
HIGH POWER MAGNETRON DESIGN AND ELECTRON EMISSION
CHARACTERISTICS

A THESIS SUBMITTED TO
THE GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES

OF
MIDDLE EAST TECHNICAL UNIVERSITY

MESUT CEMAL DO�RU

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR

THE DEGREE OF MASTER OF SCIENCE
IN

ELECTRICAL AND ELECTRONICS ENGINEERING

JUNE 2018





Approval of the thesis:

HIGH POWER MAGNETRON DESIGN AND ELECTRON
EMISSION CHARACTERISTICS

submitted by MESUT CEMAL DO�RU in partial ful�llment of the require-
ments for the degree of Master of Science in Electrical and Electronics
Engineering Department, Middle East Technical University by,

Prof. Dr. Halil KALIPÇILAR
Dean, Graduate School of Natural and Applied Sciences

Prof. Dr. Tolga Ç�LO�LU
Head of Department, Electrical and Electronics Eng.

Prof. Dr. �im³ek DEM�R
Supervisor,
Electrical and Electronics Eng. Dept., METU

Examining Committee Members:

Prof. Dr. Sencer KOÇ
Electrical and Electronics Engineering Dept., METU

Prof. Dr. �im³ek DEM�R
Electrical and Electronics Engineering Dept., METU

Assoc. Prof. Dr. Lale ALATAN
Electrical and Electronics Engineering Dept., METU

Prof. Dr. As�m Egemen YILMAZ
Electrical and Electronics Eng. Dept., Ankara University

Assist. Prof. Dr. Avni AKSOY
Institute of Accelerator Technologies, Ankara University

Date: 26/06/2018



I hereby declare that all information in this document has been ob-
tained and presented in accordance with academic rules and ethical
conduct. I also declare that, as required by these rules and conduct,
I have fully cited and referenced all material and results that are not
original to this work.

Name, Last Name: MESUT CEMAL DO�RU

Signature :

iv



ABSTRACT

HIGH POWER MAGNETRON DESIGN AND ELECTRON
EMISSION CHARACTERISTICS

DO�RU, Mesut Cemal

M.S., Department of Electrical and Electronics Engineering

Supervisor : Prof. Dr. �im³ek DEM�R

June 2018, 84 pages

Microwave applications which requires high power gave raise to need for mag-

netrons which can generate high power and resist this power. The invention

of relativistic magnetrons met that requirment in some extent. However, their

inherent pulse-shortening issue limits the obtained energy from that kind of

magnetrons. In order to compansate the e�ects of that problem, the start-up

time of magnetrons should be reduced. By this way, the energy in one pulse can

be increased. In the literature, there are some methods that hasten the start-up

of magnetrons. This work compares some of those methods via simulations that

are carried on the relativistic A6 magnetron. In addition, from the results of the

simulations an input lumped model for magnetrons is suggested and possible

physical implications of that model are explained.

Keywords: Relativistic Magnetron, Fast Start-Up, Transparent Cathode
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ÖZ

YÜKSEK GÜÇLÜ MAGNETRON TASARIMI VE ELEKTRON
EM�SYON ÖZELL�KLER�

DO�RU, Mesut Cemal

Yüksek Lisans, Elektrik ve Elektronik Mühendisli§i Bölümü

Tez Yöneticisi : Prof. Dr. �im³ek DEM�R

Haziran 2018 , 84 sayfa

Yüksek güç gerektiren mikrodalga uygulamalar yüksek gücü üretebilen ve bu

güce dayanabilen magnetronlar�n tasarlanmas� ihtiyac�n� do§urmu³tur. Relati-

vistik magnetronlar�n icad� bu ihtiyac� bir ölçüde kar³�lam�³t�r. Bununla birlikte

bu magnetronlar�n yap�s�ndan kaynaklanan darbe k�salmas� sorunu bu tür mag-

netronlardan elde edilen enerji miktar�n� limitlemektedir. Bu problemden kay-

naklanan etkileri tela� etmek için magnetronlar�n aç�l�³ süreleri dü³ürülmelidir.

Bu yolla bir darbe içindeki enerji miktar� art�r�labilir. Literatürde magnetronla-

r�n aç�l�³�n� h�zland�ran birtak�m yöntemler mevcuttur. Bu çal�³ma bu yöntemleri

relativistik A6 magnetronuna uygulanan benzetimler üzerinden kar³�la³t�rmak-

tad�r. Ek olarak benzetim sonuçlar�ndan yola ç�karak magnetronlar�n giri³i için

bir toplu ö§eli devre modeli önerilmekte ve bu modelin olas� �ziksel manalar�

aç�klanmaktad�r.

Anahtar Kelimeler: Relativistik Magnetron, H�zl� Aç�l�³, Geçirgen Katot
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CHAPTER 1

INTRODUCTION

The magnetron as an oscillator is one of the important sources of the microwave

energy. Since its invention, it has been the focus of interest in the microwave

society. At the early stages of its existence, it had a great impact on the world

history. Utilized as a part of radar systems of that time, it changed the des-

tiny of World War II. Its higher output power in the conditions of that time

enabled smaller antennas resulting in compact and e�cient radars that can be

implemented in planes, ships and land vehicles [1]. Those systems were used

extensively during the war and that increased the attraction of magnetrons on

the microwave society. As a result more and more studies were carried on mag-

netrons during the war. However, by the end of the war, new technologies

enabling high microwave output power showed up and they took the place of

magnetrons and the usage of magnetrons changed into civil applications like

microwave ovens. Despite the decreasing usage in military systems, the stud-

ies on magnetrons continued in the background and those studies resulted in

the relativistic magnetron which is a kind of very high power magnetron. The

invention of relativistic magnetrons again attracted attention of the people in-

terested in the high power microwave (HPM) area owing to their high output

power in gigawatt levels. Unfortunately, with the invention of those signi�cantly

high power relativistic magnetrons, another issue came into question. In spite

of their high output power, relativistic magnetrons failed to maintain that out-

put power for long periods and that situation restricted the radiated energy

from those magnetrons. That issue was the pulse shortening issue and it was

the result of gap closure due to the plasma accumulation in the gap between

the anode and the cathode. Therefore, the focus of the researchers on the area
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turned towards an investigation on �nding a solution for that issue or at least

a way compensating the e�ects of the problem. One way found for the com-

pensation was reducing the start-up time of the magnetron. In that way, it was

aimed to increase the time of the magnetron operation in a pulse duration and

to increase energy per pulse, i.e., to enhance average output power, as a result.

Since then, researches have been carried out in order to improve the magnetron

start-up and to reduce the time elapsing during the start. Today, there are sev-

eral methods that speed up the start of magnetrons. In this thesis work, those

methods were investigated via particle-in-cell (PIC) simulations. In addition,

a basic lumped element model was developed in order to explain the transient

behavior of the magnetron start-up. Based on those investigations, the thesis

consists of �ve chapters following the introduction. In the second chapter, an

overview for the magnetron concept is given in terms of what a magnetron is,

how it operates, which parameters are concerned while the design process and

which output parameters are examined in order to test the performance. Also,

there are a brief history of magnetrons and a de�nition for the relativistic mag-

netron, which is the type of magnetron investigated throughout the thesis, in

that chapter. The third chapter comprises the literature search results on the

fast start-up techniques for magnetrons such as the priming techniques and the

transparent cathode concept. The simulation work that carried out on those

techniques are mentioned including the simulation model and the results in the

fourth chapter after a brief description of the simulation environment and the

magnetron (A6 magnetron) used in the simulations. In the �fth chapter, the

developed input lumped model for magnetrons is explained besides the possible

physical implications of that model. Finally, at the last chapter, the results of

the thesis work are evaluated as a conclusion.
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CHAPTER 2

MAGNETRON STRUCTURE AND OPERATIONAL

PRINCIPLES

2.1 Magnetron and Its Structure

Magnetron is a vacuum tube oscillator which utilizes crossed electric and mag-

netic �elds in order to generate microwave signals. Among other high power

microwave sources, it is the self-excited one, which means oscillations starts in

its own resonators without the requirement for an external signal to be ampli�ed.

In this sense, it di�ers from the high power microwave sources like klystrons,

TWTs etc. Collins de�nes a magnetron as an EM wave-producing diode by the

means of a magnetic �eld [2]. A magnetron is a diode because of its structure

consisting of an anode-cathode pair con�ning electrons in between. A typical

magnetron structure can be seen in Figure 2.1. Primary elements are a cathode

retained at negative potential, an anode block, which is potentially grounded,

and a space between them called the interaction space. The cathode is the source

of electrons in a magnetron through an emission process which could vary from

one to another type of magnetrons. Besides of providing, together with the cath-

ode, the required electric �eld for the motion of the electrons in the interaction

space, the anode block is the unit where microwave oscillations take place due

to resonators on it. As a self-excited oscillator, a magnetron generates RF or

microwave output by transforming DC input in the interaction space where the

electrons transfer their energy, which they take from DC input, to the RF or

microwave oscillations in the resonators. Also, a constant magnetic �eld, which

helps the formation of the desired trace of the electrons in the interaction space,

is kept in the interaction space uniformly and axially [2]. Apart from these main
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elements, there are some other elements which could be optional. One of them

is the heater in the cathode structure. That heater is necessary in conventional

magnetrons, in which thermionic emission process occurs, in order to remove

electrons from cathode while it is not necessary in relativistic magnetrons. The

other one is the coupling coaxial RF probe used for the extraction of the out-

put power. Instead of that probe, other coupling means can be used such as a

coupling loop or a waveguide aperture. Another one is the straps. They can be

inserted on the anode block in order to facilitate the formation of the desired

mode of the magnetron. There is also a structure supplying the required mag-

netic �eld in the magnetron. It can be a permanent magnet or a coil structure.

Figure 2.1: A typical structure of a magnetron [3]

2.2 Operation of a Magnetron

Basic magnetron operation goes through the following processes. It starts with

the emission of the electrons when magnetron is powered up. It continues with

the formation of an electron cloud around the cathode under the DC electric

4



and magnetic �elds. Formation of the electron spokes under the in�uence of

RF �elds in the cavities follows the electron cloud. Finally, energy transfer

between the electrons in the spokes and RF �elds in the cavities takes places

and RF oscillations grows up to a saturated power. Those oscillations go on

until magnetron is powered down.

In order to understand how the electron cloud arises, it is convenient to treat the

process in a single electron point of view. An emitted electron from the cathode

moves in the interaction region under the in�uence of Lorentz force,

~F = q ~E + q(~v × ~B) (2.1)

where q is the electron charge, ~E is the radial E-�eld, ~v is the electron velocity

and ~B is the axial B-�eld. That electron follows a trace as in Figure 2.2. That

Figure 2.2: Path of the electron under the in�uence of Lorentz force [4]

trace is such that there is a rotation around the cathode (R0) which is slow and

there is another rotation with a small radius (r0) which is fast and the total of

both rotations is the electron trace [4]. Changing single electron point of view

to all electrons emitted from the cathode, the electrons form two type of steady

state stream. One is double-stream state, which consists of orbits intersecting

the cathode, and single-stream state, also named Brillouin stream, which consists
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of circular orbits around the cathode [5]. The former one corresponds to the fast

rotation trace of the single electron and the latter corresponds to slow rotation

of the single electron. As a result of those streams, an electron cloud as in

Figure 2.3 is formed. That cloud has some thickness from the cathode and

Figure 2.3: Electron cloud formed at the start-up of a magnetron [4]

electrons in the cloud rotates under the e�ect of electric and magnetic �elds

with a drift velocity [6],

~vd =
~E × ~B

|B|2
(2.2)

Due to the space charge and diamagnetic e�ects caused from the electron cloud,

electric and magnetic �elds changes from cathode to the end of the thickness of

the cloud. Therefore, drift velocity of the cloud, vd, also changes [6]. In fact,

that change is in the manner that vd increases as distance from the cathode

increases.

Current due to the rotating electrons in the electron cloud has a noisy component

on itself because of the randomness of the electron density and the electron
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velocity in the cloud. That noise can be classi�ed as a white noise consisting of

in�nite frequency range in the spectrum [4]. That is the force which starts the

RF oscillations in the cavities of the magnetron. Since the cavities have band-

pass characteristics, only frequency components of white noise that the cavities

support can grow up. After the initiation of the RF �elds in the cavities, those

�elds interacts with the electron cloud in the interaction space. Interaction

between the electrons in the cloud and the RF �elds can be seen in Figure 2.4.

Figure 2.4: Interaction between RF �elds and electrons in the A-K gap [2]

Electrons in a region where RF electric �elds promote their rotation , such as A

in Figure 2.4, are accelerated by the RF �elds and because of the increase in the

velocity, the path of the electrons is bent towards the cathode under the in�uence

of Lorentz force due to DC �elds. On the other hand, the electrons in a region

where RF electric �elds oppose their rotation, as B, the electrons are decelerated

and they close to anode [2]. Those interactions end up with the spokes as in

Figure 2.5. Those electron cloud structure with spokes rotates around the

7



Figure 2.5: Electron spokes [5]

cathode with the drift velocity in (2.2) because of the RF �elds in the cavities

alternate with a period of the RF oscillations. A synchronism between the RF

�elds and the rotation of the cloud with spokes occurs, i.e., drift velocity, vd, of

electrons become equal to the phase velocity of the oscillations at which phase

of the RF �eld rotates around the anode structure. In this case, decelerated

electrons transfer their energy to the RF oscillations and the oscillations grow

up to their saturated power. That transfer continues during the operation of

the magnetron.

2.3 Magnetron Design Parameters

There are several physical and input parameters when designing a magnetron.

In their book, Benford et al. outline the main parameters to be considered when

designing a magnetron as the cathode, which determines the electron emission

characteristics, the interaction region, which a�ects the formation of electron

cloud and spokes, the anode and the cavity structure, which determines the

mode and the frequency of the magnetron, and the axial DC magnetic �eld,
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whose strength determines whether the magnetron conducts or is in cut-o� or

operates as a magnetron [6]. In general, parameters such as radial electric �eld,

axial magnetic �eld, resonator dimension, number of resonators and A-K gap

dimension have to be considered in the design process. First two are input

parameters to the magnetron from the external sources and the others are related

to the physical dimension of the magnetron structure.

2.3.1 Input DC Fields

Input voltage to the magnetron, which corresponds to the radial E-�eld, and the

axial B-�eld determine the path which electrons move in the interaction region.

For a given input voltage, electron paths with respect to di�erent B-�eld values

are given in Figure 2.6. If there is no B-�eld, electrons will not be de�ected and

Figure 2.6: Electron paths for di�erent B-�eld values [3]

goes directly to the anode as in blue trace. Applied B-�eld de�ects the electrons

as in green trace. As strength of the B-�eld is increased, electrons are de�ected

more like purple trace. Continuing to increase the strength, electrons just touch

the anode and return back as in red trace at some point. That point is called
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Hull cut-o� [3]. That minimum B-�eld value that prevents the magnetron to

conduct as pure diode is calculated using [6],

B∗ =
mc

ede

[(
2eV

mc2

)
+

(
eV

mc2

)2] 1
2

(2.3)

where m is the electron mass, e is the electron charge, c is the speed of light, V

is the A-K gap voltage and de is the e�ective gap. E�ective gap is given by [6],

de =
ra

2 − rc2

2ra
(2.4)

where ra is the anode radius and rc is the cathode radius. Increasing further

the B-�eld from the Hull cut-o� value, the magnetron operates in normal opera-

tion. However, that increase is not unlimited. After some point, the interaction

between RF �elds and the electrons breaks as in orange trace of Figure 2.6 be-

cause the electrons become too slow to synchronize with the phase velocity of RF

�elds. That value at which the magnetron switches from the normal operation

to the cut-o� state is named as Buneman-Hartree condition given by [6],

eV

mc2
=
eBzωn
mc2n

rade − 1 +

√
1−

(
raωn
cn

)2

(2.5)

where n is the mode number, ωn is the angular frequency of the mode and Bz is

the axial magnetic �eld. Other parameters in (2.5) are the same as in (2.3) and

in (2.4). In summary, for a given radial E-�eld, axial B-�eld has a lower limit,

which is Hull cut-o�, and an upper limit, which is Buneman-Hartree condition,

in order the magnetron to operate normally. Those limits and the magnetron

operation regions can be shown in Figure 2.7. When choosing input voltage and

axial B-�eld in the magnetron design, it could be e�cient to put the operation

point to just left of Buneman-Hartree curve [6].

2.3.2 Physical Dimensions

Physical dimensions of the cavities on the anode and the number of them deter-

mines the mode at which the magnetron operates. Due to the closed structure of

the resonator system in the magnetron, the total phase shift in one turn around

the magnetron has to be the integer multiple of 2π [2]. Therefore, the phase
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Figure 2.7: Magnetron operation regions and limiting curves [6]

shift between the two neighboring resonators is as [6],

∆θ =
2πn

N
n = 1, 2, ...,

N

2
(2.6)

where n is the mode number and N is the number of the cavities. A relation

which relates that phase shift to the operating frequency of a mode is the dis-

persion relation. A typical dispersion diagram can be seen in Figure 2.8. In the

�gure lower curve shows the lowest order modes and the upper curve shows the

next higher order modes. Benford et al. suggest an approximate equation which

relates the radial size of the cavity to the frequency of the π-mode operation of

a magnetron. That equation is [6],

fπ =
c

4(rv − ra)
(2.7)

where c is the speed of light, ra is the anode radius and rv is the radius at the

end of the vanes. Equation (2.7) shows that there is a inverse relation between

the cavity size and the frequency of the magnetron. That equation can be used
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Figure 2.8: Dispersion diagram for a magnetron having 8 cavities [7]

when determining the frequency in the design process. The e�ect of the axial

modes on frequency is as [6],

(
fn

g
)2

=
(
fn

0
)2

+

(
gc

4h

)2

g = 1, 2, 3, ... (2.8)

where fn0 is the frequency when there is no axial mode e�ect, c is the speed

of light, g is the axial mode number and h is the axial length of the cavities.

In Equation (2.8), it can be seen that second term of the equation gets smaller

when axial length of the cavities increases and the mode separation decreases.

That can result in mode competition [6]. Therefore, it is important not to set

the axial length too long when designing a magnetron.
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2.4 Magnetron Output Parameters

When designing a magnetron or choosing the suitable magnetron for an appli-

cation, the basic parameters one has to consider are the frequency, the output

power and the e�ciency. Those three output parameters can be shown in per-

formance charts with respect to input values as given in Figure 2.9. The

Figure 2.9: A performance chart for a magnetron [2]

frequency of the magnetron is related to the excited mode in the cavities of the

magnetron. That mode is determined by the dimension of the cavities and also

the applied �elds. If those values are not arranged properly, a mode competi-

tion issue can occur. Therefore, observing the output frequency spectrum with

respect to applied �eld values is important. As another output parameter, the

output power is required to be high because with the higher output power is,

the HPM systems are more e�ective. For example, the maximum range of a
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radar system increases with the increasing output power. The mode competi-

tion issue in frequency spectrum also causes the decrease in the output power

and the e�ciency. The e�ciency is the ratio between the output RF power and

the input DC power. It is related to the matching of the input structure and

the output structure. It also depends on the electron motion in the interaction

space. Besides those parameters, the start-up time of a magnetron can be in-

vestigated as another parameter of the magnetron. It is critical especially for

short-pulse applications. Some studies have been carried out for some time now

in order to improve the start-up process of a magnetron and speed up the start

of the magnetron. Those studies will be mentioned in the following chapters.

2.5 Historical Development of Magnetron

The magnetron appeared �rst time in the history with Hull's study on the elec-

tron motion between concentric cylinders under the in�uence of a magnetic �eld

during his quest to �nd an alternative of Lee de Forest's triode structure. In

1921, he published those studies which formed the basis of the magnetron in [8]

and that structure was noted as the �rst magnetron although it was not used

as an oscillator. The utilization of that kind of structure as an oscillator was

realized by August �á£ek and Erich Habann in the same year, 1924, but inde-

pendently. �á£ek's magnetron oscillator was similar to the structure that Hull

used in the studies. On the other hand, Habann's magnetron had a split-anode

consisting of two parts and producing a negative resistance. At the end of 1920s,

Kinjiro Okabe carried out the signi�cant study on that split-anode magnetron

and that study was given in [9] by Hidetsugu Yagi in 1928. In 1930s, magnetron

studies were carried out in Europe. During those studies, starting from the

split-anode structure having two segments on it, magnetrons with multi-segment

anode structures were developed. One of those multi-segment magnetrons was

Klaas Posthumus's magnetron having four segments. He also explained the

theory behind the generation of the oscillations which was the rotating �eld os-

cillations. That work [10] was the �rst one which clearly showed the operation of

the magnetron and the generation of the oscillations through the energy transfer
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between the synchronized �eld and the rotating electron cloud. Following those

developments, the multi-cavity magnetron having cavities on the anode showed

up. Arthur Samuel came up with one of that kind of magnetron and patented

it [11] in 1936 but his work stayed theoretical. Another patent [12] describ-

ing a multi-cavity magnetron was written by Hans Erich Hollmann in 1938. A

very successful one of multi-cavity magnetrons was designed by Alekseev and

Malairov in the same years with the other ones and they tested the design with

experiment. They published their work in 1944 [13]. In 1939, when they were

unaware of the previous works on the multi-cavity magnetron, Boot and Randall

came with an idea to construct a multi-cavity magnetron and they constructed

it in 1940. They tested that magnetron in a radar in the same year and the

results were very successful. Although there were previous works on the cavity

magnetron, Boot and Randall were credited as the inventors of the cavity mag-

netron. Their design formed the basis of today's magnetrons which are the type

of the cavity magnetron. They described their design in a paper [14] in 1946.

Later, Megaw, who was also carried out studies on multi-cavity magnetrons in

1930s and had patents on that topic, helped the improvement of their design and

he wrote a paper [15] describing early developments in magnetron design in 1946.

Boot and Randall took out a patent for their magnetron design in 1951 [16] and

for improved one in 1953 [17]. That design was used in radar systems during

World War II and had great impact on the war. After the war, the studies on

the radar systems were focused on the other microwave sources and the usage of

magnetrons changed into commercial applications, especially microwave ovens

after 1958. During that time, studies on the magnetrons continued and some im-

provements were done. However, magnetrons became an attractive high power

microwave (HPM) source again for the military electronic warfare applications

with the invention of the relativistic magnetron by Beke� and Orzechowski in

1976 because that magnetron structure enabled higher output powers from a

magnetron. They described their relativistic magnetron structure in [18]. The

studies after the invention of the relativistic magnetron focused on improving the

pulse duration and the e�ciency of the relativistic magnetron structure. In or-

der to achieve that purpose, studies were carried out on fast start-up techniques

in 2000s. Those techniques include the priming techniques and the transparent
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cathode structure. A description of the relativistic magnetron will be given in

next section and the fast start-up techniques will be explained in next chapter.

2.6 Relativistic Magnetrons

A relativistic magnetron is a magnetron type which enables very high power out-

puts. The structure of a relativistic magnetron is very similar to a conventional

one. Those magnetrons are separated by only two aspects. The �rst one is that

the voltage and the current which drive the magnetron are larger in relativistic

magnetron. Since the kinetic energy achieved by the electrons is comparable to

the rest mass energy of an electron (mec
2 = 511 keV) with these voltages, it is

called as relativistic. The second one is the way that the electrons are emitted is

di�erent for both magnetrons. The conventional magnetron emits the electrons

by using a hot cathode. On the other hand, the relativistic one uses very high

E-�eld in order the electrons to be emitted from a cold cathode. That results in

the production of very large current densities making very high power microwave

possible [19]. In his paper, Benford makes comparison between conventional and

relativistic magnetrons. That comparison can be seen in Table 2.1 [20]. Inves-

Table2.1: A comparison between conventional and relativistic magnetrons [20]

PARAMETER CONVENTIONAL RELATIVISTIC

Voltage ≤100 kV ≥500 kV
Current ∼100 A ≥5-10 kA
Emission Thermionic Explosive
Pulse Duration ∼1 ms ∼100 ns
Rise Time ≤200 kV/ms ∼100 kV/ns
Peak Power ≤10 MW ∼1 GW
E�ciency ∼50% ∼20-40%
Tunable Range ∼5% ∼30%

tigating the table, it is obvious that the relativistic magnetron has much higher

output power than the conventional one. However, the relativistic magnetron

falls behind the conventional one in the pulse duration aspect. Because of the

short pulse duration, the energy radiated at the output of relativistic magnetrons
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is limited even though they have very high output power. That situation is the

pulse-shortening issue in relativistic magnetrons. Actually, the pulse-shortening

issue exists in all HPM devices due to e�ects of the plasma formed in them.

In [21], the reasons why the pulse-shortening occurs in HPM devices and what

the plasma causes are explained in detail. In relativistic magnetrons, the plasma

exists around the cathode and that plasma expands with time. That is the clo-

sure of the A-K gap. It makes the same e�ect as the increased cathode radius.

With the input voltage remaining unchanged, the decrease in the gap between

the anode and the cathode structures results in the increase of E-�eld on the

electrons in the interaction space and the increase of the rotating speed of the

electrons according to Equation (2.2). In order the magnetron operates prop-

erly, the azimuthal drift velocity of the electrons and the phase velocity of the

microwave oscillations in the cavities have to be in synchronism. The increase

of the azimuthal drift velocity of the electrons disturbs that synchronism. As

a result, the frequency of the oscillations shifts in order to increase the phase

velocity and catch the drift velocity. As time elapses, the plasma expands more

and more and the drift velocity increases further. The change of the mode of

the oscillations in order to keep the synchronism follows that increase. That

continues until the synchronism is lost eventually and the magnetron operation

ends [22]. As a conclusion, it can be said that there is a maximum time until

which the magnetron can operate due to the gap closure caused by plasma and

that limit the maximum pulse duration in relativistic magnetrons. In order to

increase the radiated energy which is limited due to the pulse-shortening, the

start-up time of the magnetron have to be decreased. In that way, the time in

which the magnetron supplies output power in one pulse duration is increased

and one pulse duration is used more e�ectively. The following chapters searches

the ways which hastens the start-up of magnetrons.
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CHAPTER 3

TECHNIQUES FOR FAST START-UP IN MAGNETRONS

The society interested in magnetrons as a HPM source has been in quest of the

ways that enhance the output power of magnetrons, especially relativistic ones.

However, that magnetrons have two problems preventing that enhancement.

One of them is the pulse shortening and the other one is the low e�ciency [23].

Therefore, in order to increase the output power, it is required to solve the pulse

shortening issue and increase the e�ciency at the same time. The pulse shorten-

ing issue can be solved by reducing the time required to start the magnetron, i.e.,

the start-up time of the magnetron. In this way, the time that the magnetron

operates in a pulse would be increased. That implies an increase in the energy

per pulse which raises the average output power. The start-up time could be im-

proved by decreasing the A-K gap width or increasing the width of the electron

cloud by changing the DC E-�eld and the DC B-�eld because the interaction

and the power transfer between the electrons and the oscillations advance when

the electrons come closer to the anode. Unfortunately, that closeness causes the

e�ciency to decrease due to the fact that the number of the electrons that hit

to the anode increases [24]. That situation is contradictory to the purpose of

an improvement in both the start-up time and the e�ciency. In that case, a

requirement for new methods arises. In their paper, Bosman et al. de�ne the

factors that a�ect the start-up time as follows [25]:

• The start conditions

• The rate of build-up

The start conditions are determined by the initial noise. It causes the instabil-
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ities in the electron cloud that provide the formation of the electron bunches,

or the spokes, of the operating mode. However, that formation from the initial

noise is too slow [25]. Also, during that formation process, a mode competition

issue can occur. That results in the disruption of the start-up process of the

desired mode [26] and causes even a slower start-up. There are several tech-

niques which was developed in order to improve the start conditions and make

the start-up faster while decreasing the mode competition. Those techniques

are called as priming techniques. Andreev and Hendricks list those priming

techniques in their paper as follows [24]:

1. Cathode priming

2. Magnetic priming

3. Anode priming

4. RF priming

The rate of build-up depends on the tangential RF E-�eld at the end of the

electron cloud in the interaction space [25]. That E-�eld can be changed in

order to improve the rate of build-up by using a shaped cathode. That shaped

cathode could be a transparent cathode described in [27] or a semi-transparent

one as in [28].

3.1 Priming Techniques

The priming in the magnetrons can be de�ned as the excitation of the desired

operating mode by choice using some external means. Jones et al. list some

purposes of the priming as such [29]:

• Faster start-up of oscillations

• Elimination of the mode competition

• Frequency locking
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In the following sections, some of such external means by which those purposes

are realized will be explained via the studies in the literature.

3.1.1 Cathode Priming

In the cathode priming technique, the cathode of the magnetron is arranged such

that only some discrete regions of the cathode, which are aligned in a periodic or-

der in azimuth, emit electrons and between those regions there are non-emitting

regions. That results in a formation of azimuthally periodic electron bunches,

as in Figure 3.1, around the cathode with the start of the emission. That mod-

ulated structure of the electrons in the A-K gap implies the simultaneous start

of the RF current with the emission as opposed to the case of ordinary cathode

in which the RF current starts after the formation of the electron cloud with the

help of the noise by a slow process. The energy transfer between the electrons

and the oscillations occurs as soon as the Buneman-Hartree threshold is passed

by the applied voltage. As a result, the cathode priming provide the fast start-

up by the faster formation of RF current in the electron cloud [25].

Figure 3.1: Electron bunches at the start of the emission in the cathode priming
technique [30]

The emitting regions on the cathode are arranged in a way that supports the de-

sired operating mode of the magnetron and thus eliminating the mode competi-
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tion. For example, in Figure 3.1, there are three emitting regions on the cathode

surface and they are placed under the vanes. That forms a three-fold electron

bunch structure which supports the formation of the spokes in the π-mode op-

eration of that six cavity magnetron. In their paper Jones et al. simulates that

six cavity magnetron with emitting regions arranged as stated and compare the

formation of the electron spokes as in Figure 3.2. At t=7.363 ns, the electron

Figure 3.2: Comparison of electron spoke formation with and without cathode
priming: (a) t=7.363 ns without cathode priming, (b) t=13.413 ns without
cathode priming, (c) t=7.363 ns with cathode priming and (d) t=13.413 ns with
cathode priming [29]

spokes of the desired π-mode are formed in the structure with cathode priming

while there exists a uniform electron cloud in the one without cathode priming.

Also, at t=13.413 ns, the electron spokes continues in the structure with cathode
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priming while the electron spokes of another mode (2π/3) are formed in the one

without cathode priming [29].

They also give the output frequency plot with respect to time as in Figure 3.3.

That �gure shows that the frequency of the oscillations becomes stable at around

13 ns in the structure with cathode priming; on the other hand, the frequency

of the oscillations becomes stable at around 30 ns after the frequencies of the

other modes show up [29].

Figure 3.3: Comparison of the instantaneous output frequency with and without
cathode priming [29]

In another paper, they experimentally measure the output power of the same

structure as in simulation. Figure 3.4 shows the results. With the same applied

voltage, it is obvious that microwaves start 180 ns earlier in the structure with

cathode priming [30].

Investigating the simulated data in [29] and experimental data in [30], it can

be concluded that the cathode priming makes the start-up faster in addition to

eliminating the mode competition.
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Figure 3.4: Comparison of the instantaneous output power with (bottom) and
without (top) cathode priming [30]

3.1.2 Magnetic Priming

The magnetic priming is a technique which utilizes the DC B-�eld in order to

pre-bunch the electrons in the A-K gap in favor of the desired operating mode;

hence, eliminates the mode competition and speeds up the start-up. In that

technique, the DC B-�eld is modulated in azimuthal direction and in a periodic

manner [31]. The azimuthally modulated B-�eld causes the electrons in the elec-

tron cloud to form bunches arranged in an azimuthally periodic manner around

the cathode due to the e�ect of Lorentz force in (2.1). That helps the formation

of the spokes of the desired operating mode and eliminates the requirement of an
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initial noise for the formation of the RF current in the electron cloud; therefore,

the start-up becomes faster.

Neculaes et al. realize the magnetic priming technique in their paper by plac-

ing permanent magnets periodically around the magnetron's original magnet.

This structure can be seen in Figure 3.5. The magnetron in the structure has

ten cavities on the anode; thus, �ve magnets are placed periodically around the

structure in order to support the formation of �ve spokes of the desired π-mode.

Figure 3.5: Magnetron structure with magnetic priming : (a) Top view of the
structure and (b) Side view of the structure [32]

They simulate that structure and compare the output power graphs with and

without magnetic priming as in Figure 3.6. In those graphs, the time at which

the output power of the magnetron reaches steady-state is 40 ns with magnetic

priming while it is 70 ns without magnetic priming [32].

In another paper, they simulate a six-cavity relativistic magnetron. In the simu-

lation, in order to simulate the e�ect of the periodically arranged magnets, they

apply the axial magnetic �eld as [31],

Bz(θ) = B0

[
1 +

α

2
sin(3θ)

]
(3.1)

where B0 is the base magnetic �eld and α is the magnetic priming strength.
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Figure 3.6: Comparison of the instantaneous output power with and without
magnetic priming [32]

They show the evolution of the spokes in the simulation with and without mag-

netic priming as in Figure 3.7. At 13.536 ns, the spoke structure of the desired

π-mode is already formed with magnetic priming while there is only an electron

cloud without magnetic priming. At another time step t=17.345, the spokes

continue to exist in A-K gap with magnetic priming; on the other hand, a spoke

structure of another mode (2π
3
) is formed without magnetic priming. At the end,

t=39.043 ns, the desired spoke structure is formed for both cases. In addition to

spoke formation, they give a graph showing the instantaneous frequency change.

That is shown in Figure 3.8. In that graph, the frequency of the desired π-mode

is reached at 18.5 ns and stays at steady-state after that time with magnetic

priming; however, without magnetic priming, that desired frequency is reached

at 52.5 ns after oscillating between some other mode frequencies [31]. From those

simulations given in [31] and [32], it can be concluded that the magnetic prim-

ing technique reduces the start-up time and eliminates the mode competition

successfully.

26



Figure 3.7: Comparison of electron spoke formation with (at bottom) and with-
out (at top) magnetic priming : (a) t=13.536 ns, (b) t=17.345 ns and (c)
t=39.043 ns [31]

Figure 3.8: Comparison of the instantaneous output frequency with and without
magnetic priming [31]
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3.1.3 Electric Priming

The electric priming is another technique which provides the pre-bunching of the

electrons in the A-K gap. In the technique, DC E-�eld is used in order to form

periodic bunches of the electrons in a manner that supports the desired mode.

E-�eld over the A-K gap is perturbed periodically in azimuth. To simplify the

description of the process, a planar magnetron is taken into account �rst. That

type of structure is given in Figure 3.9. In such a geometry, an electron at the

origin point follows a trace as in Figure 3.10 under the in�uence of uniform

E-�eld and B-�eld. If that E-�eld is perturbed periodically in y direction

Figure 3.9: Planar magnetron structure [33]

Figure 3.10: Trace of an electron under the uniform E-�eld in a planar magnetron
structure [33]

according to Equation (3.2), the trace of the electron changes into periodically

modulated one in the direction of y-axis [33]. That new trace can be seen in
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Figure 3.11.

E = Ex

[
1 + αsin

(2π

T
y
)]

(3.2)

where Ex is the base electric �eld, α is the electric priming strength and T is

the period.

Figure 3.11: Trace of an electron under the perturbated E-�eld in a planar
magnetron structure [33]

Maurya et al. realize the electric priming technique in a six-cavity magnetron

by perturbing the E-�eld over the A-K gap through the insertion of protrusions

and recessions on the anode vanes in an alternating manner. The structure

they suggest is in Figure 3.12. That structure helps the formation of a six-fold

spoke structure of the desired 2π-mode operation. In their paper, the simulation

result of the output power and the output frequency spectrum are given as in

Figure 3.13. From the output power results, it can be said that the structure

consisting of alternating protrusions and recessions makes the start-up of faster

because the output power reaches the steady-state value earlier with electric

priming using alternating protrusions and recessions. The results of the output

spectrum shows that the frequency spectrum component due to the mode com-

petition does not exist with electric priming using alternating protrusions and

recessions [33]. In another paper, they suggest a structure which has dielectric

rods placed in the alternating cavities in order to perturb the E-�eld. The struc-

ture is given in Figure 3.14. The simulation results of that second structure is as

in Figure 3.15 [34]. Those results also shows an improvement with the electric

priming using the dielectric rods in the alternating cavities. However, the �rst

structure seems more e�ective.
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Figure 3.12: Magnetron structure with the electric priming using alternating
protrusions and recessions [33]

Figure 3.13: Comparison of the output power and the spectrum with and without
the electric priming using alternating protrusins and recessions : (a) The output
power and (b) The output spectrum [33]
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Figure 3.14: Magnetron structure with the electric priming using dielectric rods
in alternating cavities [34]

Figure 3.15: Comparison of the output power and the spectrum with and without
the electric priming using dielectric rods in the alternating cavities : (a) The
output power and (b) The output spectrum [34]

31



The studies on the electric priming in [33] and [34] provides an improvement in

the start-up time of a magnetron and the elimination of the mode competition.

Since the electric priming technique in those studies is obtained by alterations

in anode structure, this technique can also be named as anode priming tech-

nique. However, the electric priming can also be obtained by changing the other

structures in the magnetron such as the cathode.

3.1.4 RF Priming

Priming techniques described in previous sections aim to pre-bunch the electron

cloud in the A-K gap and to speed up the start-up. However, in the RF priming

technique, that is not the case. Instead, the RF priming technique is directly

applied on the RF oscillations in the cavities of the magnetron. That technique

is a basic type of the injection-locking in which di�erent oscillators are locked in

terms of the frequency and the phase. In the technique, a signal from a priming

oscillator is injected into the cavities of the driven magnetron whose start-up

time is intended to decrease [23]. Since the injected signal forces the oscillations

in the cavities to the frequency of its own, the desired mode start-up is speeded

up and the undesired modes are eliminated.

In their study, White et al. carry on experiments on the RF priming technique

by using the test setup as in Figure 3.16. In the test setup, the signal from the

priming source is injected into the main magnetron's cavity via a waveguide and

the output signal is taken from another cavity. There are couplers to measure

the input and the output powers, coils to measure the currents, and voltage

monitors to measure the voltages. They carry on experiments for two cases. In

one case Adler's relation in (3.3) is satis�ed and in the other, it is not.

Pi
Po
≥ Q2

(
|ωi − ωo|

ωo

)2

(3.3)

where Pi is the priming oscillator power, Po is the driven oscillator power, Q

is the quality factor, ωi is the priming radian frequency and ωo is the driven

radian frequency. That relation is the condition for injection-locking of two

signals and it means that if the power of the injection signal is su�ciently high

or the di�erence between the frequencies of two signal is su�ciently small, then,
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those two signals can be locked into together. The results of their experiment are

given in Figure 3.17, in which the time delay before the start of the oscillations

is shown, and in Table 3.1, in which the desired mode power, the undesired

mode power, the time delay before the start of the oscillations and output pulse

widths are supplied [23].

Figure 3.16: Test setup used in RF priming tests [23]
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Figure 3.17: Comparison of the start-up time with and without the RF prim-
ing [23]

Table3.1: Comparison of the start time and the mode competition with and
without the RF priming : Adler's relation satis�ed (CASE I) and not satis�ed
(CASE II) [23]

PARAMETER
CASE I CASE II

Unprimed Primed Unprimed Primed

Desired Mode Power (MW) 5.9 5.7 0.9 1.1
Undesired Mode Power (MW) 7.5 4.4 0.8 0.4
Delay (ns) 134 105 123 110
Output Pulse Width (ns) 195 218 195 208

Observing the results in Figure 3.17, the time delay before the start of the

oscillations is smaller for both cases of Adler's relation when RF priming is

applied. In addition, the data in Table 3.1 shows smaller time delay before the

start of the oscillations, less undesired mode power and longer pulse width for

the case of the RF priming. Therefore, it can be said that the RF priming

improves the start-up time and eliminates the mode competition. In addition,

it can be concluded that locking of two signals is not necessary in order the RF

priming to be useful because there are improvements for both cases of Adler's

relation.
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3.2 Transparent Cathode

At the beginning of the chapter, two factors e�ective in the start-up of a mag-

netron were de�ned as the start conditions and the rate of build-up [25]. In the

previous sections, the priming techniques improving the start conditions were

discussed. However, those priming techniques have nothing to do with the rate

of build-up and it is yet to be improved. The structure which improves the

rate of build-up in addition to provide three of the priming techniques is the

transparent cathode [35]. The transparent cathode is a cathode type which has

discrete longitudinal emitting strips formed by removing the material around a

hollow cylinder [36]. The structure of the transparent cathode is given in Fig-

ure 3.18. The name transparent is due to the cathode's transparency to the TE

modes of the magnetron operation [25].

Figure 3.18: Transparent cathode structure [35]

The rate of build-up is the increment of the growth of the oscillations in the

magnetron. That increment can be formulated as [37],

Imω ≈ ω

4Q

(√
1 + χs

eE0

mc2

(
4Qc

ω

)2
Sc
V
− 1

)
(3.4)

where ω is the radian frequency, Q is the quality factor, e is the electron charge,

m is the electron mass, c is the speed of light, E0 is the radial DC E-�eld, Sc is

the cathode area and V is the total volume storing EM energy. χs is the ratio of

the square of the azimuthal E-�eld on the electron cloud to the squared average

E-�eld in the resonant system and it is as [37],

χs =
Eθ

2(∆)
1
V

∫
V

| ~E|2dV
(3.5)
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where Eθ(∆) is the azimuthal E-�eld on the electron cloud and V is the total

volume storing EM energy. Equations (3.4) and (3.5) show that the rate of

build-up depends on the strength of the synchronous azimuthal E-�eld, Eθ, on

the electron cloud whose thickness is ∆. Strong Eθ on the cloud speeds up the

energy transfer between the electrons and the EM �elds in the cavities because

it determines the radial velocity at which electrons get closer to the anode and

it facilitates the electrons to be captured by the EM �elds at the anode [37].

In radial direction, the synchronous azimuthal E-�eld is distributed as in Equa-

tion (3.6) for a standard solid cathode; on the other hand, that distribution is

a modi�ed Bessel function of the �rst kind of order n as in Equation (3.7) for a

transparent cathode [25].

Eθ(r) = Eθ(ra)
sinh[g(r − rc)]
sinh(gd)

(3.6)

Eθ(r) = Eθ(ra)
In(gr)

In(gra)
(3.7)

where ra is the anode radius, rc is the cathode radius, d is the A-K gap spacing

(ra − rc), g is the transverse wave number and n is the azimuthal index of the

operating wave. Those distributions over the A-K gap for the solid and the

transparent cathodes can be seen in Figure 3.19. In Figure 3.19, it is clear that

Figure 3.19: Synchronous azimuthal E-�eld distributions for the solid and the
transparent cathodes [25]
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the synchronous azimuthal �eld, Eθ, on the electron cloud is signi�cantly higher

for the transparent cathode than the solid one. That implies a faster start-up

because of the higher rate of build-up.

In addition to the rate of build-up, the transparent cathode improves the start

conditions owing to the priming techniques existing inherently. Those are the

cathode priming, the magnetic priming and the electric priming. Because of

the discreteness of the emitting strips on the cathode, the transparent cathode

exhibits cathode priming [36]. Figure 3.20 shows the electron distributions in

the A-K gap of the solid and the transparent cathode magnetrons at the start

of the magnetron operation. With the transparent cathode, the bunches of the

Figure 3.20: Distribution of the electrons in the A-K gap at the start of the
magnetron operation with the solid and the transparent cathodes [36]

electrons are formed at the start while there exists a uniform electron cloud with

the solid one. Since there are six strips in the transparent cathode, the formed

bunches support the desired 2π-mode operation of that six cavity magnetron.

The magnetic priming is exhibited by the transparent cathode due to the axial

currents, shown in Figure 3.21,along the longitudinal strips which produces axi-

ally variable azimuthal B-�elds around the strips according to Ampere's law [36].

Those axially variable azimuthal B-�elds cause the formation of azimuthally

variable axial B-�elds in the interaction region because of Maxwell's equation of
~∇ × ~H = 0. Those azimuthally variable axial B-�elds modulates the electron

cloud azimuthally as desired and that is the magnetic priming in the transparent

cathode [25].

The last priming technique exists in transparent cathode is the electrical prim-
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Figure 3.21: Magnetic �eld formation around the strips of the transparent cath-
ode [36]

ing. It is formed due to the fact that the discrete structure of the strips causes

non-uniform electron cloud thickness around the cathode and that modulates

the radial E-�eld azimuthally. That modulated E-�eld implies the electrical

priming [36].

In their paper Bosman et al. simulate the transparent cathode magnetron and

compare it with a standard solid cathode and a solid cathode with cathode

priming. The power and current graphs of that simulation with respect to time

are as in Figure 3.22. Those graphs show the improvement of the transparent

cathode such that the output power and the anode current in the graphs reach

steady-state at 40 ns for the solid cathode, at 15.5 ns for the solid cathode with

the cathode priming and at 14 ns for the transparent cathode [25].

Prasad et al. carry experiments on the transparent cathode in their paper. The

output power results is given in Figure 3.23. The results show the faster start-up

in the transparent cathode [36].

In conclusion, the transparent cathode helps faster start-up time by improving

the start conditions owing to inherently existing priming techniques and increas-

ing the rate of build-up due to the strong synchronous azimuthal E-�eld on the

electron cloud.
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Figure 3.22: Comparison of the output power (left) and the anode current (right)
with the solid cathode (a), the solid cathode with the cathode priming (b) and
the transparent cathode (c) in a simulation [25]

Figure 3.23: Comparison of the output power with the solid cathode and the
transparent cathode in an experiment [36]
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CHAPTER 4

SIMULATIONS ON FAST START-UP TECHNIQUES IN

MAGNETRONS

4.1 Simulation Environment

The simulation environment used in the thesis in order to observe the operation

and the parameters of the magnetron is MAGIC. It is a software composed of

some tools that allow users to arrange the geometry, the material properties,

the boundary conditions, the �eld algorithms, the particle algorithms and the

output speci�cations of an EM problem consisting of particles [38]. A schema

which shows the process of the software in one cycle is given in Figure 4.1.

Figure 4.1: The schema showing the processing cycle of MAGIC [38]

MAGIC solves the plasma physics processes in which there exists interactions

between EM �elds and space charge by using FDTD (Finite Di�erence Time

Domain) method in the PIC (Particle-in-Cell) basis. In that approach, starting

from a speci�ed initial conditions, time domain Maxwell's equations are used

together with Lorentz force equation and the continuity equation in order to get

the solution of the EM �elds and to determine the traces of the particles under

those �elds over time [39]. MAGIC uses Maxwell's Equations (4.1) and particle
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kinematics in Equations (4.2) [38],

∂t ~B = −~∇× ~E, ∂t ~E = −
~J

ε
+
~∇× ~B

µε
, ~∇ · ~E =

ρ

ε
, ~∇ · ~B = 0 (4.1)

~Fi = qi
[
~E(~xi) + ~vi × ~B(~xi)

]
= mi∂t~pi, ∂t~xi = ~vi, ~vi =

~pi
γi

(4.2)

where ~E is the E-�eld, ~B is the B-�eld, ~J is the current density, ρ is the charge

density, ε is the permittivity of the simulation space, µ is the permeability of

the simulation space, ~Fi is the force on the ith particle, ~xi is the position of the

ith particle, ~vi is the velocity of the ith particle, ~pi is the momentum of the ith

particle, qi is the charge of ith particle, mi is the mass of the ith particle and

γi is Lorentz factor. Since the FDTD algorithm is used, the integration is found

by calculating the ratio between the di�erence of the new and the old variable

values and the �xed time interval. The time grid used in the algorithm can be

seen in Figure 4.2. The simulation space is divided into grids. One cell of the

spatial grid and the �eld de�nitions on that cell is as in Figure 4.3.

Figure 4.2: Time grid used in MAGIC FDTD algorithm [38]
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Figure 4.3: One spatial cell used in MAGIC FDTD algorithm and the �eld
de�nitons on it [38]

4.2 A6 Magnetron

The magnetron chosen for the simulations throughout the thesis is A6 mag-

netron. It is a six-cavity relativistic magnetron. The reason behind the choice

of A6 magnetron is that it is a mature one and most of the studies on the area

have been carried out with that magnetron [25]. The cross-section of the basic

A6 magnetron structure is given in Figure 4.4 and the dimensions are given in

Table 4.1. In those �gure and table, rc is the cathode radius; ra is the anode

radius; rv is the external radius of the vanes; ψ is the angular width of a cavity;

N is the number of the cavities; and L is the axial length of the cavities.

Palevsky and Beke� give a plot showing the voltage and axial B-�eld values at

which A6 magnetron operates in their report in which they explain the design

criteria of A6 magnetron [40]. It can be seen in Figure 4.5. In the �gure, the
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Figure 4.4: Cross-section of A6 magnetron structure [40]

Table4.1: Dimensions of A6 magnetron [40]

rc (cm) ra (cm) rv (cm) ψ (degrees) N L (cm)

1.58 2.11 4.11 20 6 7.2

dashed line corresponds to the operation range of the A6 magnetron. They

also provide a dispersion diagram showing the frequency of the modes of A6

magnetron as in Figure 4.6. In that diagram, the frequency of the 2π-mode

operation, which is the investigated mode throughout the thesis, is 4.60 GHz.

Figure 4.5: Operation range of A6 magnetron [40]
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Figure 4.6: Dispersion diagram of A6 magnetron [40]

4.3 Simulation Model

4.3.1 Geometry

The purpose of the simulations was to compare a standard solid cathode mag-

netron, a solid cathode magnetron with cathode priming and a transparent

cathode magnetron. A6 magnetron was chosen as the basis for all three type of

technique. The �rst thing done was forming a model for the basic A6 magnetron.

The model consists of three main blocks which are the cathode, the anode block

and the backwall. Those blocks are given in Figure 4.7.

In Figure 4.7, (a) is the cathode structure that is a solid cylinder with the radius

of 1.58 cm and the axial length of 10.8 cm. (b) is the anode block that is a hollow

cylinder with the inner radius of 2.11 cm, the outer radius of 4.11 cm and the

axial length of 7.2 cm. That anode block carries six cavities on it and it is closed
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(a) Cathode (b) Anode block

(c) Back wall (d) A6 magnetron model

Figure 4.7: Model of the basic A6 magnetron

with the metal caps at both ends. (c) is the back wall structure that is also a

hollow cylinder with the inner radius of 4.11 cm, the outer raius of 7.11 cm and

the axial length of 14.4 cm. The back wall has a slot on it in order RF output

to be coupled to a waveguide (WG). Those three are combined in a concentric

manner to form the basic A6 magnetron model at (d). The arrangement can be

seen more clearly on the cross-sectional views given in Figure 4.8. In the �gure,

(a) is the cross-section in r-ϕ plane. At the center, there is the cathode structure

that has 1.58 cm radius. It is surrounded by the anode structure with the inner

radius of 2.11 cm and the region between them is the interaction region, or A-K

gap. The anode structure has six cavities and each of them has the angular

width of 20◦. The radial width of the cavities is 2 cm. Each cavity is separated

by a vane structure that has angular width of 40◦. The anode block surrounded

by the back wall whose inner radius is 4.11 cm and radial width is 3 cm. At the

end of the one cavity, there is a WG slot through the back wall and its angular

width is 10◦. (b) is the cross-section in r-z plane. The cathode structure has two
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(a) Cross-section in r-ϕ plane

(b) Cross-section in r-z plane

Figure 4.8: Cross-sectional view of the basic A6 magnetron model

portion. One is the stem portion at the left which is placed in order the input

DC voltage to be applied to the port region between the cathode and the back

wall at the left of the �gure. The axial length of the stem portion is 3.6 cm and

there is no electron emission on that portion. The other one is the core portion

whose axial length is 7.2 cm and that portion is the emitting one. Across the

core portion of the cathode, there is the one of the six cavities that have the

axial length of 7.2 cm. At the both end of the cavity, it is closed by the end
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caps having the axial length of 5 mm. The cavity is the one in which the output

power is extracted. Therefore, the coupling WG slot, which have 6.2 cm axial

length, exists at the outer radius of the cavity.

The simulation grid structure of the basic A6 magnetron model can be seen in

Figure 4.8. The cell sizes along the azimuthal (ϕ) direction and the axial (z)

direction are arranged as uniform. Those are 5◦ in azimuth and 5 mm in axial

direction. The radial cell size changes depending on the radial position. Starting

from the center of the cathode, which is the origin of the simulation grid, to the

2 mm inner of the outer surface of the cathode, eight cells are placed along the

radial direction in a manner that the sizes of the cells along the radial direction

monotonically decrease and the last cell at the 2 mm inner of the cathode surface

has 0.5 mm radial size. Between the 2 mm inner of the cathode surface and the

1 mm outer of the cavities, the uniform cell size of 0.5 mm is used. After that

region, to the 1 mm inner of the outer surface of the back wall, sixteen cells are

placed radially. The eight of them have size that monotonically increase starting

with 0.5 mm radial size at the 1 mm outer of the cavities to the middle of the

region consisting of those sixteen cells. The other eight of them are placed start-

ing that middle position and have monotonically decreasing size ending with 0.5

mm radial size at the 1 mm inner of the outer back wall surface. From that

position to the outer surface of the back wall, the radial cell size is arranged

as 0.5 mm uniformly. That sizing of the cell in the radial direction is because

of the trade-o� between the accuracy of the results and the simulation time. If

a uniform 0.5 mm cell size was chosen in the radial direction, the simulation

time would be excessive and the memory would be insu�cient. However, the

�ne resolution is required in the A-K gap in which the electrons exist and in

the cavities. Therefore, that non-uniform cell size along the radial direction was

chosen.

In the model, there are three ports being the outer boundary for the simulation

and they allow the outgoing and incoming waves according to de�ned condi-

tions. Those ports close the model and separate the interior of the simulation,

which is vacuum, from the external world. They are shown in Figure 4.9. In

the �gure, black shaded areas represent the ports. The input port is the one

at which input voltage of the magnetron applied between the cathode and the
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(a) Input port (b) Output port

(c) Passive port

Figure 4.9: Ports de�ned in the basic A6 magnetron model

back wall. The RF output is extracted through the output port. The passive

port is just absorbing wave port boundary and it is de�ned in order to enclose

the simulation environment.

The basic A6 magnetron has a solid cathode and the emission occurs on the

entire surface of that cathode structure to the interaction region. The emission

regions on the cathode surface in the model are de�ned as in Figure 4.10. The

blue areas are the emitting regions on the cathode surface and simulation pro-

gram emits electrons into those regions.

After the model for the basic A6 magnetron was formed, it was modi�ed in order

to obtain a model for A6 magnetron with the cathode priming. The model for

the A6 magnetron with the cathode priming is the same with the basic A6 mag-

netron model except one aspect. The emission regions in that new model with

cathode priming are discrete instead of being the entire surface. Those regions
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(a) r-ϕ plane

(b) r-z plane

Figure 4.10: Emission regions in the basic A6 magnetron model

can be seen in Figure 4.11. Blue areas are the emitting regions. There are six

of those discrete emitting regions and they are arranged in such a way that the

regions are across the vanes of the anode block and they have the angular width

of 30◦. In Figure 4.12, there are 3D views showing the emitting regions (blue

areas) on the cathodes of the basic A6 magnetron model and the model of A6

magnetron with the cathode priming.
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(a) r-ϕ plane

(b) r-z plane

Figure 4.11: Emission regions in the A6 magnetron with the cathode priming
model

(a) Basic solid cathode (b) Cathode with priming

Figure 4.12: Comparison of emission regions of the basic A6 magnetron model
and A6 magnetron with the cathode priming model in 3D view
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The last model was formed for A6 magnetron with the transparent cathode

structure. That model with transparent cathode di�ers from the basic A6 mag-

netron model with the solid cathode in two aspects and the rest parts of the

models are the same. The �rst di�erence is the cell size of the grid in the az-

imuthal direction. In the transparent cathode magnetron model, the azimuthal

cell size is 2.5◦ instead of the 5◦. Otherwise, the accuracy of the results would

not be su�cient because of the thin longitudinal strips on the cathode struc-

ture. The second di�erence is the model of the cathode structure. That cathode

structure has discrete longitudinal strips arranged circularly and the interior of

it is hollow. The 3D model of the transparent cathode structure is given in

Figure 4.13. The cross-sectional view of the model of the A6 magnetron with

Figure 4.13: 3D model of the transparent cathode

the transparent cathode can be seen in Figure 4.14. The radial width of the

cathode strips is 2 mm and they have angular width of 5◦. The axial length is

7.2 mm as in the solid cathode. Those strips placed in an azimuthally periodic

way and the outer radius of the circle that they form is the same as the solid

cathode radius which is 1.58 cm. The position of the strips relative to the vanes

is arranged such that the angle between the start of the vane and the start of

the strip is θ =10◦ as in (a) of Figure 4.14.
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(a) Cross-section in r-ϕ plane

(b) Cross-section in r-z plane

Figure 4.14: Cross-sectional view of the A6 magnetron with the transparent
cathode model

4.3.2 Input Parameters

There are two input parameters which were modeled. Those are the axial B-�eld

and the voltage between the cathode and the anode. In the real case, the �rst

one is supplied by the permanent magnets or the coils and those means provide

a constant B-�eld over the interaction space. In the model, that axial B-�eld

is applied by presetting a static B-�eld value in the axial direction over the
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entire simulation space uniformly. The applied static and uniform B-�eld value

is 0.52 T. The model of the second one is a voltage waveform which starts from

zero at the beginning and reaches the desired radial voltage of the magnetron

operation after a ramp type rise with a rise time. The desired radial voltage

for the simulations is 350 kV and the voltage rise time is 10 ns. The function

showing that waveform is,

V OLTAGE(t) = VradialRAMP
( t

trise

)
(4.3)

where,

RAMP (x) = Max(0,Min(1, x)) (4.4)

In the simulation environment, that voltage waveform is applied by setting the

incoming wave (E-�eld) on the input port boundary in (a) of Figure 4.9. That

incoming wave is set by de�ning a temporal function and a spatial pro�le func-

tion for the �eld vectors in the direction transverse to the propagation of the

incoming wave. In this case, the propagation is along the axial (z) direction so

the de�ned spatial pro�le vectors are along the radial (r) and the azimuthal (ϕ)

directions. The de�ned temporal function is as in Equation (4.5) and the de�ned

spatial pro�le functions for the �eld vectors along the radial and the azimuthal

directions are as in Equation (4.6) and Equation (4.7), respectively.

DRIV ER(t) = 0.7VradialRAMP
( t

trise

)
(4.5)

Er =
1

r
(4.6)

Eϕ = 0 (4.7)

The spatial function in Equation (4.6), which is along radial direction, is nor-

malized over a line from cathode to anode such that its integral of E-�eld over

that line is unity in order to make the unit of the temporal function in Equa-

tion (4.5) to be volts. Since the de�ned wave is the incoming one, a command

in the simulation environment, which rescales that incoming wave according to

the observed input voltage value in the simulation, is used in order to arrange

the total �eld, which is the addition of the incoming and the re�ected waves,

and obtain the desired voltage waveform in Equation (4.3) at the port boundary.
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That command uses rescaling function [39],

rescale(t) = exp

[
1

δt

(
1− δt

t

)∫ t

0

(
1− observed(t′)

desired(t′)

)
dt′

]
(4.8)

where δt is the time constant. After observation on the input voltage waveforms

in the simulations, the time constant, δt, in equation (4.8) was determined as

T/8, where T = 218.34 ps is the period of the output RF signal at frequency 4.58

GHz (2π-mode operation frequency of the A6 magnetron). For some di�erent

values of the time constant, observed input voltages on the port can be seen in

Figure 4.15. In that �gure, it is obvious that the higher the time constant, the

(a) δt = T/8 (b) δt = T/2

(c) δt = 2T (d) δt = 8T

Figure 4.15: Input voltages in the simulations for the di�erent time constants

worse the input voltage waveform. On the other hand, the time constant cannot

be very small; otherwise, the simulation fails due to the instability. As a result of

that information, T/8 value was chosen as the time constant. The input voltage

waveform which was applied in the simulations is as in Figure 4.16.
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Figure 4.16: Input voltage waveform used in the simulations

4.3.3 Emission

For the emission process in the simulations, the default explosive emission model

of the simulation environment was used. In that model, threshold E-�eld, which

is the �eld value such that the cell on the emitting surface breaks down and

starts to emit particles when that value is exceeded by the E-�eld at that cell,

is 2.3 × 107 V/m. In the model, the emission occurs on the emitting surface

according to formula [39],

dq

dA
= ε0f(t− tb)(Ec − Er)− ρ (4.9)

where f(t) is the plasma formation rate, tb is the time at which the cell breaks

down, Ec is E-�eld at the cell, Er is the residual �eld at the surface and ρ is

the existing charge density at the surface. In the used default model, residual

E-�eld, Er, is 0 V/m and the plasma formation rate is linear with a 5 ns rise

time, τ , as [39],

f(t) =


t
τ

if t < τ

1 if t > τ
(4.10)
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4.4 Simulation Results

The simulations were carried out by applying the 0.52 T axial B-�eld and the

voltage waveform in Figure 4.16 as the input parameters. The simulation run-

time was chosen as 50 ns. Over that runtime some of the output parameters

of the magnetron were observed. Those include the operating frequency and its

evolution in time, the voltage oscillations in the output port, the output power

and the current collected by the anode. In addition, the RF �elds in the cavities

and the particles in the A-K gap were investigated. From all those data, the

speed of the start-up for the solid cathode A6 magnetron, the solid cathode A6

magnetron with the cathode priming and the transparent cathode A6 magnetron

tried to be interpreted.

The �rst observation is the operating frequency. The output spectrums for the

three types of magnetrons are given in Figure 4.17. The observed frequency for

the solid cathode and the solid cathode with the cathode priming is 4.58 GHz,

which is consistent with the theoretical value for A6 magnetron that is 4.60 GHz.

On the other hand, the output frequency of the transparent cathode magnetron

is 4.00 GHz. It can be said that the modi�cation on the cathode shifted the

output frequency. Apart from that, the output spectrum of the transparent

cathode magnetron is more clear than the others. That shows the e�ect of the

tranparent cathode structure on the mode competition and the noise.

The second observation is the evolution of the frequency over time. The time-

frequency spectrogram graphs obtained from the simulation for the three types

of the magnetrons are as in Figure 4.18. In the graphs, the solid cathode and

the solid cathode with the cathode priming magnetrons �rst develop another

frequency and then, reaches the operating frequency of the magnetron. The

cathode priming structure reaches that frequency a little bit earlier than the

solid one. However, the transparent cathode structure starts directly with the

operating frequency and that start of the oscillations apparently earlier than the

other structures. Those graphs show the faster start-up and the improved mode

competition of the transparent cathode magnetron.

The voltage oscillations at the output slot as the third observation can be seen

in Figure 4.19. The oscillations start around 9.5 ns and reaches the steady-state

57



value around 16 ns for the solid cathode magnetron. The times for the structure

with the cathode priming nearly the same, which are 9.5 ns and 15 ns, respec-

tively. The transparent cathode magnetron starts to oscillate around 7.5 ns and

reaches the peak value around 10.5 ns. Those voltage oscillation graphs show

that the start-up time of the cathode priming structure is slightly better than

the start-up time of the solid cathode structure while the transparent cathode

structure have much better start-up time than both of them.

Another observation, which is the fourth one, is on the output power at the

output slot. The graphs are in Figure 4.20. In the graphs output powers be-

gin to form for the solid cathode magnetron, the solid cathode magnetron with

cathode priming and the transparent cathode magnetron at 11 ns, 11 ns and 8

ns, respectively. In addition, power reaches the peak value at 17 ns, 16 ns and

12 ns, again respectively. The start-up performance of the transparent cathode

magnetron is the best according to the power graphs and the cathode priming

slightly improves the start-up time. Also, the output power of the transparent

cathode magnetron is higher than the others and it is good for the applications

which requires only high power. However, there is a ripple in the power of the

transparent cathode magnetron at the steady-state. Therefore, the solid cathode

magnetron would be more suitable for applications which requires stable output

power.

The last observation plot is the current collected by the anode which is given in

Figure 4.21. The start time of the anode current is 9.5 ns, 9 ns and 6.5 ns for

the solid cathode, the cathode priming and the transparent cathode and they

reach the peak value at 22 ns, 21 ns and 13.5 ns, respectively. The current plots

are in accordance with the power plots in terms of the start-up improvements.
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(a) Solid cathode

(b) Cathode priming

(c) Transparent cathode

Figure 4.17: Output spectrums of A6 magnetron with the solid cathode, the
cathode priming and the transparent cathode in the simulations
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(a) Solid cathode

(b) Cathode priming

(c) Transparent cathode

Figure 4.18: Time-frequency spectrograms of A6 magnetron with the solid cath-
ode, the cathode priming and the transparent cathode in the simulations
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(a) Solid cathode

(b) Cathode priming

(c) Transparent cathode

Figure 4.19: Voltage oscillations at the output port of A6 magnetron with the
solid cathode, the cathode priming and the transparent cathode in the simula-
tions
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(a) Solid cathode

(b) Cathode priming

(c) Transparent cathode

Figure 4.20: Output power of A6 magnetron with the solid cathode, the cathode
priming and the transparent cathode in the simulations
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(a) Solid cathode

(b) Cathode priming

(c) Transparent cathode

Figure 4.21: Current collected by the anode of A6 magnetron with the solid
cathode, the cathode priming and the transparent cathode in the simulations
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In addition to the observations previously stated, the evolution of the azimuthal

RF E-�eld was also investigated. The distributions of that E-�eld in the r-ϕ

plane between 11 ns and 16 ns are given in Figure 4.22. In that �gure, there is

180◦ phase di�erence between the red and the blue areas in terms of RF �elds. At

11 ns, 12 ns and 13 ns, some cavities are shaded with the blue and the others are

shaded with the red in the standard solid cathode magnetron. That corresponds

to the di�erent phases of the E-�eld in the di�erent cavities meaning that the

magnetron operates at the other mode than the desired 2π-mode operation. At

14 ns, the cavities of the standard solid cathode magnetron are all shaded with

the blue and that shows the same phase at all the cavities implying the desired

2π-mode operation. At one step later, 15 ns, all cavities of the standard solid

cathode magnetron are again at the same phase but this time it is 180◦ shifted

with respect to the previous step because the cavities are red shaded. There is

also the same situation at 16 ns step and that situation continues so on remaining

of the runtime of the simulation. Therefore, it can be said for the standard solid

cathode magnetron that its desired operation starts at 14 ns. Looking at the

magnetron with the cathode priming in the same manner, there exists di�erent

mode of operations from 11 ns to 15 ns and the desired operation starts at 15 ns

and keeps going. Investigating the times, the standard solid cathode magnetron

and the one with the cathode priming have similar start-up times. On the other

hand, the cavities of the transparent cathode are all at the same phase (blue

shaded) at all time steps between 11 ns and 16 ns. That means the start of the

desired 2π-mode operation is before the 11 ns and that is much before the start

of the other type of magnetrons. There is no phase which corresponds to the red

shaded area for the transparent cathode magnetron at those time steps. It is

because the simulation do not catch that phase value due to the di�erent output

frequency of the transparent cathode magnetron than the other ones. The name

transparent can also be understood by looking at the �eld distribution as the RF

�eld strongly exists at the locations which are the interior of the cathode making

it transparent to that �eld. In the view of the information obtained from the RF

�eld investigation, it can be concluded that the transparent cathode magnetron

starts much faster than the other types and the mode competition is suppressed

in the transparent cathode magnetron.
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t=11 ns

t=12 ns

t=13 ns

t=14 ns

Figure 4.22: Evolution of the azimuthal E-�eld in the cavities of A6 magnetron
with the solid cathode (left), the cathode priming (middle) and the transparent
cathode (right) in the simulations
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t=15 ns

t=16 ns

Figure 4.22: Evolution of the azimuthal E-�eld in the cavities of A6 magnetron
with the solid cathode (left), the cathode priming (middle) and the transparent
cathode (right) in the simulations (cont.)

Another investigation was carried out on the particle distributions in the A-K

gap. Those particle distributions at various times can be seen in Figure 4.23. In

the standard solid cathode magnetron, there is only an electron cloud in the A-K

gap until 12 ns and at that time, the �rst spoke structure is observed. However,

the six-fold spoke structure of the desired mode (2π) forms at 16 ns and it

continues to the end of the simulation. For the magnetron with the cathode

priming, the situation is similar to the standard solid cathode magnetron. The

�rst spoke structure is observed at 12 ns again but the six-fold spoke structure

forms at 17 ns at this time. The transparent cathode magnetron shows spoke-like

formation at 6 ns. However, the six-fold spoke structure forms at 8 ns and goes

on till the end. Those particle plots show the signi�cant speed at the start-up

and suppression of the undesired modes in the transparent cathode magnetron

while the other types have similar characteristics with each other.
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t=6 ns

t=8 ns

t=10 ns

t=12 ns

Figure 4.23: Evolution of the particle traces in the A-K gap of A6 magnetron
with the solid cathode (left), the cathode priming (middle) and the transparent
cathode (right) in the simulations

67



t=14 ns

t=16 ns

t=17 ns

Figure 4.23: Evolution of the particle traces in the A-K gap of A6 magnetron
with the solid cathode (left), the cathode priming (middle) and the transparent
cathode (right) in the simulations (cont.)

The simulations throughout this chapter compare the standard solid cathode

magnetron, the solid cathode magnetron with the cathode priming and the

transparent cathode magnetron. The results show signi�cant improvement in

the transparent cathode magnetron in terms of the start-up time and the mode

competition issues. The other two types were observed as similar to each other

in those aspects.
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CHAPTER 5

INPUT LUMPED MODEL OF MAGNETRONS

5.1 Inductive Behavior of Magnetron Input

The transient behavior of the magnetron is the key point regarding the e�orts

for a faster start-up. Therefore, the behavior of the input current of the mag-

netron as a function of time was investigated during the simulations in order

to understand the transient behavior. The data obtained from the simulations

that give information about the input current is the collected electron current

by the anode. That can be accepted as the input current from the DC supply

because it closes the input circuit. The simulated time variation of the anode

current in the solid cathode magnetron, whose model was given in the previous

chapter, as time elapses is given in Figure 5.1.

Figure 5.1: The simulated anode current of the solid cathode magnetron
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Observing Figure 5.1, the current of the magnetron starts from zero at 0 ns

when the input voltage waveform starts to be applied. After a time period, the

electrons in the A-K gap begin to interact with the anode and the anode current

starts to increase. That region is the one in which the transient behavior occurs.

Finally, the anode current reaches the steady-state value. The point at which

the current is stabilized is the one such that the start-up of the magnetron is

completed and it begins to operate properly. That behavior of the current start-

ing from zero and reaching the steady-state value after an exponential transient

implies an inductive input for the magnetron. Decreasing the transient time of

the input current means a faster start-up. Therefore, it is important to under-

stand the reason behind that inductive behavior of the magnetron input and

form a model for it within the scope of the attempts to get faster start-up.

5.2 Input Lumped Model

In this thesis, a lumped model as in Figure 5.2 is suggested for the magnetron

input in order to understand the inductive behavior of the magnetron input. The

suggested model of the magnetron input consists of an inductor and a resistor.

Figure 5.2: Suggested input lumped model of the magnetron
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In Figure 5.1, the anode current (I in the model) starts at time T , represented by

a switch closed at T in the model, and it increases exponentially with time before

reaching the steady-state. An inductor shows that kind of transient current

response. The resistor in the model stands for the steady-state behavior of the

magnetron input. The voltage supply represents the input voltage waveform.

However, it is assumed as constant, V , because at time T at which current starts

(or switch is closed in the model), the applied voltage waveform in Figure 4.16

reaches to its maximum value.

The voltage across an inductor is related with the current through that inductor

as,

VL(t) = L
dIL(t)

dt
(5.1)

where VL is the voltage across the inductor, IL is the current through the inductor

and L is the inductance. First, assuming T = 0 and using Kirchho�'s voltage law

and substituting Equation (5.1), the di�erential Equation (5.2) for the current

I in the model is found.
dI(t)

dt
+
R

L
I(t) =

V

L
(5.2)

The homogeneous solution of Equation (5.2) is e−Rt/L and the particular solution

is V/R. Therefore, the current I is in the form,

I(t) = ke−
t

L/R +
V

R
(5.3)

where k is a constant to be determined. In order to �nd k, Equation (5.4) is

used since there is no anode current initially.

I(t = 0) = 0 (5.4)

k is found to be −V/R. Substituting k in Equation (5.3) and including T , the

current I is found as,

I(t) =
V

R

(
1− e−

t−T
τ

)
(5.5)

where τ is given by,

τ =
L

R
(5.6)

The values of parameters of the input lumped model in Figure 5.2 of the sim-

ulated solid cathode A6 magnetron is found by �tting Equation (5.5) to the
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obtained current data from the simulations in Figure 5.1. The time, T , at which

switch in the model is closed and the current starts, is chosen as 10.7 ns because

the current before that time can be considered as negligible. Since the applied

voltage waveform reaches its steady-state value (350 kV) before 10.7 ns, the con-

stant V can be used in the model as 350 kV. On the current data in Figure 5.1,

the steady-state value of the current is observed as 19.774 kA and dividing 350

kV by that current gives 17.7 Ω that corresponds to R in the suggested model.

The �tting process is done in order to �nd L value in the model and the result is

57 nH. The real current data from the simulation and the curve calculated from

the current in Equation (5.5) of the suggested model can be seen in Figure 5.3.

In Figure 5.1, the particle current collected by the anode is negative. The sim-

ulation program puts negative sign in order to specify the sign of the charge of

the particles collected and it is not related to the direction of the current �ow

due to those particles. Therefore, the magnitude of the current data from the

simulations is used by omitting the negative sign in the �tting process as in

Figure 5.3. As a conclusion, the input lumped model in Figure 5.2 for the solid

A6 magnetron is suggested with the model parameters in Table 5.1.

Figure 5.3: Real current data of the A6 magnetron from simulations and the
�tted curve calculated from the suggested input model
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Table5.1: Obtained parameters for suggested input lumped model of the solid
cathode A6 magnetron

V (kV) T (ns) L (nH) R (Ω)

350 10.7 57 17.7

5.3 Physical Implications

The inductance value in the input lumped model of the magnetron can be in-

terpreted physically with two di�erent suggestions. One of them considers the

electron spokes in the interaction region as windings of a coil and the other one

considers them as straight wires. This section gives an explanation of those two

suggestions.

5.3.1 Coil Inductance Suggestion

While forming spokes in the interaction region, the electrons follow a path like

in Figure 5.4. They rotate around the cathode forming an azimuthal modu-

Figure 5.4: Electron path in the interaction region while forming spokes

lation and they also drift axially. That rotation forms loop-like paths. Each

spoke can be considered as a wire forming a loop and since there exists an axial

magnetic �eld in the interaction space, current due to the electron rotation can
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be considered as an induced current. Therefore, each spoke can be considered as

a winding of a coil having vacuum inside. In that con�guration windings are not

placed along a cylinder axially, they also have a rotation azimuthally. However,

since there is the same vacuum inside each loop and the same uniform magnetic

�eld and the current �ow through each spoke continuously like a single wire, the

assumption of the spokes as the windings of a coil is plausible.

The inductance of a coil is calculated by [41],

L = µ
N2A

l
(5.7)

where L is the coil inductance, µ is the permeability of the core, N is the number

of windings, A is the area of the core and l is the length of the core.

The inductance of the input lumped model of the magnetron can be calculated

using the coil inductance formula assuming each spoke in the interaction region

as a winding of a coil. In the case of the A6 magnetron, which is the magnetron

investigated throughout the thesis, the number of windings (N) can be taken

as 6, that is the number of spokes. Since the interaction space is vacuum,

the permeability of the core (µ) is the permeability of the free space which is

4π10−7 H/m. The length of the core (l) is 7.2 cm which is the axial length

of the A6 magnetron. The area is taken as the area of a spoke. That area

can be seen in Figure 5.5. In that �gure, although one side is an arc that

Figure 5.5: Area of a spoke in the interaction region
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shape can be considered as a right triangle and the area can be calculated by

multiplying the lengths of both sides and dividing by two. The area is calculated

as 112.33 mm2. That calculated area in the �gure is just indicative and it is

chosen by an engineering insight with a one-time trial. However, the area can be

chosen with di�erent approaches. Substituting all values in Equation (5.7), the

inductance value is found as 70.58 nH. That value and the calculated value of

the input lumped model in the previous section, which is 57 nH, are comparable

within the same order of magnitude. As a result, the inductive behavior of the

magnetron input model might be explained with the coil inductance suggestion

and the related parameters, that are obtained for the A6 magnetron from the

simulations, are as in Table 5.2.

Table5.2: Calculated parameters for coil inductance approach of the solid cath-
ode A6 magnetron

L (nH) µ (H/m) N A (mm2) l (mm)

70.58 4π10−7 6 112.33 72

5.3.2 Wire Inductance Suggestion

The path which the electrons follow in the interaction space was given in Fig-

ure 5.4 in the previous subsection. In that subsection, the spokes are considered

as windings of a coil. Since the windings are formed from a continuous wire,

each spoke can be considered as a cylindrical wire. Therefore, in this subsection,

the spokes are considered as just wires instead of windings of a coil and they are

considered to be joined each other in series. As a result, in the wire inductance

suggestion, the inductance of the input lumped model is calculated by �nding

the inductance of a spoke with the assumption of a cylindrical wire and mul-

tiplying it by the number of the spokes because the spokes are assumed to be

joined in series. In order to �nd the inductance of a spoke, the self-inductance

formula for a wire is [42],

L = 2l

[
ln

[(
2l

D

)(
1 +

√
1 +

(
D

2l

)2)]
−

√
1 +

(
D

2l

)2

+
µr
4

+

(
D

2l

)]
(5.8)
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where L is the wire inductance, l is the length of the wire (in cm), D is the

diameter of the wire (in cm) and µr is the relative permeability.

The length and the diameter of a wire related to a spoke in the interaction

region of the A6 magnetron are as in Figure 5.6. The lines passing through

Figure 5.6: Length and diameter of a spoke in the interaction region

the center points of the triangle forming the spoke are used in order to �nd the

length and the diameter parameters of the wire. In that way, the length and the

diameter are found to be 18.53 mm and 5.41 mm, respectively. The approach

used in order to choose the lengths depends on an intuition and one-time trial.

On the other hand, di�erent approaches can be used in order to determine

those lengths. Substituting the values in the Equation (5.8) while taking µr=1

(vacuum), the inductance of a spoke is found as 7.44 nH. Since there are six

spokes in the A6 magnetron, the total inductance is 44.64 nH. That value and

the calculated value of the input lumped model in the previous section, which

is 57 nH, are comparable within the same order of magnitude. As a result, the

inductive behavior of the magnetron input model might be explained with the

wire inductance suggestion.
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5.4 Comments on Results

In this chapter, an input lumped model is suggested for a magnetron. That

model di�ers from the other lumped models in the literature because it treats

the DC input port instead of the RF output port and the cavities. The model is

formed with the belief of an inductive input because of the time variation of the

anode current. The curve �tting results and the calculations from two di�erent

physical suggestions are comparable within the same order of magnitude. That

supports the inductive input belief and the suggested model. However, more

simulations and measurements could be done in order to verify those suggestions.

The suggested model is a start point. In the future studies, that model can be

improved by adding the e�ects of the input supply and more accurate results

can be found. Also, the physical suggestions can be improved and veri�ed with

more observations on magnetrons.
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CHAPTER 6

CONCLUSION

Today, magnetrons are one of the HPM sources of which studies are carried

out in order to improve their designs. The higher output power levels have

already been reached by the invention of relativistic magnetrons. However, those

magnetrons have one kind of drawback and that is pulse-shortening issue. That

problem causes the reduction of the radiated energy in spite of the higher level

of output power. Therefore, the focus of the studies on relativistic magnetrons

is to solve the pulse shortening issue. One solution is to reduce the start-up

time and by that way, to increase the energy per pulse, or average power. In the

view of that information, this thesis investigates the ways to hasten the start of

magnetrons, especially relativistic ones. In Chapter 2, the magnetron structure,

the parameters to be considered in the design process and the parameters to be

evaluated after design are mentioned. In Chapter 3, the literature search results

for the methods that hasten the start-up of magnetrons are given. Those include

the priming techniques, that are cathode priming, magnetic priming, electric

priming and RF priming, and the transparent cathode magnetron. In Chapter

4, simulations for the fast start-up techniques are presented. Those simulations

were done in MAGIC PIC simulation environment in order to compare the start-

up times of three modi�ed cathode type used in relativistic A6 magnetron which

are the standard solid cathode, the solid cathode with the cathode priming and

the transparent cathode. The simulations showed improvement of the start-up

time in the transparent cathode as compared to other ones by investigating the

transient behavior of the output power and the anode current and observing the

particle and �eld distribution in the interaction space. In Chapter 5, an input

lumped model for magnetrons are suggested in order to explain the transient
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behavior of magnetrons at the start-up. The value of the inductance, which

is responsible for the transient behavior of the magnetron, in the model for

A6 magnetron is calculated from the results of the simulations carried out in

the previous chapter and a physical explanation for why that kind of inductive

behavior exists in magnetrons is given using two suggestions. One of them treats

the electron spokes in the interaction space as a coil and the other one treats

as a straight wire. The inductance values obtained from both suggestions and

the calculated inductance value from the input lumped model are within the

same order of magnitude. Therefore, those two suggestions might explain the

inductive behavior of the magnetron input. However, they are just suggestions

and more simulations and measurements should be done as a future work in

order to understand whether they are su�cient explanations. In conclusion, that

model gave a start towards the explanation of the start-up transient behavior of

magnetrons and that model can be improved and linked to the design parameters

of magnetrons in detail enabling the faster start-up magnetrons in the future

works.
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