a designed magnetron using CST Particle Studio is achieved in a three steps

which are

e Figenmode solver section,
e Particle Tracking solver section

e PIC solver section

3.2.1. Eigenmode Solver Section

In the first part, using eigenmode solver, the resonant frequencies (modes) and their
electromagnetic field patterns are calculated [53]. For this solver, there are two methods
called Advanced Krylov Subspace (AKS) and Jacobi-Davidson method (JDM) [54]. AKS
solver calculates the resonant modes in a determined frequency interval, whereas for the
JDM solver, there is no limit as in AKS solver, which causes the increment in solver time

with the number of modes to calculate.

For much more accurate structure models, Perfect Boundary Approximation (PBA)
method is utilized for meshing [55]. Using the classical hexahedral staircase mesh, the
structure becomes robust and appears as Figure 3.6 and Figure 3.7. On the other hand,
mesh types as PBA and FPBA (Fast PBA), the structure is modeled with improved
performance and robustness which increase the accuracy. This model is seen in Figure 3.8

and Figure 3.9.
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Figure 3.6. The cross section of magnetron in Xy plane with staircase mesh

Figure 3.7. The cross section of magnetron in xz plane with staircase mesh
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Figure 3.8. The cross section of magnetron in xy plane with FPBA mesh

Figure 3.9. The cross section of magnetron in xz plane with FPBA mesh

Since the dimensions of structure was determined in previous part 3.1.2, magnetron
construction is easily built to complete the first part of simulation: Eigen mode part. The
purpose of this part is to find the exact dimensions of the structure to ensure the magnetron
operates at m — mode. For this, the resonant modes and the electromagnetic field patterns

are observed using both AKS and JDM solver methods. The dimensions, h = 0.584,
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Thote = 0.124, slot; = 0.074, and slot,, = 0.14, those cannot be found using formulas or
equations directly, are determined by these simulations. To start the eigenmode simulation,
PEC surface is removed, remained part is filled by vacuum, and background material is
selected as PEC, hence the electromagnetic field patterns can be observed in created
vacuum space. The boundaries are chosen as tangential electric field becomes zero, E; =
0. First AKS solver method is used and there exists 6 modes in determined frequency
range, 8 — 12 GHz. The electromagnetic field patterns, surface currents and

electromagnetic energy densities are observed as

u/m
5.84e8
5.48e8

4.75e8

4.02e8
3.29e8
2.56e8 A
1.83e8
1.10e8 A

3.65e7 :L‘

Figure 3.10. 3D E — field pattern of mode 1 for a designed 8 cavity hole slot magnetron.
The resonant frequency is 8.597 GHz
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Figure 3.11. 3D H — field pattern of mode 1 for a designed 8 cavity hole slot magnetron.

The resonant frequency is 8.597 GHz
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Figure 3.12. 3D surface current pattern of mode 1 for a designed 8 cavity hole slot

magnetron. The resonant frequency is 8.597 GHz



67

J/m"3

1.28e6

1.14e6
1.02e6
8.9%9e5
7.80e5
6.60e5
5.40e5
4.20e5
3.00e5
1.80e5

0.00413

Figure 3.13. 3D electric energy density pattern of mode 1 for a designed 8 cavity hole slot

magnetron. The resonant frequency is 8.597 GHz
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Figure 3.14. 3D magnetic energy density pattern of mode 1 for a designed 8 cavity hole

slot magnetron. The resonant frequency is 8.597 GHz
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As it is seen from Figure 3.10 — 3.14, electric, magnetic field distributions and current
densities do not behave as expected from oscillating magnetron in m —mode for a
frequency 8.597 GHz. Although desired frequency is an interval 8 — 12 GHz, the
calculations for the design equations are done for a specific frequency f = 10 GHz.
Therefore, we investigate the behavior of magnetron about this frequency f = 10GHz.
There are found resonant modes apart from this mode, which also contains T — mode. The

electric patterns of these modes except m — mode are shown is Figure 3.15 to Figure 3.18.

u/m
6.48e8
6.07e8

5.26e8
4.45e8

2y : 3.64e8

. 2.83e8 -

B - 2.02e8 -
1.21e8 -

T 4.05e7 :J

Figure 3.15. 3D E — field pattern of mode 2 for a designed 8 cavity hole slot magnetron.
The resonant frequency is 9.329 GHz
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Figure 3.16. 3D E — field pattern of mode 3 for a designed 8 cavity hole slot magnetron.
The resonant frequency is 9.885 GHz

Figure 3.17. 3D E — field pattern of mode 4 for a designed 8 cavity hole slot magnetron.
The resonant frequency is 9.905 GHz
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Figure 3.18. 3D E — field pattern of mode 5 for a designed 8 cavity hole slot
magnetron. The resonant frequency is 10.074 GHz

This desired mode is appeared at a frequency f = 10.118 GHz which appears change in
frequency as 0.118 GHz from the calculated one. The electromagnetic field patterns,

surface current and energy densities for this frequency are figured as

u/m
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5.94e8

5.15e8
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Figure 3.19. 3D E — field pattern of mode 6 (r — mode) for a designed 8 cavity hole slot

magnetron. The resonant frequency is 10.118 GHz
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Figure 3.20. 3D H — field pattern of mode 6 (r — mode) for a designed 8 cavity hole slot

magnetron. The resonant frequency is 10.188 GHz

Figure 3.21. 3D surface current pattern of mode 6 (r — mode) for a designed 8 cavity hole

slot magnetron. The resonant frequency is 10.188 GHz
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Figure 3.22. 3D electric energy density pattern of mode 6 (m — mode) for a designed 8

cavity hole slot magnetron. The resonant frequency i1s 10.188 GHz

Figure 3.23. 3D magnetic energy density pattern of mode 6 (m — mode) for a designed 8

cavity hole slot magnetron. The resonant frequency is 10.188 GHz
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After this simulation, the field and current distribution are acquired as expected in Figure
2.14. The phase differences between adjacent resonators are 7. When JDM solver method
is used to verify AKS method, the results are obtained as the same with previous ones.
Hence, the eigenmode part is finished by determining the electromagnetic field patterns.
Although there exists a small difference in calculated frequency and simulation result
frequency, it can be ignored at this level. Because, there will be also made some changes

and optimized the structure in the following steps.

3.2.2. Particle Tracking Solver Section

Second step of modeling and simulation is particle tracking part. The purpose of this part is
determining the required potential difference between anode and cathode blocks, and
magnetic field to apply. To obtain these results, the electron motion in the interaction space
under the influence of orthogonal electric and magnetic fields are investigated and
observed using the CST Particle Studio, particle tracking solver. The desired situation is
that the electrons should travel around the cathode neither go through the anode and strike
the anode plate immediately nor go back to the cathode and do not emitted again. The
trajectory of an electron should be completed to couple the energy of an electron to the RF
field. The electron trajectories for different electromagnetic fields are represented in Figure
2.10. The analytic and discrete equations used by tracking solver are given in [56].
Contrary to eigenmode solver, PEC blocks do not removed and the boundary condition at
the end of the magnetron is defined as H; = 0 to prevent the magnetic field to escape from
the interaction space. Fixed emission type is chosen for electron emission from cathode.

The trajectory of an electron in one period is shown in Figure 3.24.
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Figure 3.24. The trajectory of an electron under the influence of electromagnetic field,
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According to this simulation result, the magnetic field value must be increased to prevent

the electron strikes to the anode plate. For this reason, new simulation is performed and the

results are shown in Figure 3.25 to Figure 3.27.
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Figure 3.25. The trajectory of an electron under the influence of electromagnetic field,
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Figure 3.26. The trajectory of an electron under the influence of electromagnetic field in

different view, V,,, = 48kV, B,,, = 0.22T

> ‘app app

Figure 3.27. The trajectory of all electrons emitted from the cathode under the influence of
electromagnetic field. The number of total electrons is 1830. V,,,,, = 48 kV, By, = 0.22 T
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As it 1s seen, the electron can rotate around the cathode plate. On the other hand, it should
be known that this trajectory also depends on position where the electron emits. Therefore,
it is not true to decide the required magnetic field and anode — cathode voltage difference
only looking a one simulation. This can just provide useful insight to start and continue a

design. The last parameters should be determined after PIC simulations.

After this step, the anode voltage and magnetic field values are determined approximately.
The magnetic field value is changed from 0.21 T to 0.22 T. These values may also be
optimized to get desired results during PIC simulations. Until the last simulation part called
PIC simulation, the dimensions and the required electromagnetic field values are
determined using eigenmode and particle tracking solver steps respectively. Now, in this
step, using the probes, the electric field of the magnetron is monitored versus time and

frequency at the specific point.

3.2.3. PIC Solver Section

PIC solver part is used to simulate charged particles emitted from arbitrary surfaces under
the influence of the electromagnetic fields. The calculation method is explained in [57].
Using determined values of dimension and electromagnetic fields from the previous steps,
the first PIC solver simulation is performed. For this simulation, explosive emission model
with 1830 number of emission points for emitted electrons is chosen. Rise time and kinetic
value of energy are taken as 1ns and 3eV respectively. Two probes are used and they are

located at the beginning and end of the slot as in Figure 3.28.
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Figure 3.28. The location of probes in magnetron structure

The electric field signal (V/m) measured by the probes are given in the following

figures
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Figure 3.29. Measured electric field as a function of time by the probe located at the end of

the interaction space (at beginning of the slot part)
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Figure 3.30. The frequency spectrum of measured electric field by the probe located at the
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Figure 3.31. Measured electric field as a function of time by the probe located at the end of
the slot part
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Figure 3.32. The frequency spectrum of measured electric field by the probe located at the
end of the slot part
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Figure 3.33. The comparison of the frequency spectrum of electric fields (V/m) monitored

by probes located in different places
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Figure 3.34. The comparison of the frequency spectrum of electric fields (dBV/m)

monitored by probes located in different places
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Figure 3.35. Detailed view of the comparison of the frequency spectrum of electric fields

(dBV/m) monitored by probes located in different places

As it is seen from the comparison Figures 3.33, 3.34 and 3.35, there is no variation in
resonant frequency and only appears a little difference in magnitudes between the
measured values of electric fields according to probe location. Therefore, only one probe is
used for simplicity after this part. In CST simulation, hexahedral mesh is used and the lines

per wavelength are chosen 20. There exists total 51240 mesh cells and the simulation takes
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approximately three hours. The number of emission points and the mesh cells are the
critical parameters to determine the simulation time. By the PIC solver, it is seen that the
desired solution is obtained that there is only one resonant frequency in overall, 8 GHz —
12 GHz, X band. Also, there exists an important point that the initial parameters are
calculated for the resonance frequency f= 10 GHz, but, frequency shift is occurred and the
resonance frequency is moved to f= 8.965 GHz. On the other hand, this change can be,
since the analytical equations are derived for simplicity, these equations and formulas do

not give exact results.



Figure 3.36. The particle previews of emitted electrons in a PIC simulation at different

times
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The next step is determining the optimum values of parameters about the number of
emission points, mesh accuracy and PIC solver time to obtain the best results without
changing the characteristics of structure. These obtained parameters are used anymore to
develop the design. The first investigated parameter is PIC solver time. Although the
length of time is dependent on the rate that the magnetron model simulations would settle
down, this is chosen arbitrarily. It should be considered the optimum level between the
stability and simulation time, neither very long time to achieve settling down nor very

short PIC solver time to perform the simulation in a short time.

=—The measured data for PIC solver time 100ns
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Figure 3.37. The comparison of the frequency spectrum of measured electric fields (V/m)

for different PIC solver times

>

7X 10 T T T I T

—PIC solver time: 30 ns

61 : —PIC solver time: 100 ns {]
— —PIC solver time: 150 ns
Esp 1
e
N’
= 4 :
9
=~
.83 7
=
3 2
=

1 - |

d
8 7 8.75 8.8 8.85 8.9 8.95 9 9.05 9.1 9.15 9.2
Frequency (GHz)

Figure 3.38. Detailed view of the comparison of the frequency spectrum of measured

electric fields (V/m) for different PIC solver times
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Figure 3.39. a., b., c. The monitored values of electric field for 3 different PIC solver time
30 ns, 100 ns and 150 ns respectively. The parameters used in CST except PIC solver time

are hold same for all simulations

As it is seen from the figure, PIC solver time affects the spectral characteristics and
simulation result accuracy. But, these changes are tolerable. On the other hand, the

simulation time also increases, i.e. for 100 ns PIC solver time simulation, it continues 7
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hours and for 150 ns PIC solver time, the simulation is completed in 13 hours. Since the
required simulation times are get longer when PIC solver time is increased, and the
resonance frequency does not affected from this change, for simulations to get quick
results, generally PIC solver time is chosen 30 ns. After desired solutions, a new long time
simulation is performed to get final more accurate result using previously obtained

parameters.

The effects of number of emission points and number of mesh cells are investigated in the
following simulations and presented in the Figures 3.40, 3.41, 3.42, 3.43. From the figure,
the simulation results show that the mesh number affects the resonance frequency and it
causes the frequency shift. But, there is no very important change when the simulation time
is considered as the mesh number is increased. If the lines per wavelength are chosen 25,
the total mesh cells number become 94608, and for 15, the same number is 23040. The
RAM requirement of computer also increases by increasing the number of the lines per
wavelength parameter. For the lines per wavelength: 15, there exists a staircase mode
presented in Figure 3.44, which can affect the accuracy, therefore, the optimum and
convenient choice is the least “lines per wavelength” number for less total mesh cells that

satisfies the required accuracy. For our simulation, this number is 20.

—Lines per wavelength:15
—Lines per wavelength:20
—Lines per wavelength:25

Electric Field (V/m)

T,
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Figure 3.40. The comparison of measured electric field values (V/m) for different “lines

per wavelength” parameter
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Figure 3.41. Detailed view of the comparison of measured electric field values (V/m) for

different “lines per wavelength” parameter
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Figure 3.42. The comparison of measured electric field values (V/m) for different “number

of particles” parameter
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Figure 3.43. Detailed view of the comparison of measured electric field values (dBV/m)

for different “number of particles” parameter

Although “the number of particles” parameter causes to increase in simulation time as the
parameter increases, it does not affect the result. The other parameters for these 3
simulations are kept same and the simulation time increases from 1.5 hours to 7 hours. For

this reason, number of particles is chosen 800 for the rest of the simulations.

Figure 3.44. The cross section of magnetron structure modeling and the representation of

mesh cells in staircase mode

CST parameters that will be used in general for the rest of the simulations are determined,

these are 30ns for PIC solver time, lines per wavelength 20, and the last, number of
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particles is 800. On the other hand, it should be specified that, there would be exceptional

simulations using different values mentioned above to get more accurate results.

3.2.4. Impact of Design Parameters

Now, the impact of magnetron structure parameters such as the height of anode block, the
radius of cathode, the radius of hole, slot length and width are investigated. The first
examined parameter is the height of the cathode (and anode) block. Two more simulation

is performed to compare the first model.
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Figure 3.45. a. The frequency spectrum of the electric field result when anode block height
is taken0.54Awhich is less than the first designed model, b. The frequency spectrum of the
electric field when anode block height is taken 0.634 which is bigger than the first
designed model, c. The comparison of three magnetron model having different anode block

heights
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The length of the magnetron does not affect the resonance frequency, but the noise level
varies according to this value. The most desired solution is obtained when the magnetron
height is lengthened to 0.63A. If this extension is continued to 0.684, the result gets worse

compared to previous one as presented in Figure 3.46.
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Figure 3.46. The comparison of three magnetron model having different anode block

heights

From these simulations, the length of the magnetron structure is determined as 0.63A. The

effects of cathode radius and anode inner radius are shown in the following figures
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Figure 3.47. The comparison of electric field values of three magnetron models having

different cathode radiuses for whole frequency band
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Figure 3.48. Detailed view of the electric field values of three magnetron models having

different cathode radiuses

5X 107
T T T T T T T
—inner radius of anode block: 0.3lambda
——inner radius of anode block: 0.29lambda

4 —inner radius of anode block: 0.31lambda
~~
=
E/ 3
<
2
=~
Q
.E 2
5]
2
[=a

1

O 1 e L A ‘ﬁ

8 8.5 9 9.5 10 10.5 11 11.5 12
Frequency (GHz)

Figure 3.49. The comparison of the frequency spectrums of three magnetron models

having different anode inner radiuses for whole frequency band
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Figure 3.50. Detailed view of the frequency spectrums of three magnetron models having

different anode inner radiuses

As it is seen from the Figure 3.39 and Figure 3.40, the cathode and anode inner radius do
not only affects the signal and noise level, but also determines the resonance frequency.
When these are altered, it should be known that the interaction space also changes which
has directly impact on the frequency. If the interaction space region is extended, then the
resonance frequency is decreased and vice versa. Therefore, the effects of cathode radius
and anode radius dimensions are inversely. The following parameter is the slot length; this
region is a connection of holes and the interaction space. The dimension of slots also plays

a role on magnetron characteristics. The impact is shown in Figure 3.51 and Figure 3.52.
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Figure 3.51. The comparison of the frequency spectrums of three magnetron models

having different slot lengths for whole frequency band



93

x10
6 T T T T T T I T I
: - —slot length: 0.08lambda

5 : —slot length: 0.07]lambda ||
,é\ : : —slot length: 0.06lambda
> 4 : A :
2 -} |
o) :
23 ,
h] : .
B 2 : :
9 .

1 i N VI\ ]

gS 8.6 8.7 8.8 8.9 9 9l 9:2 93 9.4 9.5

Frequency (GHz)

Figure 3.52. Detailed view of the frequency spectrums of three magnetron models having

different slot lengths

The dimension of slot width and the resonance frequency are directly proportional. The
resonance frequency decreases as the width of the slot region is decreased. This relation

can be seen from the Figure 3.53 and Figure 3.54.
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Figure 3.53. The comparison of electric field values of three magnetron models having

different slot widths for whole frequency band
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Figure 3.54. Detailed view of the frequency spectrum of electric fields of three magnetron

models having different slot widths

Although it seems that if the dimensions mentioned above are changed alone, then the
resonance can shifted to any frequency, the situation would not realized as it supposed.
Since the signal and noise levels are also varied according to magnetron structure, the
model should be designed by considering all parameters together. The hole radius effect is
shown in Figure 3.55 and Figure 3.56. As expected, the resonance frequency is increased
when hole radius dimension is decreased. The sideband noise levels are also affected from
these changes. On the other hand, for all simulations, the magnetron has only one

resonance in whole frequency band as desired.
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Figure 3.55. The frequency spectrum of electric fields related with three magnetron models

having different hole radius dimensions for whole frequency band
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Figure 3.56. Detailed view of electric fields related with three magnetron models having

different hole radius dimensions

After the investigation of impact of structure parameters, the effects of applied
electromagnetic fields are examined by keeping the dimensions constant. Applied anode
voltage and magnetic field comparisons are made and the results are shown in Figures
3.57, 3.58, 3.59 and 3.60. It is important that obtained electric field from the magnetron
increases without any change in resonance frequency as applied voltage is increased.
Meanwhile, the noise levels vary for three different models. Applied magnetic field levels
do not affect the result like anode voltages and there exists just small variations in electric

field values.
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Figure 3.57. The comparison of electric field values of three magnetron models when

applied anode voltages are different
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Figure 3.58. The comparison of noise levels about the resonance frequency for three

different applied anode voltages
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Figure 3.59. The comparison of electric field values of three magnetron models for whole

frequency band when applied magnetic fields are different
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Figure 3.60. Detailed view of the frequency spectrum for three magnetron models when

applied magnetic fields are different

3.2.5. Magnetron Output Design

The interaction of emitted electrons and the electromagnetic field causes RF field in the
interaction space. The RF field is converted microwave energy at the output and this field
coupled out of the tube using coaxial and/or waveguide outputs. The wavelength and the
tube power level determine the output whether coaxial or waveguide output. In some cases,
two of them are used together by using the coaxial to waveguide transitions. The RF field
is coupled to output waveguide by coaxial line used as a loop coupling. In this work, since
the frequency and the power level is appropriate, the output is designed using both loop
coupling and rectangular X band, WR 90, waveguide. The model of structure and the

simulation results are presented in the following figures.
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Figure 3.61. a. The top view of magnetron model, b. The side view of magnetron model, c.

The cross section of magnetron model
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The magnetic field is defined using a magnet instead of analytic source field as in previous
simulations. The reason of change is that as seen from the model, the output waveguide
width is larger than the height of the magnetron which prevents defining the required
boundary conditions at the ends of the interaction space. Therefore, to solve this problem
the magnet is used. The magnets will also be used in the following noise section and will
be described in detail. Discrete port is defined at the end of the output waveguide to
monitor the voltages and currents. The resonant frequency shifts by adding the output
section. Since the resonance is actualized at one frequency in whole frequency band, it is

not necessary to adjusted to 10 GHz again.

Discrete Port Current Signal

O li) 2]1 3}) .l-n Si» ({(n
Time (ns)

Discrete Port Current Magnitude (A)

Ao A FDEE
9.5 10 10.5 11 11.5 12
Frequency (GHz)

Figure 3.62. a. The current signal as a function of time response monitored by the discrete
port at the output waveguide, b. The current signal variation according to frequency

monitored by the discrete port at the output waveguide
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Figure 3.63. a. The voltage signal as a function of time response monitored by the discrete
port at the output waveguide, b. The voltage signal variation according to frequency

monitored by the discrete port at the output waveguide

The length of the waveguide is very important to adjust the resonance and matching. The
output power is calculated approximately five kW using the voltage and current values at
the resonant frequency. Since the output section is also used as a matching part from the
resonant system to the output load, the noise performance of magnetrons with output
section is better than the previous ones which the electric fields monitored by probes. The

output voltages and currents are obtained almost free of noise in operating frequency.
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4. MAGNETRON NOISE AND THE REDUCTION TECHNIQUES

The cross field amplifiers, especially magnetrons are high noise devices due to the
common instability of electron clouds. Although the noise generation mechanisms have not
well understood until now, in order to prevent the interference from other communication
systems occupying the same region of the microwave spectrum, various techniques are
developed. In this chapter, the source of noise is explained. The noise reduction techniques
are also investigated and compared to each other. The performance of these techniques is

examined.

4.1. THE ORIGIN OF NOISE IN MAGNETRON

The magnetrons are the most widely used vacuum microwave devices spite of their low
noise performance. As mentioned in chapter 2, the motion of electron in the interaction
space causes RF signal as a noise and since the oscillation appears from this signal, the
noise cannot be eliminated completely from the magnetron. The existing particles in the
interaction space, ions and electrons move in different velocities and this difference causes
the ions to produce momentary variations in the electron current, thus, the noise appears
[8]. Hence, the noise is considered as an inherent part of the operating structure of a
device. Since the analytical model of magnetron operation cannot be constructed easily,
most of the investigations about the magnetron noise are based on the experiments and

measurements.

The reasons of noise are varied in magnetron operation. One is about the circulating
motion of electron stream in the interaction space [58], which is associated with the wide-
band noise generation [59]. The applied voltage and the magnetic field values are very
important for stable oscillation. In general, the noise level rises as an anode voltage
increases [60]. Correct value and the direction of magnetic field can help to prevent back
bombardment of emitted electrons which causes excess noise and provides better signal to
noise ratio. The other is related to the cathode heating source. Back bombardment and
cathode heating conditions which are related to cathode structure have primarily effects on

the noise levels of microwave magnetrons [59, 61]. In order to improve the noise
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performance, the cathode heater current of a magnetron should be turned off during the
oscillation after startup [62, 63]. It prevents the excess current emission which is over
required for the operation. By this change, sideband noises are suppressed and noise close
to the operating frequency is reduced [64]. The cathode temperature also affects the noise.
According to measurements, the increase in cathode temperature causes to rise the noise
level [60, 62]. The kind of cathode is another important parameter that influence the noise,
1.e. for the conventional oxide-coated cathodes, the residual gas had no influence on the
noise, on the other hand, the pressure of neon in tungsten cathodes causes noise [8]. The
existence of more than one mode which is called pairs of degenerate modes, doublets, also
produces the noise. Except m — mode, two components of doublets have nearly same
frequencies, but not exactly same and these prevents the desired mode-frequency
separation which causes the sideband noises. The starting time of oscillation is another

noise generating phenomenon in magnetron [64].

4.2. NOISE REDUCTION TECHNIQUES

In order to increase performance, various methods are developed to suppress generated
noise in magnetron operation. Although the noise generating mechanism is very
complicated and it is not understood completely, since the measurements show the source
of a noise in magnetron operation is based on the motion of particles in anode-cathode
space, all methods intend to form the electron flow in the interaction space. These methods

are

e (athode priming
e (athode shielding
e FElectric priming
e Magnetic priming

e Strapped system

4.2.1. Cathode Priming

As mentioned in the previous part, rapid startup and mode locking are critical challenges

for low noise levels. In cathode priming method, the electron emission from the cathode is
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divided into N/2 parts to accomplish m — mode operation. This division is actualized in
two ways. On is that the single cathode is fabricated with N/2 emitting region. This
operation can be made by laser micromachining of aluminum metal by projection ablation
lithography (PAL) [65]. The other way is using N/2 separate cathode. Cathode priming
simulations are performed by CST Particle Studio, the schematics and the result are shown
in the following figures. In Figure 4.2, it is shown that using cathode causes the frequency
shift, since the electron emissions also exist between the cathodes, and this leads the
interaction space. The total simulation continues approximately five hours, when PIC

solver time is chosen 30 ns.

Figure 4.1. Basic configurations of cathode priming by CST Particle Studio, a. Single

cathode with (N/2) four electron emission regions, b. (N/2) four separate cathode
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Figure 4.2. a. b. The comparison of cathode priming methods. Measured data from the

CST Particle Studio simulations

4.2.2. Cathode Shielding

Another technique to suppress the noise in the magnetron is shielding the cathode ends by
metals. The cathode shielding can be applied to both sides of the cathode [66], or just one

side [67]. The schematics of magnetron cathodes are shown in Figure 4.3.
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Figure 4.3. The inside schematics of a. Conventional magnetron, b. Cathode shields on

both sides of the cathode, c. Cathode shield on one side [67]

This noise reduction technique is used to prevent the electron emission from the end

portions of the cathode and it causes to reduce the spurious noise. The simulations verify

the results in [67] unlike in [66]. The axially asymmetric configuration works better than

axially symmetric configuration. Here, the important phenomenon is that, this “axially

asymmetric” situation is also valid for other noise reduction techniques such as strapping

and magnetic priming which will be shown in the following parts.

In our CST Particle Studio simulations, since the cathode structure is not formed from

filaments as in Figure 4.3, the cathode shield part is built distinctly. The schematic is

presented in Figure 4.4.
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Figure 4.4. a. The schematic of magnetron with a cathode shield on one side, b. The
schematic of magnetron with a cathode shield on both sides. The red parts specify the

emitted regions of cathode
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The most important parameters in this configuration are the height and the thickness of the
cathode shield. The desired values are determined by numbers of simulations. The

measured probe electric field magnitude is given in Figure 4.5.
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Figure 4.5. The electric field variation for whole frequency band in magnetron operation

using cathode shielding noise reduction technique. PIC solver time is adjusted to 80 ns

When axially symmetric configuration of cathode shield is used as in Figure 4.4.b., the
comparative results are shown in Figure 4.6.and Figure 4.7. The electrons are emitted in

the middle section of the cathode.

— Axially asymmetric configuration

| Axially symmetric configuration ||

Electric Field (V/m)

9.5 10 10.5 11 115 12
Frequency (GHz)

Figure 4.6. The electric field values for two different cathode shield configuration. PIC

solver time is chosen 30 ns for simulation process
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Figure 4.7. The comparison of cathode shielded magnetrons with conventional one. Detail
view of the frequency spectrum of three types structure; red curve represents a magnetron
that is not used any type of noise reduction method, black curve is used for a cathode
shielded structure with axially asymmetric configuration, and blue one is used for a

cathode shielded magnetron with axially symmetric configuration

4.2.3. Electric Priming

This method is based on the electron prebunching into the m — mode using the anode
shape modification, hence, the noise is planned to reduce. The electric priming experiment
was performed in strapped magnetron and the noise suppression appeared in [68]. Various
modifications are made in anode structure and the schematics are shown in the following

figures
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Figure 4.8. The schematics of eight cavity magnetron with three different anode
modifications, a. The middle of the anode structure between the slots are perturbed, b. Two
edges are cut, c. One edge is cut, the other edge is expanded. All cuts are cylindrical for

both three models

For all types, the purpose is to create a perturbed electric field along the azimuthal
direction using periodic shape modifications. The resonant frequency is also affected from
these modifications. The related results with different anode modified magnetrons are

presenting as
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Figure 4.9. The electric field simulation results of three different anode modified

magnetrons
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Figure 4.10. The comparison of applied electric priming magnetrons with conventional
one. Detail view of the frequency spectrum of four types structure; pink curve represents a
magnetron that is not used any type of noise reduction method, black curve represents a
structure as in Figure 4.8.c., blue one is used for a model represented in Figure 4.8.a., red

curve is used for a structure modeled in Figure 4.8.b.

The size of the variations in anode shape also affects the result; this can be seen in the

following figure,
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Figure 4.11. Obtained electric field values of three different models. The modification type

is same for all simulated magnetrons, the radiuses of cuts are different in structures

4.2.4. Magnetic Priming

Magnetic priming method is based on generating an azimuthally varying non-uniform
magnetic field. In this case the magnetic field is intended to perturb instead of electric field
being in electric priming technique. This is one of the most investigated and applied
method in noise reduction techniques [61, 64, 69, 70]. Azimuthally varying non-uniform
magnetic field enable the more electrons emitted and enhance the startup performance of
m — mode oscillation which causes noise reduction and improves the frequency spectrum
[71]. Since it is not necessary to make big changes in the structure and redesign the anode

block, applying magnetic priming is relatively easy compared to other methods.

For an N-cavity magnetron, N/2 magnetic field perturbations are imposed in the azimuthal
direction by added N/2 magnets on the perimeter of the existing magnet to operate the
magnetron in m — mode. The perturbing magnets should have the same polarity. This

technique can be applied axially symmetric or asymmetric as in cathode shielding method.
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Figure 4.12. a. Side view of axially asymmetric magnetic priming configuration, b. 3D
view of magnetic priming configuration with added 5 perturbing magnets for 10-cavity

magnetron, c. Side view of axially symmetric magnetic priming configuration [64]

In our simulations, magnetic field has been applied by defining analytical source field until
now, but azimuthally varying magnetic field cannot be applied by this way. Therefore, the
magnets are used to provide the essential and perturbing magnetic field. The schematic is

shown in Figure 4.13,

Figure 4.13. The 3D schematics of the magnetic priming magnetron in CST Particle Studio
with four (N/2) square perturbing magnets added on the perimeter of the anode structure, a.

Top view, b. Side view
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The magnetic field values of perturbing magnets and essential magnet are 0.11and 0.22
Tesla, respectively and the polarities are inverse. The correct values of parameters are

found by the optimization process. The frequency spectrum of this model appears as

5
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Figure 4.14. The frequency spectrum of the magnetron with perturbed magnetic field
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Figure 4.15. The comparison of frequency spectrums for three different magnetrons. Red
curve indicates microwave spectrum with unperturbed magnetic field, blue curve is used
for axially asymmetric configured magnetron, and black curve represents axially

symmetric configured magnetron. PIC solver time is fixed as 30 ns for simulation process
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4.2.5. The Strapped System

Strap is a conductor connected to alternate segments of the magnetron to make the phase
difference between them zero. It is first used in 1941 by Randall and Sayers at Birmingham
as a name “mode locking system”. It is shown that the operating frequency was increased
to about 50 percent [8]. The strap may be continuous or broken at one point above a
segment to which is not brazed. Strapping can be made in two general form; ring strapping
and echelon strapping. Ring strapping is also divided into groups such that single ring and
double ring. These mentioned types are illustrated in Figure 4.16 and Figure 4.17. In

double ring design, an individual segment is connected to only one of straps.

Figure 4.17. Single and double ring strapping of magnetrons [§]

Adding strap affects the capacitance and inductance of the individual cavities that adjust

the resonant frequency of the magnetron as shown in equivalent circuits in Figure 4.18.
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Figure 4.18. The electrical equivalent model of a. Unstrapped and b. Strapped magnetrons

[72]

When the magnetron operates in a m — mode, all connected segments by straps, are at the
same potential, thus there exists no current flowing through the straps, but the adjacent
segment which is connected with other set of strap, the adjacent anode blocks have more
different potentials as it is compared with unstrapped case, thus there will be increase in
effective capacitance that is in parallel with the resonator capacitance. This causes a
decrease in frequency of m — mode. For any other mode, this potential difference between
the adjacent segments is not as large as the potential difference inm — mode. As a similar
approach, except m — mode, there exists a current flowing along the straps, this causes an
inductance in parallel with the effective resonant inductance, leads to an increase in
resonant frequency of other modes. Hence, the effect of strapping can be summarized that
the resonant frequency of m — mode is decreased, whereas the frequencies of other modes
are increased. In this way, the mode separation can be provided. This effect can also be

seen in Figure 4.19.
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Figure 4.19. The effect of strapping on mode separation in an eight cavity magnetron [8]

CST Particle Studio schematics and the simulation results are presented in the following

figures,
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Figure 4.20. Different 3D views of strapped magnetron model. The strap is used on one

side of the anode block
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Figure 4.21. The frequency spectrum of designed strapped magnetrons. The structure

dimensions are same

Figure 4.22. The image of electron beam of one side strapped magnetron. The shape was
formed as desired in m — mode operation. There exist four beams which is expected for 8-

cavity magnetron
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The other technique to make the frequency difference as it is desired is the change of a
magnetron anode block structure. This type of magnetron is called rising sun type

magnetron which was explained in detail in section 2.2.3.3.

The last but not the least important parameter for stable operation is selected PIC time, in
other words operation time. As in mentioned in chapter 3, although the simulation time
also increases too much and the simulations cannot be finished in a few hours, PIC solver
time should be chosen as much as possible. Its significant effect can be seen in the

following figures
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Figure 4.23. a. The frequency spectrum of magnetic priming magnetrons having three

different PIC solver times, b. Detailed view of Figure 4.21.a



120

-x10
== Designed magnetron with PIC solver rime: 30 ns
6} —Designed magnetron with PIC solver rime: 200 ns |
~~
E sl
=
N
2 4f
2
9 3t
‘S
=
|53
=2 2t
1 b
0 " L - - -
8 8.5 9 9.5 10 10.5 11 11.5 12
Frequency (GHz)
b - \ 10

= Designed magnetron with PIC solver ime: 30 ns
= Designed magnetron with PIC solver nme: 200 ns

Electric Field (V/m)

¥ NP
¥ N NN

9 91 92 93 94 95
Frequency (GHz)

Figure 4.24. a. The frequency spectrum of magnetrons having two different PIC solver

times. 15 dB sideband noise level decrement is provided, b. Detailed view of Figure 4.24.a

These results show that PIC solver time should be long enough to interpret the behavior of
the designed magnetron completely. There is not specific unique simulation time, it is
determined by controlling the behavior of the magnetron is either stable or not. 15-30 dB
sideband noise level decrements are provided by true PIC solver time. Therefore, before
arriving a final magnetron design, the structure should be simulated at long PIC solver

times to see the real performance.
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5. CONCLUSIONS

In this thesis, comprehensive magnetron history, theory and design are presented.
Conventional cavity magnetron device is investigated in different perspectives. Following
the history and the importance of cavity magnetrons, a design procedure for hole-slot type

cavity magnetron is derived.

The electron motion in an electromagnetic field inside a cylindrical diode, the theory and
operating principles of magnetron are explained in Chapter 2. The principles of design and
required expressions about a design strategy are derived in Chapter 3. According to these
equations, an X band 8 cavity hole — slot type magnetron is designed. Using CST Particle
Studio, designed magnetron performance is controlled by various parameters. The validity
of CST Particle Studio which has not been used as a magnetron design up until now is
examined. During these simulations, the effects of the program parameters such as mesh
number, solver types and numbers of emission points in cathode block are investigated.
The impact of design parameters on the performance of an X-band magnetron are studied
in detail. It is verified that the derived expressions and the proposed design method for a
conventional hole—slot type magnetrons are in good agreement. We believe we presented a
simple and accurate way to design this type of magnetrons. This design procedure consists
of four steps. However, one should remember that these expressions give initial parameters
that they should be optimized by the particle simulator used for the design. The time
required for the designed magnetron model simulations is based on the program parameters
such as mesh size, PIC solver time and the number of emission points. In general, this time
varies from approximately three hours to 60 hours on a three GHz CPU, six GB RAM

computer.

The magnetron noise and the reduction techniques are also investigated. The noise
performance is analyzed on the X band hole — slot type eight cavity magnetron. The most
important result about the noise is that axially asymmetric structures are more successful
compared to those of symmetric ones. Another important observation is that the simulation
time is a very critical parameter and it should be long enough to make magnetron

simulation settle down for noise characterization.
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