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Abstract

This thesis deals with various aspects of the design of megawatt-class X-band pulsed
power coaxial magnetron and RF windows. X-band magnetrons have a wide range of
applications such as cargo scanning, linear accelerator (LINAC) for medical application,
and non-destructive testing and evaluation (NDT&E). A systematic design procedure of
coaxial magnetron is presented, which includes primary sub-parts such as a coaxial cav-
ity, anode resonator, cathode, output section, unwanted mode suppressors, and frequency
tuner. The simulation studies are performed using CST Studio, and some of the results
are verified by comparing with the results of HFSS simulations. The output performance
of the coaxial magnetron is analyzed using particle-in-cell (PIC) simulations. Peak out-
put power of 2.12 MW with 62.04% total efficiency is achieved for a 28-vane magnetron

at 9.2987 GHz. The frequency tuning range is obtained as 9.2987 GHz + 20 MHz.

This thesis also examines high-power overmoded RF windows in X-band. Four inge-
nious designs of RF windows are proposed; three windows are based on the excitation
of TEq1; mode, and one window is based on the excitation of TE(,; mode. Multiphysics
analyses are performed for the proposed RF windows. In these analyses, EM, thermal,
and structural analyses are coupled together to study the temperature distribution on win-
dow dielectric and structural deformation caused by the thermal and mechanical stresses.
Multipactor study of RF windows is carried out in SPARK3D, and the multipactor thresh-

old is determined for the safe operating power level.

Next, a new approach for high-power coaxial magnetron using stacked anode res-
onators is proposed. A modified design of coaxial magnetron is presented with multi-

ple anode resonators placed in a stack and multiple cathodes for high-power microwave
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generation. Since the output power of the conventional coaxial magnetron (with single
anode resonator) is limited, for high-power requirements, magnetron array is used. The
phase-locking mechanism is essential for combining the output powers of multiple mag-
netrons because of their intrinsic phase inconsistency in the output signal. The proposed
design enhances the output power of a coaxial magnetron substantially without requir-
ing complex external circuitry for power combining. The modified coaxial magnetron is
designed using two different arrangements of the cathodes. In one arrangement, two sepa-
rate cathodes are employed with two anode resonators. This design can have two types of
cathode excitation: both cathodes are excited simultaneously, and only one of the cathode
is excited at a time. Three different output power levels can be obtained. In the second
arrangement, both cathodes are connected. In the connected cathode arrangement, more
than two anode resonators can also be employed. In the present work, the proposed mag-
netron configuration has been tested up to three anode resonators. The output powers of
the magnetrons with double anode and triple anode resonator are found to increase about
2.73 times and 3.68 times, respectively as compared to the coaxial magnetron with a sin-
gle anode resonator. A wide frequency tuning range of 30.5 MHz (from 9.2840 GHz to

9.3145 GHz) is obtained for coaxial magnetron with two anode resonators.
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1. Introduction

1.1 Introduction

A magnetron is a widely used microwave frequency source for high-power applications. Al-
though magnetron was invented almost 100 years ago, to date, the research activities in this device
are continuing to improve its efficiency, extending its power and frequency range. Magnetron has
high demand in multitude of applications such as LINACs, radars, cargo scanning, heating, and ra-
diotherapy in X-band, because of its performance. LINACs are widely used in the detection and
treatment of deadly diseases like cancer, scientific studies, and non-destructive testing and evaluation
(NDT&E). With the availability of the commercial particle-in-cell (PIC) codes such as CST Particle
Studio [4], MAGIC3D |[5], in recent times, there has been renewed interest in research activities con-
cerning efficient design of magnetrons, which can be seen from various recent publications in this
domain [6-11]].

In spite of a lot of progress in research and development in the field of magnetron, still there
exists scopes to develop a systematic design procedure for such devices. There are a lot of inter-
dependencies among the critical design parameters of a magnetron, and from an initial design, fine-
tuning of these parameters further for obtaining targeted outputs is quite involved and time-consuming.
Many designs regarding the sub-systems of a magnetron have been proposed from time to time. There
are variations based on the fundamental principles of operations. High-power magnetrons operating
in higher frequencies, such as X-band, have not been investigated comprehensively in the literature.
RF window is a crucial component of vacuum electron devices (VEDs) and systems. High-power
operation at high-frequencies requires specially designed RF windows so that multipactor, surface
flashover and breakdown can be avoided for the desired operation. For this, overmoded RF windows
are required to be investigated in detail in the X-band. Magnetron arrays are used for the generation of
high-power microwaves from multiple magnetrons using power combining techniques. However, the
output power combining is a cumbersome process because of the random phase of the output signal
of a magnetron. Phase-locking techniques such as injection locking and phase-locked loop require
additional complex circuitry, which makes the overall system bulky and costly. There is a scope to

find the high-power microwave generation technique without complex external circuitry. The thesis
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investigates in detail the various issues related to the design of high-power coaxial magnetron and its
components operating in the X-band along with the high-power overmoded RF windows and output

power combining technique.

1.2 Coaxial Magnetron

Military demand in the early 20" century gave rise to the early stage microwave magnetrons’
development. In 1921, A. W. Hull proposed the idea of the magnetron and later around 1940, mul-
ticavity cylindrical magnetron was developed by John Randall and Henry Boot at the University of
Birmingham for radar application. Post World War II, magnetrons were also developed for civilian
applications such as heating, radiotherapy, plasma creation. The cavity magnetron faces challenges at
high-frequency operations because of reduction in dimensions.

The invention of coaxial magnetron by J. Feinstein at Bell Laboratories around 1954 is considered
as major advancement in the field of cavity magnetron. Coaxial magnetron or Circular Electric Mode
magnetron (CEM magnetron) overcomes the limitations of the conventional cavity magnetron. In a
coaxial magnetron, a high quality-factor coaxial cavity operating in TE(;; mode is located outside
of the anode shell as shown in Fig. TE,;; mode is also known as the circular electric mode
because of its circulating electric field pattern. Every alternate vane cavity of the anode resonator
is coupled to the outer coaxial cavity through longitudinal slots. The circulating electric field of the
TEy;; mode provides the m-mode stability in the anode resonator by keeping the electric field in the
alternate vane resonators the same. This avoids the unwanted mode jumping in the start-up time of
the coaxial magnetron. The requirement of the straps is overcome in the coaxial magnetron, while
that is an essential part of the conventional magnetrons for avoiding mode jumping. In a conventional
magnetron, strapping and rising-sun type resonators provide mode stability when the magnetron has
already reached in the desired mode but don’t ensure the stability in the start-up time when competing
modes may also significantly affect the desired oscillation.

Another variant of the coaxial magnetron is inverted coaxial magnetron or Inverted Circular Elec-
tric Mode magnetron (ICEM magnetron), used for the millimeter-wave frequencies applications. As

the name suggested, the cathode is located outside the anode, and vane-type resonators are placed at
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\ Cathode
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Figure 1.1: Schematic diagram (a) Coaxial magnetron (CEM magnetron) . (b) Inverted coaxial magnetron
(ICEM magnetron) [2].

Table 1.1: The performance characteristics of a typical coaxial magnerton and inverted coaxial magnetron

Type Freq. No. of resonators P,,; (peak) V, i nr  Af/fo
CEM magnetron 9.3 GHz 40 ISMW  33kV 83 Amp 50% 10
ICEM magnetron 37.5 GHz 120 0.1 MW  23kV 22 Amp 25% 6

the outer surface of the cylindrical cavity, as shown in Fig. [[.1(b)] The inverted structure can accom-
modate more number of resonators. The cathode can have lower current density because of the larger
radius. The output is taken axially from the circular waveguide instead of rectangular waveguide.
Thus, inverted coaxial magnetron can handle more power than the coaxial magnetron. However, the
efficiency of the inverted coaxial magnetron is lower. ICEM can have slot-type resonators instead of
vane-type; slot-type resonators have lower quality-factor (¢)) [12]]. The frequency tuning range of the
ICEM is lower than the CEM. The performance characteristics of a typical coaxial magnetron and
inverted coaxial magnetron are presented in Table [I.T][2].

Some of the advantages of coaxial magnetron are as follows:

= High-() of the coaxial cavity provides frequency stability to the desired mode. High unloaded

() gives rise to the high loaded (), high circuit efficiency, and thus, high total efficiency.
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sz Coaxial magnetron also provides frequency agility since it has a wide frequency tuning range.

== Lower frequency pushing: The change in frequency with the variation in beam current is called
as frequency pushing. Lower interaction fields and high-() cavity of coaxial magnetron reduces

the frequency pushing [13].

== Lower frequency pulling: The change in frequency with the mismatch in the output load is
called as frequency pulling. The high-() cavity of coaxial magnetron reduces the reactive effects

of the output mismatch and hence reduces frequency pushing [[13]].

== [t can house more number of anode resonators, which leads to higher anode and cathode size as

compared to the conventional magnetron. Thus, high peak output power can be obtained.

Apart from the advantages of the coaxial magnetron, the addition of the outer coaxial cavity and
coupling slots also introduce the excitation of unwanted modes. The suppression of these unwanted

modes is challenging and crucial for the desired operation.

1.3 RF Windows

RF window is an essential component of not only magnetron but of any vacuum electron device
(VED). RF window acts as a barrier between the vacuum and the external environment in VEDs. RF
window should exhibit high return loss and low insertion loss to transmit the RF power without any
reflection and losses 3,14, 15]. RF window is critical because a failure of it can damage the vacuum
electron device. RF window should be made sustainable for thermal and structural stresses. Thermal
expansion and pressure gradient across the dielectric disk produce structural stress in the structure.

A dielectric material is used as a barrier material in RF windows. High-purity alumina is preferred
over glass because of the lower dielectric losses [1]. A window gets heated up because of its non-zero
dielectric losses and give rise to failure possibilities, high dielectric losses of the dielectric disk can
cause thermal run-away in a window [1]. For high-average power applications, beryllia is used as
it has better thermal conductivity than alumina [16]]. However, beryllia is toxic in nature. Chemical
vapor deposited diamond (CVD) is also used because of its high electrical and mechanical properties
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[1]. The power handling capability of an RF window is often limited by the RF breakdown caused
by the multipactor discharge [17]. Multipactor effect can generate RF noise in the output signal
and excess heat produced by the consistent electron bombardment can cause thermal stress in an
RF window. Multipactor threshold can be enhanced by either putting an antimultipactor coating of
TiN on the surface of the dielectric disk or by structural modifications. TiN coating on the dielectric
surface is used to reduce the secondary electron yield (SEY), which lowers the multipactor breakdown
[18]]. However, the introduction of TiN coating has the disadvantage of causing surface flashover at
the dielectric disk [[19]. Therefore, structural modification in an RF window is an alternate way of
handling both multipactor and surface flashover, where the window is operated in the overmoded
condition. Overmoded RF windows are proposed to increase the diameter of the dielectric barrier,
which further reduces the average power density on the dielectric disk [3}|15,20,21]. Apart from
the design modifications, the power handling capability of the RF windows can also be enhanced by
using superior dielectric materials such as CVD diamond window. CVD diamond has high thermal
conductivity and negligible thermal loss and can be used for high-power applications [22,[23]].

Recently, the TEj;» mode RF window having an operating bandwidth of 5 MHz is proposed for
high-power klystron [3|]. RF window operating in TE(;2 mode (higher-order mode) has the advantage
in terms of larger radius and lower electric field strength as compared to the conventional pillbox-type
RF window. TE;2 mode has a circulating electric field pattern along the length of the cylindrical
cavity of the window. The multipactor threshold levels of such overmoded RF windows are higher
even without the antimultipactor coating of TiN [3]]. Another advantage of avoiding TiN coating on
the dielectric surface is to overcome the possibility of surface flashover or breakdown on the coating
surface. Apart from surface flashover and multipactor, there are other phenomena which limit the
high-power operation of the RF windows are such as avalanche and breakdown at the dielectric of the
RF window or at the metal and metal-dielectric junctions. However, the multipactor is the primary
cause of the breakdown in high-power RF windows [[17]].

As the dielectric constant of the window disk material is high, higher-order modes can also get
generated in or nearby dielectric disk because of the reduction in their cutoff frequencies. Such modes

are called as ghost-modes or trapped-modes [24]. The high-electric field strength of the ghost-modes
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can lead to window failure. Half-wavelength widows are much vulnerable to ghost-modes. Resonant
RF windows have a narrowband operation. The bandwidth of the RF windows can be increased by

the multimode operation or by introducing reactive elements [25]].

1.4 Thesis Motivation and Objective

As discussed earlier, a magnetron is used as an RF source in linear accelerators (LINACs) for
various applications such as radiotherapy for cancer treatment, cargo scanning, scientific study, non-
destructive testing and evaluation (NDT&E) [1]. Megawatt-class magnetrons operating in X-band are
in demand for portable LINAC applications because of their compact size, high efficiency, better fre-
quency tuning range, and lightweight [26]]. The design of high-power magnetron becomes challeng-
ing at high operating frequencies. At high operating frequency, geometrical dimensions decrease, and
this leads to a higher possibility of voltage breakdown in a high-power conventional magnetron. Ef-
ficient heat management is needed in high-power devices for the proper operation. However, smaller

dimensions of conventional magnetron have inadequate provision for the heat sink.
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Figure 1.2: The schematic diagram of a typical medical LINAC.
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Moreover, a higher quality factor (Q)-factor) is desirable in magnetrons as it reduces the mode
jumping and provides frequency stability for the desired mode. The quality factor (()-factor) de-
pends on the volume of the cavity, and the size of the cavity becomes smaller at higher frequencies in
the conventional magnetron. In such situations, coaxial magnetrons are preferred over conventional
cavity-type magnetrons. The coaxial magnetron has higher ()-factor because of external coaxial cav-
ity. A systematic design procedure of megawatt-class peak output power coaxial magnetron with
high-efficiency is in demand.

RF window is a critical component of magnetron as well as the LINAC system. High-power RF
windows become vulnerable because of breakdown, surface flashover, and multipactor. The operating
power level of the RF window is limited by the multipactor threshold. Thus, the RF window needs to
be designed in such a way that it can be operated at high-power levels without multipaction at the de-
sired frequency. Further, a wider bandwidth of the RF window can be useful for various applications.

One of the application areas of the thesis work is a medical LINAC, schematic diagram of which is

shown in Fig.
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Figure 1.3: Block diagram of a typical master-slave power combining using injection-locking magnetron.
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The magnetron arrays are used for high-power microwave generation. A higher output power
level is achieved by combining the output powers of multiple magnetrons. Since magnetron is an
oscillator with random phased output, it makes the output power combining cumbersome for the re-
alization of magnetron arrays. Complex external circuitry is required for phase-locking. An example
of master-slave power combining of two magnetrons using the injection-locking technique is shown
in Fig. The complex circuitry makes the overall system bulky and costly. There exists a scope of
improving such systems by finding ways to generate high-power microwave without using external

power combining techniques, at the same time keeping the system compact.

1.5 Brief Review of Literature

The conceptual design of megawatt-class magnetron is presented at the lower frequencies of 175
MHz [6] and 655 MHz [7], using conventional vane-type anode. Later on, a non-relativistic megawatt-
class magnetron is developed at 912 MHz with a high-efficiency of 87% [8]]. A 3D computer model
of the conventional vane-type 13 kW CW magnetron operating in X-band is presented and results
are compared with the experimental data [9]. A rising-sun magnetron having 250 kW power with
53% efficiency at 9.5 GHz is designed using a 3D particle-in-cell (PIC) code [10]. The design of a
magnetron becomes challenging at high frequencies because of the smaller dimensions, and so, the
coaxial magnetron is preferred over conventional magnetron. Strapping of vanes is not required in the
coaxial magnetron and it has a stable output with reduced mode jumping because of the stabilizing
outer coaxial cavity with high-quality factor.

A summary of the recent works in the non-relativistic magnetrons is presented in Table Con-
ventional magnetrons based on continuous wave (CW) output and pulsed power output have been
investigated from 912 MHz to 10.2 GHz frequencies. A synthesis procedure of the vane type conve-
tional magnetron is presented in [27]]. However, conventional magnetrons are not preferred in X-band
and applications involving higher frequencies. Coaxial magnetrons are suitable for high-frequency
operations; a brief summary of the available coaxial magnetrons is presented in Table [I.3] Coaxial
magnetrons operating in L-band [28] to Ku-band [29,[30]] have been reported. As already mentioned,

a detailed systematic procedure of design of a coaxial magnetron, including its various sub-parts, is
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not readily available in literature.

Available megawatt-class pulsed power coaxial magnetrons in X-band are presented in Table [I.4]
Commercial coaxial magnetrons, L6170 (L3 Technologies [39]) and VMX3095 (Communications &
Power Industries Inc. [40]) are available with peak powers of 1.75 MW, and 1.5 MW, respectively.
Recently, X-band pulsed power coaxial magnetrons with 40-vane are designed (in 2010 [11]], and
in 2019 [41]). Peak output powers are reported as 1.61 MW with 50.8% efficiency [11] and 1.88
MW with 53% efficiency [41] at 9.3 GHz. The high-power coaxial magnetron operating in X-band
is not investigated adequately. It is still an active research area, and scope exists to find a systematic
design procedure of the megawatt-class coaxial magnetron delivering high peak output power at high-
efficiency.

As mentioned earlier, an RF window is a vital component of the vacuum electron device (VED). A
brief summary of the works in RF windows is presented in Table [I.5] This includes the pillbox-type,
mixed-mode, overmoded RF windows. A failure in the RF window can cause permanent damage to
the VED. The exponential growth of electrons due to the multipactor discharge is one of the primary
causes of the failure of RF windows; other factors are surface flashover and breakdown. Multipactor
discharge limits the power handling capability of the window [42]. For high-power applications, the
multipactor threshold limit can be enhanced by either putting an antimultipactor coating such as TiN
coating on the surface of the dielectric barrier or by the structural modifications in the RF window.
However, antimultipactor coating has disadvantage and can also cause surface breakdown or surface
flashover on the dielectric disk [[19].

Therefore, to overcome both multipactor and surface flashover, the structural modification tech-
nique is preferred, which is based on the overmoded operation. The overmoded RF window has
larger diameter of the dielectric disk, and thereby reducing the average power density on the dielec-
tric [3,20,21]. The power handling capability of RF windows can also be enhanced by employing
superior dielectric materials such as CVD windows [22].

Recently, an overmoded S-band RF window based on TE(;, mode is proposed for the high-power
klystron application [3]. TEy;> mode has the circulating electric field pattern along the length of
the cylindrical cavity of the RF window. TEj;> mode RF window has a larger radius and lower
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Table 1.2: Summary of the recent works in non-relativistic magnetrons

Reference Summary Remarks
Ma et al. e X-band, 9.4 GHz, 13.75 kW ¢ Simulation results verified with
[0, 2003 e MG5241 modeled in 3D MAGIC available experimental data
» Conventional vane-type * Not preferable in X-band for high-power
Araz et al. e X-band, 10.2 GHz, 18 Vanes * Straps are not considered
[31]], 2011 * Frequency spectrum is obtained * Simulation results are compared

by PIC solver of CST

* Conventional magnetron

with available measured results

* Not preferable in X-band for high-power

Isenlik et al.

[32], 2013

* X-band (8.96 GHz)
* 8 hole and slot type resonators

* Conventional magnetron

» Systematic design procedure of
hole and slot magnetron

» Not preferable in X-band for high-power

Fleming et al.

e Low L-band (912 MHz), 1| MW

* Qutput power extraction mechanism

[133]], 2014 * 14 vanes, 85% efficiency include 6 coaxial waveguides
» Conventional magnetron * Not preferable in X-band for high-power
Vyas et al. * S-band (2.45 GHz), 10 kW (CW) e« Synthesis of vane-type magnetron
[27], 2015 * 10 vanes, 71% efficiency is presented
» Conventional magnetron * High-power CW magnetron
Han et al. e L-band (1.3 GHz) * Qutput section includes TE;
[134], 2019 * 12 hole and slot resonators, to TE;; mode converter

* 1.26 MW pulsed power

* Conventional magnetron

* Simulation is verified by measurement

* Not preferable in X-band for high-power
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Table 1.3: Summary of the available coaxial magnetrons in literature

Reference Summary Remarks
Cook et al. * X-band, 1.5 MW pulsed power Low pushing and pulling figure
[35]], 1961 * Frequency stability is 4 times High peak power at

better than conventional magnetron

long pulse length

Bamford et al.

(28], 1967

L-band (1.3 GHz), 1.1 MW pulsed
12 vanes, 40% efficiency

Low anode voltage, Light-weight

Only inner circuit is evacuated
Large size of TE;; cavity

at lower frequencies

Johnson et al.

[36], 1991

X-band, 8.6 to 9.6 GHz, 250 kW pulsed
Linear motor increases life and reliability

Improves system tuning capability

Long life and reliability
Frequency agility

Minimized mechanical wear

Victor et al.

[37], 2004

X-band, 10 kW pulsed, 25% efficiency

Cold cathode arrangement

Field emitters are used

Experimental studies performed

Blanchette et al.

[29], 2006

Ka-band, 32.0 GHz to 33.2 GHz
30 kW, 20% efficiency

Inverted coaxial magnetron

VMA2054 is modeled in HFSS

Larger cathode area
More resonators in anode shell
Long life and reliability

PIC analysis not performed

Victor et al.

X-band, 25 kW pulsed, 41% efficiency

Field emitters are used

[138]], 2010 * 30 vanes, cold cathode arrangement 3D PIC simulation performed

* Secondary emission cathode Compared with measured data
Song et al. » Ka-band, 35 GHz Coaxial cavity studied
[30]], 2019 * Asymmetrical tuning Tuning characteristics analyzed

Simulated in CST MW Studio

For Ka-band magnetron
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Table 1.4: Summary of the output performances of various available megawatt-class coaxial magnetrons in

X-band
Reference Freq. No. of vanes V. B P,.; (peak) nr
Lee et al. [41] 9.3 GHz 40 36kV 5900G  1.88 MW 53%
Qiu et al. [11]] 9.3 GHz 40 41kV 4800G 1.61 MW  50.8%
L6170 [39]] 9.275 GHz - 38 kV - 1.75 MW 52%
VMX3095 [40] 9.3 GHz - 37 kV - 1.5 MW 50.6%

electric field strength at the dielectric barrier as compared to the conventional pillbox window. The
lower electric field strength at the dielectric surface reduces the breakdown possibilities, normalizes
the temperature distribution and avoids localized heating. The multipactor threshold levels for such
TEy;2 mode overmoded RF windows are higher even without using antimultipactor coating of TiN [3].
Another advantage of not using TiN coating in TE(;» mode RF window is to avoid the breakdown on
the coating surface or surface flashover. There is a lot of scope in the RF window design with a high
multipactor threshold so that the RF window can be operated safely at high-power levels in X-band.
Output powers generated by the available pulsed power coaxial magnetrons are less than 2 MW,
as presented in Table High-power microwave is generated by power combining of multiple mag-
netrons in a magnetron array. Phase-locking techniques are required in the high-power magnetron
arrays to make coherent sources [17,50-55]]. Power combining techniques of two pulsed power mag-
netrons have been introduced long before by using hybrid couplers [50]. Phase-locking of magnetrons
for high-power LINACs using the injection locking technique is presented [51]. External injection
phase-locking of S-band magnetrons is presented in [[52,53]]. A different approach based on the quasi-
locking of the slave magnetron is proposed in [54]], and the power combining with phase-shifterless
asymmetric injection in S-band magnetron is proposed in [17]. Recently, the phase-locking technique
is also presented for millimeter-wave structures using Ka-band rising-sun magnetrons [55]. However,
these phase-locking methods require complex external circuitry, including solid-state devices, hybrid
couplers, and that increase the cost of the system and make the whole system bulkier. Thus, an ef-
fective power combining method is required for the high-power microwave generation without using

TH-2350_146102002

13



1. Introduction

Table 1.5: Summary of the recent works in RF windows

Reference

Summary

Remarks

Mitiailichenko
et al. [43], 1995

S-band and X-band
Based on multihole couplers

Each hole is covered with dielectric

Difficult to handle mechanical stress
Multiphysics analyses not performed

Multipactor analysis not performed

Otake et al.
[44]], 1995

X-band, TE;; mode

Circular-waveguide tapers

TiN coating at ceramic disk

Multipactor analysis not performed

Fowkes et al.

[45], 1999

X-band window
Overmoded window

TEy; mode window

Field reduction at disk
Multiphysics analyses not performed

Multipactor analysis not performed

Tokumoto et al.

X-band window

Field reduction at junction

[46[, 2000 ¢ Mixed-mode window of dielectric and metal
e TE{; + TE;5 and TE;; + TM; * TiN coating is used
Lamba et al. * S-band window * Asymmetric pill-box window
[47], 2008 » Simulated results compared * Multiphysics analyses not performed

with measured data

Multipactor analysis not performed

Christie et al.

X-band window

Simulation results are compared

[48], 2016 * Single block, Multilayer, and with analytical results
thin disc pillbox window studied * Multiphysics analyses not performed
* Equivalent circuit model * Multipactor analysis not performed
Jain et al. * S-band, pill-box window ¢ BeO, AIN, Al;O4
[49], 2017 * Multiphysics analyses performed performance compared
Joo et al. e S-band, TE;; mode * TiN coating is not
[3], 2017 * Multiphysics analyses required

Compared with measured results

Multipactor analysis performed
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complex external circuitry.

1.6 Problem Formulation

In Sections 1.1-1.3 various issues related to the design of magnetrons and RF windows are high-
lighted. Discussions have been made about the scopes that exist in extending the research activities in
these fields. The motivations for the present work and the goals have been discussed in Section 1.4.

In order to achieve these goals, key tasks, which need to be accomplished, are as follows:

# Investigation of the issues related to the improvement of the design and realization of the dif-

ferent parts of the coaxial magnetron.

# A systematic procedure for designing coaxial magnetron for a given specification. Improvement

in the peak output power and total efficiency of the coaxial magnetron in X-band.

# Investigation of the unwanted modes such as slot modes and TE;,; mode in the coaxial mag-

netron and their suppression technique.

# Investigation of the overmoded RF windows in X-band for megawatt-class applications and

having a wider bandwidth.

# Method for generating high-power microwave without using the complex external mechanism

for output power combining of magnetrons.

1.7 Thesis Contributions

A systematic approach for the design of a coaxial magnetron is proposed in this thesis. The
work can be divided into two parts. The first part is related to the design procedure of a high-power
coaxial magnetron in X-band. Such magnetrons have a wide range of applications in linear acceler-
ators for radiotherapy, cargo scanning, and non-destructive testing and evaluation (NDT&E). In the
second part of the work, high-power RF windows are designed. The proposed RF windows find ap-
plication in LINAC systems, gyrotron, klystron, and magnetron. The key contributions of this thesis

are as follows:
TH-2350 146102002

15



1. Introduction

v' A systematic design procedure of a coaxial magnetron is presented. This work also presents
the design procedure of many sub-parts of coaxial magnetron such as a coaxial cavity, anode

resonator, output section, frequency tuner, and RF window.

v' A megawatt-class pulsed power 28-vane coaxial magnetron operating in X-band with high-
efficiency is designed and analyzed with 3D Particle-in-Cell (PIC) simulations. Output peak
power of 2.12 MW with 62.04% total efficiency is achieved at 9.2987 GHz. As shown in the
literature survey (Table that all previously reported works have output power < 2 MW
around this frequency range. The output efficiency enhancement method is also introduced. A

wide frequency tuning range of 9.2987 GHz =+ 20 MHz is obtained in the proposed design.

v The effect of modified cathode end hats on the output efficiency of a coaxial magnetron is also
presented. The introduction of conical end hats instead of conventional end hats is found to

improve the total efficiency of a coaxial magnetron by 2.74%.

v Four ingenious designs of overmoded RF windows for high-power applications in X-band are
proposed. The multiphysics performance analyses of the proposed RF windows are carried out
using coupled EM, thermal, and structural simulation. The maximum peak power of up to 20

MW can be handled without a multipactor occurrence by the proposed RF window.

v A novel technique for high-power microwave generation from a coaxial magnetron using stacked
anode resonators’ arrangement is proposed in this thesis. A drastic improvement of 2.73 times
and 3.68 times in the output peak powers is achieved in dual and triple anode resonators, respec-
tively as compared to the conventional coaxial magnetron with single anode resonator without

using complex external circuitry.

The modified coaxial magnetron is designed using two different arrangements of the cath-
odes. In one arrangement, two separate cathodes are employed with two anode resonators. This
design can have two types of cathode excitation: both cathodes are excited simultaneously,
and only one of the cathode is excited at a time. Three different output power levels can be

obtained. In the second arrangement, both cathodes are connected. In the connected cathode
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arrangement, more than two anode resonators can be employed. In this thesis, the proposed

magnetron configuration has been tested up to three anode resonators.

1.8 Thesis Organization

A structural organization of the thesis is shown in[I.4] The thesis is organized into eight chapters.

The brief summary of each chapter is as follows:

Chapter 1: Introduction

Background of the conventional magnetron, coaxial magnetron, and RF window is discussed in

this chapter. Some of the existing works on the high-power coaxial magnetron, RF window, and

Introduction and Review
of the Coaxial Magnetron
and RE Windows Design and Analysis of Coaxial Cavity

(Chapter 1) (Chapter 2)

Synthesis of Anode Resonator
and Output Section
(Chapter 3)

Slot Modes and Suppression
A Systematic Design > Technique

Procedure of (Chapter 4)
Coaxial Magnetron

PIC Simulation of
Coaxial Magnetron and
Efficiency Improvements

Thesis

(Chapter 5)
Design and Analysis of
RF Windows
(Chapter 6)
Conclusion and High-Power Coaxial Magnetron
Future Work using Stacked Anode Resonators

(Chapter 8) (Chapter 7)

Figure 1.4: Thesis organization.
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1. Introduction

output power combining of multiple magnetrons are reviewed. The motivation and objective of the
proposed thesis work are presented along with the problem identification. The summary of the thesis

contribution is provided, and a chapter-wise thesis organization is presented.

Chapter 2: Design and Analysis of Coaxial Cavity

In this chapter, the design and analysis of the coaxial cavity are discussed. The expression of
the quality-factor of TEq;; mode of the coaxial cavity is derived, and synthesis of the coaxial cavity
based on the maximum quality-factor is presented. The mode diagram of the proposed coaxial cavity
is determined to study the occurrence of resonant modes in the coaxial cavity. The competing modes
of the desired TE(;; mode are identified. Suppression of the unwanted mode is necessary for the
proper operation of a coaxial magnetron. The suppression technique of the unwanted TE;5; mode is

presented as this mode is the most likely infringing mode to the desired TEj;; mode.

Chapter 3: Synthesis of Anode Resonator and Output Section

This chapter presents the synthesis of the anode resonator and output section of the coaxial mag-
netron. The cold test analysis of the proposed coaxial magnetron is carried out by performing eigen-
mode and frequency domain simulation. The eigenmode simulation is performed to determine the
operating mode at the desired frequency, and the coupling of the coaxial magnetron is analyzed by

frequency domain simulation. The dispersion diagram of the coaxial magnetron is determined.

Chapter 4: Slot Modes and Suppression Technique

In this chapter, the identification and suppression technique of the unwanted slot modes are dis-

cussed.

Chapter 5: Particle-in-Cell (PIC) Simulation of Coaxial Magnetron and Effi-
ciency Improvements

This chapter presents the particle-in-cell (PIC) simulation of the proposed coaxial magnetron.
Operating point of the magnetron is determined from the Hull-Hartree diagram. The effects of the
dielectric constant and loss tangent of the slot mode suppressor on the performance of the coaxial
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magnetron are analyzed by PIC simulation. The frequency tuning range of the proposed coaxial
magnetron is determined. The efficiency of the magnetron is enhanced by the technique of cathode

end hats’ shaping.

Chapter 6: Design and Analysis of RF Windows

This chapter presents the design and analysis of RF windows. Background of the conventional
pillbox-type RF window is discussed. Four designs of overmoded RF windows are proposed for
high-power applications in X-band based on the excitation of TEj;5 mode and TEys2 mode. Three
designs of the overmoded RF window are presented based on the excitation techniques of TEj;, mode,
and one design based on TEy; mode. The performance of the proposed RF windows is studied by

multiphysics and multipactor analyses.

Chapter 7: A New Approach of High-Power Coaxial Magnetron using Stacked
Anode Resonators

In this chapter, a novel technique for the output power enhancement in coaxial magnetron using
stacked anode resonators’ approach is presented. The concept and design of a coaxial magnetron with
stacked anode resonators are discussed. Two designs are proposed based on the cathode arrangements.
The simulation results of both the designs are presented. Eigenmode, frequency domain, and PIC
simulation are carried out to study the output performance of the proposed design. The frequency

tuning range is determined. The performance of both designs is compared.

Chapter 8: Conclusion and Future Work

This chapter summarizes the proposed works in the thesis. Future work, along with the various

possible applications, are discussed.

The appendices included in the thesis provide some information and studies which supplement

the works presented in this thesis.

* Appendix A

The solution of the wave equation for TE,,;, mode in the coaxial cavity is discussed.
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* Appendix B

The calculation of the quality factor for TE(;; mode of the coaxial cavity is presented.

* Appendix C
The design of a rectangular waveguide to cylindrical cavity mode launcher for TEj;; mode
with the maximum quality factor is presented. This mode launcher is proposed to optimize the
longitudinal coupling slots present in the intervening wall of the anode cavity and outer coaxial

cavity.

* Appendix D
Computational information such as number of mesh cells, number of emission points, compu-

tational time, and computational platform specifications are presented.

* Appendix E
For the feasibility of fabrication, CAD designs of the proposed RF windows and the impact of

tolerance of position and radius of the inductive coupling post are discussed.
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2. Design and Analysis of Coaxial Cavity

This chapter presents the synthesis and analysis of a coaxial cavity for high-power X-band coaxial
magnetron. The coaxial cavity is an essential part of a coaxial magnetron. Two methods, namely
method 1 and method 2, are presented for determining coaxial cavity design parameters: method 1
is based on solving characteristic equation for the TE mode and the method 2 is based on the quality
factor maximization. Since high-quality factor is required in the coaxial magnetron, second method is
preferred for determining dimensions of the coaxial cavity. The quality factor of the coaxial cavity for
the desired TE(;; mode is obtained analytically and verified by CST [4] and HFSS [56] simulations.
Resonant frequencies of various competing modes (such as TE;51, TE991, etc.) of the operating TE1;
mode are also determined and shown using a mode-diagram. The suppression mechanism of the
unwanted mode is also discussed. The dominant interfering mode, TE;,;, is suppressed considerably

using an auxiliary cavity filled with the lossy dielectric material.

2.1 Introduction

The design of a magnetron with high output power operating at high frequency is a very chal-
lenging task because of the reduction in the geometrical dimensions of the device with the increase
in the operating frequency [14]]. Smaller dimensions lead to voltage breakdown in a conventional
high-power magnetron. Smaller dimensions have poor provision for the heat sink. The efficient heat
management is a major requirement in high-power devices. Moreover, a higher quality factor is desir-
able for magnetrons as it provides frequency stability and reduces the mode jumping. Quality factor
depends on the volume of the cavity, which becomes very small at higher operating frequencies. In
such situations, coaxial magnetrons are preferred over conventional magnetrons [14]. A coaxial mag-
netron having an outer cavity attached to the anode of the conventional magnetron stores energy and
hence, enhances the quality factor (Q)) of the device [14]]. Coaxial magnetron can support a large
number of resonators, and that increases the space charge region between cathode and anode, which
further reduces the chances of voltage breakdown.

Recently, investigations of magnetrons based on the simulation techniques have been reported in
the literature [11,32,57]. Anode cavities of the conventional magnetron have also been analyzed

analytically [58]]. However, analytical study and systematic design procedure of a coaxial magnetron
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have not been dealt adequately in the literature. Synthesis of the outer coaxial cavity is vital for the
design of a coaxial magnetron. The systematic design procedure of a outer coaxial cavity operating
in TE(;; mode is presented in this chapter. Two methods of the coaxial cavity synthesis are presented
in this chapter. In the first method, the dimensions of a coaxial cavity are determined by solving the
transcendental characteristic equation for the TE mode. The second method is based on the quality
factor (()) maximization. It may be noted that in this chapter, maximization of unloaded () of the
coaxial cavity has been considered. The coaxial cavities designed based on method 1 and method 2
are represented by design I and design 2, respectively. () calculated from the analytical technique
is compared with the results obtained from CST and HFSS simulations. ()-factors of the coaxial
cavities for design I and design 2 are compared. The resonant frequencies of competing modes
(neighboring modes) of desired TEj;; mode have been calculated analytically, and verified with the
simulation results of CST. The occurrence of consecutive modes has been presented in the form of a
mode diagram. This chapter also presents the unwanted mode suppression technique in which quality
factors of the unwanted modes are reduced.

This chapter is organized into seven sections. Field analysis of the outer coaxial cavity is discussed
in Section In this section, determination of the generalized TE mode fields and from that TE;
mode fields are determined. The synthesis of the coaxial cavity based on method 1 is presented in
Section [2.3] Design of the outer coaxial cavity based on the quality factor maximization technique
(method 2) is presented in Section In this section, (Q-factor of design I (based on method 1), is
compared with the optimal design technique, design 2 (based on method 2). Significant improvement
is achieved in Q-factor of TE(;; mode in coaxial cavity. The proposed design 2 approach is more
systematic than design I. Analytical results are verified with the results obtained from CST and
HFSS simulations for both designs. Resonant frequencies of the competing modes (neighboring
modes) of the desired TE(j;; mode are determined analytically and verified with the results obtained
from CST simulation in Section[2.5] In Section [2.6] suppression technique for unwanted TE;5; mode
(most interfering mode of the desired TE(;; mode), based on the ()-factor reduction is presented.
Section[2.7]concludes this chapter. Solution of wave equation for TE,,,;, mode in a coaxial cavity and
calculation of Q)-factor of TE;; mode is presented in Appendix [A] and Appendix [B] respectively for
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2. Design and Analysis of Coaxial Cavity

the sake of completeness.

2.2 Field Analysis of Coaxial Cavity

A coaxial cavity is formed when a section of coaxial transmission line is short-circuited at both the
ends. An axial cross-sectional view of the coaxial cavity is shown in Fig. 2.1} The coaxial cavity has
three design parameters; inner radius (a), outer radius (b), and length (I), as shown in Fig. 2.1] The
coaxial cavity length is assumed to be in the z-direction for this analysis. In order to determine fields
of the desired TE(;; mode of the coaxial cavity, field analysis for generalized TE modes is carried
out in this chapter. Although field analysis for coaxial transmission lines for higher-order modes is
available in the literature [59}/60]], the analysis for the coaxial cavity is presented here briefly. The

field solution of TEq;; mode is also available in [61].

)

=

Figure 2.1: Cross-sectional view of a coaxial cavity.

For TE modes, the electric field component £/, = 0 and the magnetic field component H, satisfies

the wave equation. This can be expressed as [59]:
(V2 + k| H. =0, (2.1)

where k is the wavenumber of the coaxial cavity.

Fields of TE, s, mode can be expressed as:
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2.2 Field Analysis of Coaxial Cavity

E, = j”:;AO Jn(ker) Y (ka) — ngca)Yn(kcr)] sin(ng) sin(7-2). 22)
E, = j“",iA(’ Ji(ker) Y (ko) J,;<kca>Y,;<kcr>] cos(n) sin("-2), 23)
E,. =0, 2.4)
= T ¥ ) = J;<kca>x;<kcr>] cos(d) cos(Z22). @5)
H, = % Julker)Yi(kea) — J;<kca>Yn<kcr>] sin(ng) cos(2-2), 2.6)
H, = Ao | Julker)Y; (k.a) = Ji(kea) Yo (ker) | cos(ng) sin(®-2), 27

where k? = w?pe — (p*n?) /12, Ay is the amplitude of the field. The amplitude of the field physically
signifies the energy storage. In TE,,,,, n, s, and p refer to the number of circumferential (¢), radial (r),
and longitudinal (z) variations, respectively. w, €, and u represent operating frequency, permittivity,
permeability of medium, respectively. In this analysis, the coaxial cavity is considered to be air filled.
Jn(.) and Y,,(.) are the n' order Bessel’s functions of the first and second kind, respectively. J/(.)
and Y/ (.) are the first derivatives of Bessel’s functions of the first and second kind with respect to
their arguments, respectively. k. can be determined by the s root of the characteristic equations of

TE mode and TM mode, which are given as [59]:

J) (k)Y (k.b) = J (kb)Y (k.a), for TE mode, (2.8)

Jn(kea)Y, (keb) = J, (kb)Y (kea), for TM mode, (2.9)

respectively.

Fields corresponding to the TEy;; mode can be obtained from to by putting values of n,
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2. Design and Analysis of Coaxial Cavity

s,and p as 0, 1, and 1, respectively:

E,=0, E,=0, H,=0, (2.10a)
o = LR k) ) = Ty hea) Yy )] sin( ), (2.10b)
H, = T2 gV (ko) — Jy ()i o) cos(T ) (2.100)
H, = Ay [o(ker) Yy (kea) — Jo(kea)Yo(ker)] sin(7 2), (2.10d)

where k2 = w?pe — w2 /1% and k. can be determined by the 1 root of the characteristic equation for

TE(;; mode. The characteristic equation for TE(;; mode is obtained from (2.8)), that is

It (k@) Y7 (keb) — Tt (kb)Y (keat) = 0. (2.11)

2.3 Synthesis of Coaxial Cavity (design 1): Method 1

As TE(;; mode provides high energy storage [14], a coaxial cavity should be designed to operate in
this mode. In TE;; mode, the electric field is circulating which has its maximum in the middle of the
coaxial cavity and the field vanishes at the inner and outer walls of the cavity. Anode cavity structure
is housed inside the proposed coaxial cavity. Direction of the electric field in the coaxial cavity is same
as that of the operating m-mode of the alternate resonators of the anode cavity. Unwanted modes of
the coaxial cavity can be suppressed easily by putting attenuators at appropriate locations [[14]. Use
of TEy;; mode also makes mechanical tuning reliable.

Length (/) of the coaxial cavity is determined by the integer multiple of half the guide wavelength
Le.

- m% (2.12)

where m = 1,2,3... and )\, is guide wavelength at operating frequency of coaxial magnetron. The
operating frequency is greater than the cut-off frequency of the coaxial transmission line [59]. In
the proposed coaxial cavity design, m is chosen as 1 to support desired TEj;; mode. The cut-off

frequency and operating frequency are chosen as 8.6 GHz and 9.32 GHz, respectively. The value of
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2.3 Synthesis of Coaxial Cavity (design 1): Method 1

[ is determined from as 41.76 mm. For TE mode, azimuthal component of electric field can be

obtained from the wave equation. Wave equation can be expressed in cylindrical coordinates [59] as

Ey, = j;:,u (Asin(ng) + B cos(ng))(CJ, (k.p)

, 2
+DY, (k.p)) exp(—j)\—ﬂz), (2.13)
g

where A, B, C, D are arbitrary constants. In the case of coaxial transmission line, a < p < b. After

applying boundary condition (Ey(p, ¢, z) = 0 for p = a, b) in (2.13)), following relations are obtained

as

CJ, (k.a) + DY, (k.a) = 0, (2.14)

CJ, (keb) + DY, (k.b) = 0. (2.15)

Here, n is an integer and represents mode number. J,(.) and Y,,(.) are n'-order Bessel’s functions
of the first and second kind, respectively. .J (.) and Y/ (.) are first derivatives of Bessel’s function.
Order of Bessel function is chosen as 0 for the desired TE(;; mode. k. and A, represent propagation
constant and guide wavelength, respectively. Non-trivial solution of (2.14) and (2.15)) exists, only if

T (ke@)Y,, (keb) = T, (kcb)Y,, (kea). (2.16)

n

031 —LHS
—RHS
0.2r

01+ X:20.19
: Y:0.03338

N T~ Q?
X: 37.87
011 Y:-0.02449

0.2

RHS and LHS of char. eq of TE mode

-0.3 1

0 10 20 30 40 50 6C
b (mm)

Figure 2.2: Graphical solution of outer radius (b) (mm) from li
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2. Design and Analysis of Coaxial Cavity

Equation is called the transcendental characteristic equation for the TE mode of coaxial
transmission line, same as (2.8). Typically, numerical techniques are used to solve such transcendental
equations. These methods are quite complex and cumbersome. In this particular case, outer radius (b)
is the only unknown geometrical parameter, because inner radius (a) of the cavity is considered as a
known parameter, and length [ is already determined from (2.12). Inner radius (a) of the coaxial cavity
is actually the outer radius of the anode shell of the coaxial magnetron, and it is assumed as 20.19 mm
in this analysis. This assumption is based on the dimensions of the anode shell, which are determined
in the next chapter of this thesis. Graphical approach is more convenient for this type of solution as
compared to numerical techniques. Solution can be determined by the intersection points of LHS and
RHS plots of (2.16), as shown in Fig. (2.2). The first intersection point is the trivial solution when
both inner and outer radii of the coaxial cavity are same. Thus, this solution is discarded. The desired
solution for outer radius () is determined as 37.87 mm from the second intersection point the plots,
as depicted in Fig. Thus, all three design parameters of the coaxial cavity have been determined.

In this method, we have to specify a cut-off frequency (f.) (8.6 GHz in this case) while determin-
ing the dimensions of the coaxial cavity (design I). Different sets of coaxial cavity dimensions can be
obtained based on the values of f.. Moreover, this method doesn’t ensure the maximum quality factor
of the coaxial cavity. High ()-factor coaxial cavity is required for the coaxial magnetron application.

Thus, design 2 based on method 2 is presented with the maximum ()-factor in the next section.

2.4 Synthesis of Coaxial Cavity (design 2) Based on Quality Fac-
tor Maximization: Method 2

The determination of ()-factor, and based on the ()-factor maximization, synthesis procedure of

coaxial cavity is presented. The section is organized into following two subsections.

2.4.1 Determination of ()-factor

The ()-factor is an important parameter of the microwave cavity synthesis. The coaxial cavity is
considered to be filled with air in this analysis. The cavity walls are made of copper, and the finite

conductivity of the cavity walls leads to losses in the coaxial cavity. The expression of ()-factor in

TH-2350_146102002

28



2.4 Synthesis of Coaxial Cavity (design 2) Based on Quality Factor Maximization: Method 2

terms of average stored electric energy (W.) and average power loss in conducting walls of the coaxial

cavity (F,) is given as [59]:
QWOWG

Q="F"

(2.17)

where wy is the resonant frequency of the TE(j;; mode. Average stored electric energy in cavity

volume (V') and average power loss over the surface area of lossy walls (.5) can be represented as:

W, = %///\Efdv, (2.18)
Vv
R
P, = —%|Hmn|2d5, (2.19)
2 Js

where H,,, is the tangential component of the magnetic field. R, is the surface resistivity and ex-
pressed as Ry = +/(woto)/(20), where o represents the conductivity of the walls of the coaxial
cavity.

In this analysis, since the cavity walls are considered to be made of copper, therefore, o is chosen

as 5.8x107 Sm'. Using (2.10), (2.18) and (2.19), W, and P, can be obtained as presented in Appendix
Bt

2. 12 A2 2
_ wheopomAg, [ =2 (at) 5
© 4k? [72/63 L G| (2200
RywA3 [47* [ =2 (at)? 9 4l 9 9
P, = 22 {1—2 e o TG(Z) + — + l(at)k2G(2)7] (2.20Db)

where G(z) = Yi1(2)Jo(tz) — J1(2)Yo(tz), and ¢ is the ratio of outer and inner radii of the coaxial

cavity (¢t = b/a) and z = k.a. Using (2.17), (2.20a), and (2.20b)) expression of ()-factor can be

determined as:

2

m i o2 4 @PG00] 4 A 4 l(an)kG ()]

wheond | [ﬂggg n (a;)QG(Z)Q}

Q= 2.21)

2.4.2 Synthesis Procedure of Coaxial Cavity

For synthesis of a coaxial cavity, three design parameters are required, which are inner radius

(a), outer radius (b), and length (I). As discussed in method 1, the inner radius (a) of the coaxial

TH-2350_146102002

29



2. Design and Analysis of Coaxial Cavity

cavity is considered as a known parameter, and it depends on the outer radius of the anode shell of
coaxial magnetron. Remaining two unknown design parameters, b and [ are required to be determined.
Length of the cavity (/) is determined from the first root of the characteristic equation for TE(;; mode.

Characteristic equation of the TEq;; mode is expressed in terms of ¢ and z as:
J)(2)Yy (tz) — Ji(t2)Yy(2) = 0. (2.22)
The first root (zy,) of (2.22) is expressed in a closed form, as [62]:

2y = \/((t j21)2 +3 f1)2)' (2.23)

Length of the coaxial cavity (/) can be determined by the expression of k. used in (2.11)), that is

— (2.24)

Vw?geg — k;;f

where k. is a known parameter and can also be expressed in terms of the first root of the characteristic

equation (2.22)), k. = z{; /a. Cavity length expressed by (2.24) is a real quantity only if,

k2 < wlugeg, = k. < 7

V/I0€0
A 2 3 2
A5 > k. =29 2.25
“© 7 o ((t—1)2+(t+1)2>’as a (2:25)

For specified inner radius (a = 20.19 mm) and operating frequency of the coaxial magnetron ( fj
= 9.32 GHz), condition on ¢ for which coaxial cavity length (/) is a real quantity, can be obtained as:
t > 1.81.

The variation of ()-factor and cavity length (/) with respect to radii ratio (¢) is plotted in Fig.
Here, ¢ is chosen according to the condition (¢ > 1.81). The outer radius (b) and length ([) of
the coaxial cavity (unknown parameters) are determined by maximizing ()-factor. The maximum -
factor for TE(;; mode is obtained at ¢ = 2.13 and corresponding [ is obtained as 23.13 mm as depicted
in Fig. The outer radius of the cavity is determined as 43 mm for the known inner radius (a =

20.19 mm). The coaxial cavity with these design parameters is denoted as design 2 in this chapter.
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Figure 2.3: Determination of the length and radius ratio of the coaxial cavity for the maximum quality factor.
(a) Variation of )-factor with respect to ¢. (b) Variation of length (/) with respect to ¢.

Table 2.1: Comparison of ()-Factors of Coaxial Cavities for TEy;; Mode

Coaxial cavities Operating freq.(fo) Qanayticat Qosr Qrrss
Design I (Method 1) 9.32 GHz 14635 14482 14302
Design 2 (Method 2) 9.32 GHz 17150 17123 17093

Design parameters of the coaxial cavity for design I are obtained using the method 1, as discussed
in the previous section. In method 1, the dimensions of design I are obtained by solving the transcen-
dental characteristic equation of TE mode . However, design 1 does not ensure the maximum
(Q-factor. A comparison between the ()-factors of design I and design 2 is presented in Table [2.1
(Q-factor determined by using @[) is referred as Qunaiyticar- Quality factors obtained from analyt-
ical approach are compared with the ()-factors obtained from the simulation in CST and HFSS, for
this comparison, dimensions of coaxial cavity obtained from method 1 and method 2 are considered.
@-factors determined by CST and HFSS are represented by Qcsr and QQgrss, respectively. While
performing simulations in HFSS and CST, wall thickness of 2 mm is considered. The operating fre-
quency of TE(;; mode are kept as same (9.32 GHz) for both the coaxial cavities. It can be concluded
from Table that design 2 has higher ()-factor as compared to design I, and also analytical and
simulation results are in good agreement. The minor variation occurs due to the higher losses in

simulations as skin depth effect is also considered in surrounding walls of the coaxial cavity.
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Table 2.2: Comparison of the Resonant Frequencies of Different Modes in the Proposed Coaxial Cavity

Modes f.(analytical) f,(simulation)

TEon 9.32 GHz 9.32 GHz
TE 92 9.49 GHz 9.48 GHz
TE991 9.96 GHz 9.95 GHz
TEs391 10.71 GHz 10.71 GHz
TMo11 9.2 GHz 9.19 GHz
TM; 1 9.32 GHz 9.32 GHz
TMas1, 9.71 GHz 9.7 GHz
TM311 10.30 GHz 10.29 GHz

2.5 Determination of Resonant Modes and Mode Diagram

Identification of resonant frequencies of the adjacent modes (neighboring modes) and their se-
quence of occurrence is crucial for the design of a microwave cavity. In this study, potential compet-
ing modes are determined for the desired mode excitation. The resonant frequency (f;,sp) of TE, ),

and TM,,,, modes is determined as [63]]:

<ZQS)2 + (%)2, for TE mode,
fo = (2.26)
< (M)2 + (?)2, for TM mode,

where 2/ . and z,, are the s roots of the characteristic equations and , respectively. ¢
is the speed of light in free space. Resonant frequencies of the adjacent modes are determined from
(f, (analytical)) and listed in Table

Resonant frequencies determined from analytical approach are compared with the resonant fre-
quencies obtained from the eigenmode solver of the proposed coaxial cavity in CST. The frequencies
obtained from simulation and analytical method are in good agreement, as presented in Table 2.2

The mode diagram based on the data presented in Table [2.2] for the proposed coaxial cavity is plotted
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Figure 2.4: Mode diagram of the proposed coaxial cavity.

in Fig. 2.4l Mode diagram illustrates the sequence of the resonant modes occurring in the neigh-
borhood of the desired TE(;; mode. Some of the resonant modes are in the vicinity of TE(;; mode.
Thus, the possibility of excitation of unwanted modes is quite high even for a small perturbation in
the operating conditions of the coaxial magnetron. Since the outer coaxial cavity is coupled to the
anode shell, and the excitation of unwanted modes in the outer cavity can also influence the mode
excitation in vane cavities of the anode shell. Number of electron spokes in a coaxial magnetron are
formed in accordance with the operating mode of vane cavities, which decides the effectiveness of
wave-particle energy transfer. Thus, the excitation of unwanted modes in the outer coaxial cavity
can disturb the coaxial magnetron operation and therefore, degrades the performance of the device.

Hence, the suppression of unwanted modes is needed for the proper operation of coaxial magnetron.

2.6 Suppression Technique for the Unwanted TE»; Mode

The desired mode of operation in the coaxial cavity is TEg;; mode. TMy11, TM111, TE 21, TMa11,
TEs21, and TM3;; modes are the competing modes for the desired TE(;; mode, as illustrated by mode
diagram in Fig. [2.4] Output of the coaxial magnetron is taken from the rectangular waveguide through
longitudinal slot coupling in the outer coaxial cavity wall. Here, the rectangular waveguide operates
in the dominant TE;;, mode. The field pattern of the TM modes in the coaxial cavity does not match
the field pattern of TE;y, mode of rectangular waveguide [63]. Thus, all competing TM modes of
coaxial cavity automatically get suppressed by such output mechanism of the coaxial magnetron. The
resonant frequency of TM;;; mode is same as the TE(j;; mode, but TM;;; mode automatically gets

suppressed by the output mechanism. Among remaining competing modes, which are TE modes,
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2. Design and Analysis of Coaxial Cavity

the TE 5, mode is the most likely infringing mode to the TEy;; mode. TE;5; mode required to be
suppressed for proper operation of the coaxial magnetron.

The electric field patterns of both TE(;; mode and TE;5; mode are shown in Fig. @ Here, the
mode designation follows the convention, given in [64]]. According to the convention, the electric field
of TE(;; mode has no phase shift along circumferential direction, and 7 phase shift along radial and
axial directions. But electric field of TE;2; mode has 7 phase shift along axial direction, and 27 phase
shift along radial and circumferential directions. Based on the surface current distribution profiles
of TEy;; mode and TE;5; mode, the position of the unwanted mode suppressor is chosen. Surface
current distribution of the unwanted TE;5; mode along with the desired TE(;; mode of the proposed
coaxial cavity is shown in Fig. [2.6] TE(;; mode has circulating surface current distribution because
only £, component is non-zero. The coaxial magnetron is also known as circular electric mode
(CEM) magnetron because of the circulating electric field pattern of TEy;; mode [61]. TEj;; mode
has negligible surface current at the junctions between each end plate and the cylindrical surface, as
shown in Fig. [2.6] This makes the TEq;; mode unique among competing modes. However, significant
surface current exists at the inner and outer junctions for the TE,5; mode. This difference is utilized in

order to reduce the ()-factors of the unwanted modes in this chapter. Competent modes having lower

162
155.4
154.7

162
158.4
154.7

A
LA R T T T L Ry
RN TR RERRRR R S

151.1 ,:‘ gfsgﬁfﬁ : a“""‘:;% i 1501
1475 i ' R L
(Ed b o ERKRR A 1475
i dd ERAERE L 143.3
140.2 <',; + ? ?? 5 i ; 1402
1968 Y% l 4 £ 4 135
i ¥ M tettd 132.9
beb by Afpptd '
128 E%\ﬁiﬁ AFRAP P 1293
1226 Shuiun AARARE 1256
122 % %;\\\‘k“a*i\ T AR RN A - ‘
i Y NN B N AR ] b
Tupe: E-Field (peak) < % n - Twpe: . E-Figld {peak)
20 Maimum [¥fm]: 158.8 &B il : 2D Maximum [¥jm]: 1614 dB
kS N 0 e ,
Frequency: 9326603 AR Rk 5 e 348444
(a) (b)

Figure 2.5: Electric field patterns of a coaxial cavity (top view). (a) TEg;; mode at 9.32 GHz. (b) TE 21 mode
at 9.48 GHz.
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Figure 2.6: Surface current distribution of the coaxial cavity obtained from the eigenmode solver of CST
simulator. (a) TEq;; mode at 9.32 GHz. (b) TE 21 mode at 9.48 GHz.

@-factor, have less likely to get excited. Thus, significant suppression in the ()-factor of the TE;9;
mode will improve the excitation in the desired TEy;; mode.

The unwanted modes are damped out by introducing auxiliary cavities with lossy dielectric mate-
rials in the coaxial cavity, as shown in Fig. The suppressor need to be placed in such a manner
that it does not affect the desired TE(;; mode. In order to suppress the undesired modes, one sup-
pressor (lossy dielectric) is placed near the inner wall of the cavity and another near the outer wall
of the cavity. The step impedance transformers are employed to couple the outer coaxial cavity and
the auxiliary cavities. The dimensions of impedance transformers are further optimized to couple the
surface current of unwanted TE5; mode to the lossy materials of auxiliary cavities. The coupling of
TE2; mode suppress it and reduces the ()-factor. Similarly, the ()-factors of other undesired modes
also get reduced, which have the nonzero surface current at the inner or outer junctions of coaxial

cavity walls. However, )-factor of the desired TEj;; mode remains unaffected due to the unique
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Figure 2.7: Unwanted mode suppression mechanism in coaxial cavity. (a) Cross-sectional view of the coaxial
cavity with lossy auxiliary cavity near inner wall [[; = 7.5 mm, w; =5 mm, h; = 4.8 mm]. (b) Cross-sectional
view of the coaxial cavity with lossy auxiliary cavities both at near inner and outer walls of the cavity [[; = 7.5
mm, wy; =5 mm, h; = 4.8 mm, [y =7.5 mm, ws =6 mm, hy = 4.8 mm]. (c) Suppression of the ()-factors of
unwanted modes after applying suppression technique.

property of current distribution; it has zero surface current distribution at the junctions. Effects of
mode suppressors mechanism on the ()-factors of various modes are shown in Fig. 2.7(c). @-factors
are plotted with respect to the mode numbers in Fig. 2.7(c). Here, Q-factors of the various modes
of coaxial cavity without any mode suppressor are denoted as Cavity. Similarly, ()-factors of the
coaxial cavity with lossy auxiliary cavity near inner wall is denoted as Cavity,,,;, and coaxial cavity
considering lossy auxiliary cavities near both inner and outer walls are denoted as Cavityg,,>. TMo11
and TEy;; modes are represented by mode no. 1 and 2, respectively. Mode no. 3, 4 represent TM;;
mode, 5, 6 represent TE 5, mode, and 7, 8 represent TM5;; mode of the coaxial cavity. Mode patterns
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Figure 2.8: Electric field pattern of 7-mode in anode shell and TE(;; mode pattern in the external cavity. (a)
Cross-sectional view of the coaxial magnetron. (b) m-mode pattern in the zoomed view of anode shell.

of TMy;; mode (mode no. 1) and TEy;; mode (mode no. 2) are symmetrical in azimuth, and have

single occurrence. However, because of the different polarization, remaining illustrated modes occur

in pairs, as depicted in Fig. [2.7(c). CST considers both = and y polarization while displaying the field

pattern and current distribution pattern of a mode. From Fig. [2.7(c), Q-factor of the undesired TE;5;

mode is reduced by 58.8% by use of inner auxiliary cavity near inner wall (Cavityy,,;) and it further
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2. Design and Analysis of Coaxial Cavity

reduced to 75.49% when both auxiliary cavities are considered (Cavityy,,,). QQ-factor of the desired
TEy;; mode is not affected by the proposed mode suppression technique for unwanted modes. A
significant reduction in the ()-factors of other competing modes of the coaxial cavity is also observed.

The coaxial cavity proposed in this chapter has application in designing coaxial magnetrons. A
cross-section of typical 16-vane coaxial magnetron is shown in Fig. [2.8] The coaxial cavity is placed
outside of the anode shell subsystem in the coaxial magnetron, as shown in Fig. Anode shell
consists of multitude of vanes (in this case 16). The RF generated in the anode shell is further coupled
to the external coaxial cavity through coupling slots present in alternate vane resonators, as shown in
Fig. [2.8] Coaxial magnetron is operated in the w-mode for efficient operation. Eigenmode analysis
is carried out to verify the simultaneous mode occurrence of TEj;; mode in the outer coaxial cavity
and m-mode in the anode shell of the coaxial magnetron at the desired operating frequency. The
desired m-mode in the anode shell has 180° phase difference in the electric field pattern of adjacent
vanes cavities, which is illustrated in Fig. @ (b). m-mode and TE(;; mode occur simultaneously at
the operating frequency of 9.32 GHz. The output is taken from the standard rectangular waveguide
(WR112) from the outer coaxial cavity through slot coupling. The rectangular waveguide is operating

in the dominant TE;, mode, as depicted in Fig. 2.8(a).

2.7 Summary

This chapter presents the design methods of coaxial cavity, an essential part of coaxial magnetron.
Two methods are presented for coaxial cavity design. Synthesis of the coaxial cavity based on the
(Q-factor maximization (method 2), which is a better approach than method 1, where dimensions are
determined by solving the transcendental characteristic equation of TE mode. Method 1 doesn’t en-
sure the maximum ()-factor. The ()-factor of a coaxial cavity for TEy;; operating mode is determined
analytically and verified by CST and HFSS simulations. The walls of coaxial cavity are considered
to be made of copper and cavity is filled with air. The optimum value of quality factor is obtained
analytically as 17150 for TEy;; mode operating at 9.32 GHz. Various competing modes or infring-
ing modes of the desired TE(;; mode are determined using analytical and simulation methods. The

excitation of TEy;; mode, which has circulating electric field, is required for the proper operation
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of coaxial magnetron. TE;2; mode is the most likely infringing mode to TE(;; mode, and a sup-
pression technique for the unwanted mode is presented by employing auxiliary cavity filled with the
lossy dielectric material. Unwanted modes are suppressed by utilizing the surface current distribution
property of the desired TE(;; mode. By this unwanted mode suppression technique, quality factor of
TE;2; mode is reduced by 75.49% while keeping quality factor of the desired TEj;; mode unaffected.
The significant reduction in quality factors of other unwanted modes is also observed. The coaxial
cavity with optimum quality factor is utilized later in this thesis for design of coaxial magnetron. The
performance of coaxial cavity is also verified using the PIC simulation of overall coaxial magnetron

presented in later chapters.
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3. Synthesis of Anode Resonator and Output Section

The previous chapter provided the design procedure of the outer coaxial cavity for the coaxial
magnetron. This chapter presents the systematic design procedure of a 28-vane anode resonator. The
design of other sub-parts of the coaxial magnetron is also discussed. Eigenmode analysis, dispersion
diagram, and cold test analysis of the coaxial magnetron are presented in this chapter. The effects of

surface roughness of metal are also analyzed considering frequency-dependent effective conductivity.

3.1 Introduction

Anode resonator is a critical part of a coaxial magnetron, where similar to a conventional mag-
netron, RF oscillations get generated. An anode resonator consists of multitude of vane-type cavities
placed coaxially surrounded to the cathode. However, strapping of the vanes is not required in a coax-
ial magnetron, as the outer coaxial cavity operating in the circulating TE(;; mode provides stability
to the m-mode of the anode resonator. Alternate vane cavities are coupled to the outer coaxial cav-
ity through longitudinal slots. Apart from the anode resonator and an outer coaxial cavity, a coaxial
magnetron also houses unwanted mode suppressors, output section, and frequency tuner.

This chapter is organized into six sections including introduction. Section [3.2]is about the coaxial
magnetron design in which the synthesis of anode resonator is presented in detail. A systematic design
procedure is provided for determining the initial dimensions of the anode resonator from the empirical
design equations. Section [3.3]deals with the cold test analysis of coaxial magnetron. Eigenmode sim-
ulation is carried out to determine the operating modes, mode separations between competing modes,
and the dispersion diagram. Frequency-domain simulation is performed to analyze coupling and to
determine the cold test parameters such as ()-factors, coupling coefficient, and circuit efficiency. A
rectangular waveguide to cylindrical cavity mode launcher is proposed in Section to analyze the
coupling between anode resonator and outer coaxial cavity, and also to optimize the dimensions of
longitudinal coupling slots. The design and performance analysis of the proposed mode launcher
is discussed in Appendix [C] in detail. The effects of surface roughness of copper on the cold test

parameters are presented in Section[3.5] Section [3.6]concludes this chapter.
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3.2 Design of the Coaxial Magnetron

3.2 Design of the Coaxial Magnetron

A coaxial magnetron chiefly consists of many subparts. These subparts include an external coaxial
cavity, anode resonator, cathode, mode suppressors for undesired modes such as slot modes and
TE2; mode, output section, and frequency tuner. In this section, the systematic design procedure
of a coaxial magnetron is presented. Initial dimensions of anode resonator are determined from the
empirical relations. In this chapter, the coaxial magnetron’s walls are considered to be made of copper

with finite bulk conductivity of 5.8 x 107 Sm~.

3.2.1 Anode Resonator Design

The anode shell houses multiple vane-type resonators, as shown in Fig. [3.1 Dimensions [,, t,,
h, and r, represent length, thickness, height of the vanes, and anode radius, respectively. The initial

dimensions of anode resonator can be determined by using (3.1]-[3.9) [27./65]|.

424
B= bﬁ (3.1)
AN
ro = goosV/Va/v (3.2)
h = 2.39 (%) (%) (%) (3.3)
AN
Te = 0cass Va/v (3.4)
az:—zzx—;izo.%—% (3.5)
Mt = Nelle (3.6)
B/B, = 27372__22 3.7)
t, = [(0.64 x 2772) /N)] (3.8)
I, = 0.11\ (3.9)

here B, r,, r¢, 0, h, V,, 1., t,, [, are magnetic field density (Gauss), anode radius (cm), cathode
radius (cm), the ratio of cathode and anode radii, anode height (cm), anode voltage (Volt), anode

current (Amp), vane thickness (cm), and vane length (cm), respectively. A is the wavelength (cm)
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3. Synthesis of Anode Resonator and Output Section

Figure 3.1: Anode resonator of the coaxial magnetron with 28 vanes

corresponding to the operating frequency (fp). v, b, ¢ are dimensionless parameters and called as
reduced variables. A is a variable and a function of 0. These parameters are determined by the
empirical relations [27,/65].

Desired specifications of the coaxial magnetron primarily include operating frequency ( fy), peak
power (Peqr), average power (F,,,), anode voltage (V;,), and total efficiency (7). The values of f,
Pyeaks Pavgs Vo, and np are considered in this chapter as 9.32 GHz, 2 MW, 2 kW, 45 kV, and 70%,
respectively. Megawatt-class coaxial magnetrons operating in 9.3 GHz have application in medical
linear accelerators, as discussed in chapter [I} All reported coaxial magnetrons operating in X-band
have output peak powers less than 2 MW, as shown in Table[I.4] Therefore, operating frequency and
output peak power are considered as 9.32 GHz, and 2 MW, respectively. fy is considered as slightly
higher than the desired frequency (9.3 GHz) because the introduction of coupling slots reduces the
resonant frequency.

Step-by-step procedure for the determination of initial dimensions of the anode resonator is as

follows:

iz Step 1: To initiate the design, it is essential that values of certain parameters are chosen ap-
propriately. Anode current (/,), circuit efficiency (7¢), and number of vanes (/V) are chosen
as 80 Amp, 80%, and 28, respectively. These parameters are chosen based on the available

literature and experience gained from initial simulations.
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Figure 3.2: Stepwise procedure for determining initial dimensions of anode resonator.

Step 2: Electronic efficiency (7.), vane length (/,)), and ratio of cathode and anode radii (o) are

determined from (3.6), (3.9), and (3.5)), respectively.

Step 3: In this step, B/B is determined by using the 7. value (from step 2) in (3.7). The value

of impedance (V,/1,) is also obtained (V/, is specified and /, from step 1).

Step 4: In this step, reduced variables such as v, b, 7, and A are determined from the empirical
relations given in [27,65]. The value of parameter A is obtained by using the value of V.
Impedance calculated in step 3 is used to obtain ¢, and using the value of B/B, (from step 3),

parameters v and b are determined.

Step 5: B, r,, ., and h are obtained by 3.2 3.4), and (3.3), respectively using values of

the parameters obtained in previous steps.

Step 6: In this final step, ¢, is calculated from (3.8)) using the values of 7, and N obtained from

TH-2350_146102002

45



3. Synthesis of Anode Resonator and Output Section

Table 3.1: Design Parameters of the Anode Resonator

Parameters Initial values Optimized values
Vane thickness (,) 1.5 mm 1 mm
Vane height (h) 5.2 mm 8.2 mm
Vane length (/,) 3.54 mm 5.96 mm
Anode diameter (2r,) 20.76 mm 20.76 mm
Cathode diameter (2r.) 14.8 mm 16.4 mm

o 0.71 0.78

previous steps.

Based on chosen values of selected parameters and following the design procedure outlined, ini-
tial dimensions are determined and presented in Table [3.1f The dimensions are further optimized
considering the loading effect of the outer coaxial cavity and based on the results of particle-in-cell

simulation of the coaxial magnetron.

3.2.2 Design of Coaxial Cavity and Output Section

The external coaxial cavity of magnetron is designed as per the method 2 discussed in chapter
The coaxial cavity is optimized for the maximum ()-factor for the TEy;; operating mode. In chapter
the coaxial cavity is designed considering the 16-vane anode resonator. However, the desired
power and efficiency couldn’t be achieved from 16-vane coaxial magnetron, and therefore a 28-vane
anode resonator is considered here which could deliver the desired output power as discussed in the
PIC simulation of the coaxial magnetron in chapter [5 The same design procedure is followed for
designing the coaxial cavity for the 28-vane anode resonator. Dimensions of the coaxial cavity are
represented by coaxial cavity length (l.q.i1,), outer radius of the cavity (r,), and inner radius of the
cavity (r;), as shown in Fig. [3.3] The inner radius of coaxial cavity (r;) is also the outer radius of anode
shell. The value of ; depends on the dimensions of anode shell, and is considered as a known design
parameter of the coaxial cavity in method 2, as discussed in chapter 2| 7; is the summation of anode

radius (r,), vane length (/,), and the material thickness of anode shell. In this thesis, the thickness
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Figure 3.3: A cross-sectional view of the proposed coaxial magnetron with unwanted mode suppressors.

of anode shell is considered as 1.5 mm. The values of coaxial cavity dimensions (15, 7, and lquity)
are determined from method 2 as 17.84 mm, 40.81 mm, and 23.1 mm, respectively. In the coaxial
magnetron, alternate vane cavities are coupled to the external coaxial cavity through longitudinal
rectangular coupling slots present in the common wall of anode shell and outer coaxial cavity, as
shown in Fig. 3.3] The dimensions of coupling slots, namely length, width and thickness are taken as
20.1 mm, 1.4 mm, and 1.5 mm (same as the thickness of anode shell), respectively. The dimensions of
coupling slots can be further optimized while performing frequency-domain and PIC analyses of the
coaxial magnetron. The introduction of the coupling slots in the anode shell requires re-optimization
of the dimensions for obtaining the desired resonant frequency.

The output section of a coaxial magnetron is used to deliver generated RF signal. In this work, a
standard rectangular waveguide WR112 section is used as the output port. The output is taken via a
rectangular coupling slot, which is placed at the external wall of the coaxial cavity, as shown in Fig.
[3.3] For obtaining efficient coupling, this coupling slot is placed where the maximum electric field
strength exists. Since the outer coaxial cavity operates in the TEy;; mode, the maximum electric field
strength occurs in the middle of the cavity along the length. Thus, the output is taken from the middle
of the cavity along the length through a rectangular slot in outer wall, as shown in Fig. [3.3] For

the impedance matching between the coaxial cavity (or coaxial magnetron) and output waveguide,
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irises are introduced near the coupling slot, as shown in Fig. Generally, in the conventional
magnetron, loop coupling is used instead of slot coupling in the output section. The power handling
capability of slot coupling is much higher than the loop coupling. The coaxial magnetron also has a
wider frequency-tuning range as compared to the conventional magnetron. The operating frequency
can be tuned by adjusting length of the coaxial cavity, which is denoted by l.qt,, as shown in Fig.
With the mechanical frequency tuner as shown in Fig. the frequency of the magnetron
can be adjusted by moving the tuner along the length of the cavity. Frequency-tuning in the coaxial
magnetron is relatively easy because tuning process doesn’t affect the fields of anode cavities. The

operating frequency of the coaxial magnetron is controlled by the high-() external cavity.

3.2.3 Unwanted Mode Suppressors

The excitation of undesired modes affects the functioning of a coaxial magnetron adversely. TE;2;
mode and slot modes are primary interfering modes out of many competing modes of the desired
TEy;; mode. These unwanted modes affect the operating frequency, output power, and stability of
operation. Thus, suppression of such modes are essential for the proper magnetron operation. TE;;
mode occurs due to the external coaxial cavity, and single or double auxiliary cavities with lossy
material are used to suppress it, as discussed in chapter[2] In this analysis, single auxiliary cavity with
lossy dielectric is considered near the junction of anode shell and external cavity. Excitation of slot
modes occurs due to the longitudinal coupling slots present in the common wall of the anode shell and
external coaxial cavity. Identification and analysis of slot mode suppression mechanism is presented
in detail in the next chapter, chapter 4. In this chapter, eigenmode and cold test analyses are carried

out considering both slot modes and TEj;; mode suppressors in the coaxial magnetron structure.

3.3 Cold Test Analysis of Coaxial Magnetron

The coaxial magnetron simulation is performed in three steps: eigenmode, frequency-domain,
and particle-in-cell (PIC) analyses. In the first step of eigenmode analysis, desired mode operation at
the given frequency, neighboring modes or competing modes, and dispersion diagram are determined
using eigenmode simulation. Frequency-domain simulation is performed in the second step. In this
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step, coupling of the coaxial magnetron is analyzed. Various cold test parameters such as coupling
coefficient, )-factors, and circuit efficiency are determined. In the final step, PIC simulation is per-
formed to determine the output performance. Only eigenmode and frequency-domain analyses are
presented in this chapter. PIC analysis is discussed in chapter[5] All these simulations in this chapter

are performed in CST studio.

3.3.1 Eigenmode Simulation

The desired operating mode of a coaxial magnetron is the 7-mode in the anode resonator and
TEy;; mode in the the external coaxial cavity. The operating mode of a magnetron is identified by
analyzing electric field patterns at the resonant frequency. Electric field patterns of various modes of
coaxial magnetron are studied and the desired mode pattern is shown in Fig. [3.4 7-mode having
180° phase shift in the electric fields of the adjacent vane cavities is observed and circulating electric
field pattern of TE(;; mode is also observed simultaneously at the desired operating frequency of 9.3

GHz, as shown in Fig. [3.4]

165
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Frequency 931283 GHz
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CutplaneatZ -1.665
Maximum 165.109 dB(V/m)

Figure 3.4: E-field vector plot of the coaxial magnetron showing the m-mode in the anode resonator and TEq1;
mode in the external coaxial cavity at the same operating frequency.

Dispersion diagram of the coaxial magnetron is shown in Fig. [3.5] The resonant frequencies
of various modes of the magnetron are plotted with respect to the mode numbers in the dispersion
diagram. In the diagram, plot A represents the occurrence of resonating modes in anode resonator

without considering the external coaxial cavity, similar to conventional magnetron. Corresponding
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to 28 number of vane cavities (N=28), 14" mode number represents 7-mode in the dispersion dia-
gram. Plot A is similar to the conventional magnetron, and very small mode separation (4 MHz) is
observed in the resonant frequencies of neighboring modes of m-mode. This small frequency separa-
tion makes the mode competition high in a conventional magnetron, and strapping is used to improve
mode separation. However, in a coaxial magnetron, introduction of external coaxial cavity reduces
the mode competition significantly without the need of strapping of vanes. Plot B and C represent the
dispersion curves of magnetron with external coaxial cavity, as shown in Fig. [3.5] Moreover, intro-
duction of outer coaxial cavity and longitudinal coupling slots in anode shell’s wall generate multiple
additional resonant modes. Some of these additional modes are represented by plot B and plot C in
the dispersion diagram. The coupling slots in the anode shell’s wall shift the resonant frequency of
the desired m-mode. In this analysis, dimensions of coaxial magnetron are optimized to achieve the
m-mode frequency the same as it was before the introduction of the outer coaxial cavity. The resonant
frequency of slot mode is also shown in Fig. [3.5] Slot modes occur in the pair: lower slot mode
and upper slot mode. The lower slot mode has resonant frequency less than the m-mode frequency,
and higher slot mode has higher resonant frequency than 7-mode frequency. The identification and

suppression of slot mode is discussed in detail in the next chapter. Lower slot mode is shown in plot

Cin Fig. 3.5
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Figure 3.5: Dispersion diagram of the proposed coaxial magnetron. Plot A represents resonant modes of
anode resonator without considering the external coaxial cavity. Plot B and C represent resonant modes of
whole coaxial magnetron structure, including the external coaxial cavity.
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Figure 3.6: Hull-Hartree diagram of the coaxial magnetron with operating point.

Hull-Hartree diagram of the proposed coaxial magnetron is plotted in Fig. Hull-Hartree
diagram is plotted based on the expressions of the Hull cutoff voltage and Hurtree threshold voltage,

given in (3.10) and (3.TT)) [66]. Hartree line for 7-mode (mode no 14), (= + 1) mode (mode no 13,

15) are depicted in Fig. The operating point of the coaxial magnetron is chosen in the operating
region as per the m-mode. The operating point can be further optimized using PIC analysis. Magnetic

field density () is obtained as 5795 Gauss for a specified anode voltage (45 kV).

2\ 2
Vo= —B%2(1- ¢ (3.10)
8m r2
r? r2\ w 2 rmy fw\2
Ve [ 1 — < _B__a<_><_> 3.11
g ( rﬁ) n 2 \e/ \n 1D

where e, m, r, 74, B, V., and V are charge on electron, electron mass, cathode radius, anode radius,
external magnetic field, Hull cutoff voltage, and Hartree threshold voltage, respectively. n and w are

mode number and corresponding resonant frequency of mode, respectively.

3.3.2 Frequency-domain Simulation

Coupling of a microwaver resonator can be categorized into three types: under coupling, critical
coupling, and over coupling based on the values of coupling coefficient (/3). Coupling coefficient ()
can be defined in terms of unloaded and external ()-factors (g, Q) as [67]]: 5 = % Further, (3 is

related to V. ST R as expressed in (3.12)). Over coupling (3 > 1) is desired for magnetron applications
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Figure 3.7: S7; parameter of the coaxial magnetron.

Figure 3.8: S parameter in the impedance smith chart. Marker 1 denotes circle representing TEy1; mode and
marker 2 denotes circle representing TE;2; mode.

as high (3 leads to high quality factor (Q)).

(

1/5  for under coupling

VSWR=<¢1 for critical coupling (3.12)

6] for over coupling.
\

The type of coupling and return loss of magnetron are calculated from frequency-domain analysis.
The output section of coaxial magnetron consists of WR112 waveguide section. A waveguide-port

is applied at the opening of the WR112 section for determining S-parameter in frequency-domain

analysis. waveguide-port is a matched termination and it absorbs the incident power. Return losses of
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3.4 Optimization of Coupling Slots in the Anode Shell

the desired m-mode (TE(;; mode) and competing modes (7 4= 1 mode) are shown in Fig. m-mode
and TEj;; mode occur at the same resonant frequency. A significant frequency difference of 180
MHz is observed in the neighboring mode and m-mode. The type of coupling or nature of coupling
is identified by impedance Smith chart, which is shown in Fig. [3.8] In impedance Smith chart, circle
1 represents over coupling which refers to TEq;;; mode. TE;»; mode is represented by circle 2, and
indicates under coupling. The circle passing through the center of Smith chart represents critical
coupling in the resonator. Similarly, when circle doesn’t contain the center of Smith chart (center
is outside of the circle) indicates undercoupled circuit. For overcoupled circuit, circle contains the
center of Smith chart. In magnetron operation, over coupling condition is desired in the operating
mode. Cold test parameters such as coupling coefficient (), circuit efficiency (7).), and ()-factors (

o, Q1, and ().,¢) are determined using S-parameter (S11) and expressions given in (3.13).

QO fr
Q= = ; (3.13)
118 fr—/-
where f, is resonant frequency of TE(;; mode and § = % f+ and f_ are upper and lower 3 dB

frequencies, respectively.

Coupling coefficient (), circuit efficiency (7)), unloaded quality factor (()), loaded quality factor
(@), and external quality factor (Q).,) are obtained as 5.57, 84%, 5883, 895, 1055, respectively. The
obtained 7 from the frequency-domain analysis is slightly higher than the assumed 7o (80%) in the

calculation of anode dimensions.

3.4 Optimization of Coupling Slots in the Anode Shell

The coupling slots in the common wall of the anode shell and outer coaxial cavity are shown in Fig.
The dimensions of longitudinal coupling slots present in the anode shell need to be optimized. RF
coupling from the vane cavities to the outer coaxial cavity should be proper for sustaining oscillations
in a coaxial magnetron. When the magnetron geometry is realized in 3D EM simulator like CST, the
coupling of the slots may not be analyzed separately, as these slots become inaccessible for placement

of waveguide-ports. This problem has motivated us to propose and design a mode launcher which will
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cylindrical
cavity

eylindrical
cavity

Figure 3.9: Design of TE(;; mode launcher to a cylindrical cavity. (a) A cut-view of the design with geomet-
rical parameters. (b) Side-view of the design with port definition.

Proposed top wall mode launcher

slot

Figure 3.10: A cut-view of the proposed top wall mode launcher applied to coaxial magnetron structure.

have the similar field configuration inside the cavity, as that of the coaxial magnetron anode and the
slots” coupling parameters can be studied independently by placement of a waveguide-port at the
outer wall of the cavity where the slot is present. For this analysis, a rectangular to cylindrical cavity
top wall mode launcher is proposed for launching TEy;; mode in the cylindrical cavity, as shown in
Fig. 3.9

Anode shell in a coaxial magnetron can be considered as a cylindrical cavity, and the electric field
present in the slot containing vane cavity for m-mode operation is similar to the circulating TE(;;
mode in the cylindrical cavity. As the anode shell is surrounded by the outer coaxial cavity, sidewall
excitation from WR112 is cumbersome. This is the reason why a top wall mode launcher is proposed
for the desired TE(;; mode excitation. Also, the performance of the top wall mode launcher is better

in terms of return loss, insertion loss, tunability range and quality factors, as discussed in detail in
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3.5 Effects of Surface Roughness on the Cold Test Parameters

Appendix

This independent study of coupling helps to fine-tune the coupling slot dimensions and positions
to be used in the actual coaxial magnetron. The proposed top wall mode launcher applied to the
coaxial magnetron structure is shown in Fig. [3.10] From this Fig. 3.10] it is clear that sidewall mode

launching is not feasible because of geometrical constraints.

3.5 Effects of Surface Roughness on the Cold Test Parameters

The effects of surface roughness of copper are also analyzed considering the manufacturing tol-

erance of the device. The finite conductivity of copper is considered as 5.8 x 107 Sm~!

, which is
actually the bulk conductivity. For high-frequency operations, skin effect needs to be taken into con-
sideration. The effect of skin depth is considered by the field solvers in commercial EM simulators
such as CST Studio. However, the effects of surface roughness need to be studied and specified

separately to the field solvers. The effects of surface roughness on the performance of magnetron is

presented in this section.

= = =smooth (0 micron)
2+ |—0.5 micron
=1 micron

| |====1.5 micron

S-Parameter (magnitude in dB)
&

9.25 9.3 9.35
Frequency (GHz)

Figure 3.11: Effects of surface roughness on return loss.

Table 3.2: Effects of surface roughness on cold test parameters

Rq f’r‘ QO Ql Qemt /B e}

Opm  9.303GHz 5883 895 1055 5.57 84%
0.5pum 9.303GHz 4351 816 1004 4.33 81.2%
lpym  9303GHz 3512 762 973 3.61 78.3%
I.5pm 9.303GHz 3329 750 968 344 77.5%
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The bulk conductivity remains constant but the effective conductivity changes when surface rough-
ness is also considered in the simulation. A frequency-dependent effective conductivity is introduced
in a smooth surface conductor to account for surface roughness [|68]]. The effective conductivity of a
particular rough copper wall is 0. = o /k, where o = 5.8 x 107 Sm™! is the bulk conductivity of the
smooth conductor. The parameter k = (a../a)? > 1. a, and ay are the attenuation constants due to
conductor losses for smooth conductor surface and rough conductor surface, respectively [69].

The effects of surface roughness are incorporated in terms of the effective conductivity [69] for
broadband simulation frequencies in CST. Effective conductivity is determined based on the gradient
model of surface roughness [68]. Variations in return loss are shown in Fig. and cold test
parameters are presented in Table [3.2] Here, surface roughness is represented by R,, which is a root-
mean-square roughness. R,=0 pm roughness means smooth copper surface is considered. ()-factor
decreases with the increase in surface roughness, as shown in Table[3.2] Typically, up to 0.3-0.5 um
surface finishing can be achieved and for mm-wave applications, nanoscale surface roughness can

also be achieved [[70}/71]].

3.6 Summary

This chapter presents the design of primary sub-parts of a coaxial magnetron. A systematic design
procedure of anode resonator synthesis is given along with the output section and frequency tuner
design. Eigenmode simulation is carried out to determine the desired operating mode, competing
modes, and dispersion diagram of the coaxial magnetron. Cold test parameters such as return loss,
quality factors (Q, @i, Qezt), coupling coefficient, and circuit efficiency are determined from the
frequency-domain analysis. A rectangular waveguide to cylindrical cavity mode launcher is proposed
to fine-tune the coupling slots present in the anode shell’s wall. Effects of surface roughness on the

cold test parameters are also studied considering the effective conductivity of copper.
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4. Slot Modes and Suppression Technique

In this chapter, identification of slot modes and their suppression technique is presented. The analysis
is carried out for X-band coaxial magnetron. It is found that slot modes occur in pair, and the slot mode
having lower operating frequency is more likely to interfere with the operation of desired 7-mode of
coaxial magnetron. A technique for such slot mode suppression is presented, which can suppress
the unwanted mode without affecting the desired mode excitation significantly. In this approach, a
lossy dielectric ring is placed near the longitudinal coupling slots inside the anode shell. The effects
of slot mode suppression are analyzed in eigenmode solver of CST. The slot mode suppressor also
suppresses the electric field strength of fringing field of the slot mode without affecting the electric
field strength of the desired m-mode. In this chapter, 16 vanes are considered in anode resonator for
illustrating the method of slot mode suppression, same technique is also followed for 28-vane coaxial

magnetron discussed later in chapter [5}

4.1 Introduction

Effective suppression of spurious mode excitation is a key concept of a coaxial magnetron de-
sign. The operation of coaxial magnetron suffers with the excitation of unwanted modes such as slot
modes and TE,5; mode [64,72]. Suppression of these spurious modes is vital for operating coaxial
magnetron in the desired mode. TE5; mode occurs because of external coaxial cavity and slot modes
occur because of the coupling slots between vane resonators and external coaxial cavity. Suppression
technique of TE;5; mode has already been discussed in chapter[2] but slot mode suppression requires
further investigation.

This chapter presents the identification and suppression technique for the unwanted slot modes.
The electric field pattern of slot modes replicates the electric field pattern of the desired m-mode.
As stated earlier, it is found that slot modes occur in pair, one mode occurs at the lower operating
frequency than m-mode, and other mode occurs at a higher frequency than 7m-mode. Based on their
operating frequencies, slot modes are referred to as lower slot mode and higher slot mode in this
chapter. In order to suppress slot modes, a lossy dielectric ring is placed near to the coupling slots
in anode shell. The unwanted mode suppressor should not affect the excitation of desired mode.

Therefore, dimensions and dielectric properties such as dielectric constant and loss tangent of the
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To

ng h ©

Figure 4.1: Axial cross-sectional view of the coaxial magnetron showing anode shell and outer coaxial cavity.

dielectric material are optimized. The effects of mode suppressor are analyzed in eigenmode solver
of CST by determining the quality factor of slot modes and m-mode. Apart from reducing quality
factors, the unwanted mode suppressor also significantly reduces the electric field strength of the
fringing field produced by the slot modes.

This chapter is organized into four sections. Section #.2] presents the slot mode identification
by analyzing electric field patterns. For this, analysis is performed in eigenmode solver. Slot mode

suppression technique is discussed in Sectiond.3] and Section {.4] concludes this chapter.

4.2 Identification of Slot Modes

A coaxial magnetron contains one additional outer coaxial cavity, which surrounds the anode shell.
A cross-sectional view of the coaxial magnetron is shown in the Fig. .1} In the coaxial magnetron
structure, anode shell has multitude of vane-type resonators. These vane-type resonators are coupled
to the outer coaxial cavity through coupling slots in the common wall of the alternate vane-type
resonators. The dimensions of coaxial magnetron related to this analysis are represented by anode
radius (r,), vane height (h), and coupling slot length (/,). Slots are [, and [, distance apart from the
top and bottom walls of the coaxial cavity, respectively, as shown in Fig. f.1] Coaxial magnetron
operates in TE(;; mode in the external coaxial cavity and m-mode in anode shell, as discussed in
chapter [3] The operating modes of coaxial magnetron can be determined by the electric field pattern

at the desired operating frequency, as shown in Fig. {.2]
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Figure 4.2: E-field vector plot of the desired mode of coaxial magnetron at the operating frequency of 9.3 GHz.

Suppression of the spurious modes is required for the proper operation of coaxial magnetron, such
modes primarily include slot modes and TE;5; mode. TE;5; mode occurs due to the outer coaxial
cavity in the magnetron. Suppression technique of TE;5; mode has already been discussed in detail
in chapter [2| However, unwanted slot modes get excited because of the coupling slots present in the
common wall of anode shell and outer coaxial cavity. It is found from the analysis of simulation
results that if length of the slot, /s < &, no slot mode occurs but these smaller coupling slots are also
not able to excite desired TEy;; mode in the external coaxial cavity. However, the excitation of TEg;
mode is needed for efficient operation of coaxial magnetron.

For the efficient coupling of EM fields from the anode shell to external coaxial cavity in the desired
TE(11 mode, coupling slot lengths (/;) should be larger than the height of vanes (/). But increased
slot length also generates unwanted modes, which are known as slot modes. Electric field patterns
of slot modes are similar to the field pattern of desired m-mode. However, slot modes occur in pair:
lower slot mode and higher slot mode [72].

Identification of slot modes and m-mode can be carried out by analyzing electric field pattern
obtained from eigenmode analysis. Electric field patterns of the m-mode, lower slot mode and higher
slot mode at the operating frequencies of 9.3 GHz, 7 GHz, and 11.6 GHz, respectively are shown in
Fig. In m-mode field pattern, the electric field in the slot containing vane cavity of anode (shown

by a smaller circle) and external coaxial cavity (shown by a larger circle) are 180° out of phase, as
TH-2350_146102002
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depicted in Fig. [4.3] (a). However, slot modes have electric field in the same phase, as shown in Fig.

A.3](b) and 4.3] (c). Moreover, the lower slot mode

Figure 4.3
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two slot modes. This is found by analyzing the Hull-Hartree diagram. The operating condition of a
magnetron is obtained from the Hull-Hartree diagram analysis, as shown in Fig. #.4] and most likely
excitable modes other than the desired mode can also be identified. Hull-Hartree diagram is obtained

from the Hull cutoff voltage and Hartree threshold voltage, as expressed in[4.T]and [4.2] [66].

e r2\°
— =PBiri, 1 < 4.1
Vesah Ta( T2> 4.1)
r2 r2\ w r2 /m wH 2
Vg=ra(1-Te —B——“(—)(—) 4.2
H 2( rﬁ)n 2 \e/ \n 42)

where e, m, r., v, B, V., and V are charge of the electron, mass of the electron, cathode radius,
anode radius, external magnetic field, Hull cutoff voltage, and Hartree threshold voltage, respectively.
n and w are mode number and corresponding mode resonant frequency, respectively. In this analysis,
n 1s taken as 8 for m-mode (corresponding to 16 vane cavities in anode shell). Since slot modes also
have similar electric field patterns as that of m-mode, hence, the value on n can be considered as
the same. The threshold voltage is plotted for all three modes considering respective resonant
frequencies in Fig. 4.4 In this analysis, anode voltage of the coaxial magnetron is assumed as 40
kV and the corresponding operating point is shown in Fig. 4.4 According to Hull-Hartree diagram,
excitation of higher slot mode is not possible for the given operating point. Lower slot mode is more
likely to get excited during coaxial magnetron operation. Thus, suppression of this mode is essential

and mode suppression technique is discussed in Section4.3]

4.3 Suppression Technique of Slot Modes

Suppression of slot modes is essential for the proper operation of a coaxial magnetron, and un-
wanted modes can be suppressed by significantly reducing the quality factors of those modes. But
this mode suppression technique should not affect the operation of desired 7-mode of magnetron.
(Q-factors are determined from eigenmode analysis. ()-factors of m-mode and lower slot mode with-
out mode suppressor are obtained as 12300 and 2092 at 9.31 GHz and 7 GHz, respectively. A lossy
dielectric ring is introduced near coupling slots inside the anode shell for the reduction of ()-factors
of unwanted modes, as shown in Fig.
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Figure 4.4: Hull-Hartree diagram of coaxial magnetron, representing threshold voltages for both slot modes
and m-mode.

slot mode
SUppressor |

TE 5, modg‘
suppressor H—

Figure 4.5: An axial cross-sectional view of the coaxial magnetron with spurious mode suppression technique.
Circle indicating the curve for which E-field is plotted.

Table 4.1: Effect of dielectric constant (¢,) on slot mode and m-mode

€r fslot Qslot fﬂ' er
16 6.5 GHz 66 9.31 GHz 5740
18 6.37 GHz 48 9.31 GHz 10020
20 6.2 GHz 37 9.31 GHz 10230

22 6.05 GHz 30 9.31 GHz 10913
24 5.86 GHz 27 9.31 GHz 9360
26 5.7 GHz 25 9.31 GHz 7810
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4. Slot Modes and Suppression Technique

Table 4.2: Effect of loss tangent (tan ¢) on slot mode and w-mode

tan d fslot Qslot fTr QW

0.01 6.05 GHz 141 9.31 GHz 11486
0.05 6.05 GHz 30 9.31 GHz 10913
0.1 6.05 GHz 15 9.31 GHz 8507
0.5 6.05 GHz 3 9.31 GHz 3952

In this analysis, dimensions of dielectric material (ceramic) are represented by dielectric height
(l4), and dielectric thickness is considered as 1 mm. A cylindrical choke is used to hold the dielectric.
Dimensions of the dielectric ring, choke, and dielectric properties such as dielectric constant and loss
tangent of the ceramic ring are optimized to damp out undesired slot mode while keeping the desired
m-mode not getting affected significantly. TE;2; mode suppressor is also shown in Fig. which
is already discussed in chapter 2] The Q)-factors of 7-mode and lower slot mode are calculated from
eigenmode analysis in CST. Effects of the variation of loss tangent, dielectric constant, dielectric
height (/;), and coupling slot distance from the top wall of the coaxial cavity (/,) on the ()-factors
and resonant frequencies of m-mode and lower slot mode are studied. The resonant frequency of
the m-mode remains unaffected by such variations. Resonant frequency of the 7-mode is decided by
the vane cavity and external coaxial cavity. ()-factor of m-mode ((),) increases with ¢,, and starts
reducing after €, value of 22, as presented in Table However, it 1s found that resonant frequency
of lower slot mode (f¢) is inversely proportional to €, and Q)-factor (Q)4.¢). The optimum value of
€, can be chosen as 22, at which )4, is suppressed to 30 keeping (), is at 10913.

The resonant frequencies of both lower slot mode and m-mode have been found to remain un-
affected by the variation in loss tangent value, as shown in Table @ However, increment in loss
tangent reduces the ()-factors, as it increases losses in the structure. The optimum value of the loss
tangent is obtained as 0.05. Effects of coupling slot distance ([/,) from the top wall of coaxial cavity
and dielectric height (/;) are presented in Table 4.3|and respectively. It is found that resonant fre-
quency of lower slot mode ( f,;,) is proportional to [,, and inversely proportional to dielectric height

(lg). The optimum values of [/, and [; are obtained as 0.5 mm and 5 mm, respectively. By this slot
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Table 4.3: Effect of coupling slot distance from top wall (I,) on slot mode and 7w-mode

la fslot Qslot f7r Qw

0.5 mm 6.05 GHz 30 9.31 GHz 10913
1.5 mm 6.43 GHz 33 9.31 GHz 9749
2.5 mm 6.74 GHz 33 9.31 GHz 9200
3.5 mm 6.98 GHz 34 9.31 GHz 9227
4.5 mm 7.23 GHz 36 9.31 GHz 9290

Table 4.4: Effect of dielectric length (I;) variation towards the vanes on slot mode and m-mode

ld fslot Qslot f7r Qﬂ'

3 mm 6.84 GHz 210 9.31 GHz 8384
4 mm 6.62 GHz 73 9.31 GHz 9563
S mm 6.05 GHz 30 9.31 GHz 10913
6 mm 5.4 GHz 24 9.31 GHz 8599
7 mm 5.04 GHz 24 9.31 GHz 7291

mode suppressor, ()-factor of slot mode is reduced significantly by 98.56% at the cost of just 11%
reduction in (-factor of m-mode.

Excitation of slot mode also depends upon the electric field strength of the fringing field from
the vane cavities. This fringing field corresponding to different modes, accelerates and decelerates
electrons in the space charge region as per their field strength and phase. Electric field strength is
plotted in Fig. [4.6 along with the circle (which is shown in Fig. {.5) near the vane tips. In the
coaxial magnetron, higher electric field strength is observed for 7-mode as shown in Fig. The
operating point of coaxial magnetron also lies above the threshold of Hartree line of lower slot mode
(Fig. @.4). Thus, when no mode suppressor is employed, electrons start bunching as per the slot
mode and magnetron gets locked into slot mode instead of desired m-mode operation. After applying
the mode suppressor technique, electric field strength of the slot mode also significantly reduces as

shown in Fig. However, mode suppressor doesn’t affect the electric field strength of 7-mode,
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Figure 4.6: Effect of the proposed slot mode suppressor on the electric field strength of 7-mode and slot mode
along the circular curve near tips of vanes. (a) Effect on 7-mode. (b) Effect on slot mode.

as depicted in Fig.
4.4 Summary

This chapter presents a crucial aspect of coaxial magnetron design. Spurious modes’ excitation
make the coaxial magnetron design challenging. Suppression of slot modes is essential for the proper
operation of coaxial magnetron, and it can be considered as a key design aspect of coaxial magnetron.
Electric field patterns of slot modes are similar to m-mode pattern, hence, proper identification of
such undesired modes is necessary. It is found that slot modes occur in pair and lower slot mode is
prominent and more likely to excite than higher slot mode. A slot mode suppression technique is
discussed considering a lossy dielectric ring inside the anode shell near to the coupling slots. Slot

mode suppressor is designed such a way that it can effectively suppress unwanted mode without
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4.4 Summary

affecting desired mode considerably. Effects of dielectric constant, loss tangent, dielectric height,
slot distance from the top wall of the cavity on the resonant frequencies of the modes and quality
factors are studied. Optimized values of ¢,, tand, [,, [4, are obtained as 22, 0.05, 0.5 mm, and 5
mm, respectively. ()-factor of slot mode is reduced after employing mode suppression technique to
30 keeping ()-factor of m-mode as 10913. ()-factor of slot mode is reduced significantly by 98.56%
at the cost of just 11% reduction in ()-factor of m-mode. The slot mode suppressor also reduces the

fringing field present in the slot mode while keeping the field strength of desired m-mode unaffected.

TH-2350_146102002

67



4. Slot Modes and Suppression Technique

TH-2350_146102002

68



Particle-in-Cell (PIC) Simulation of Coaxial
Magnetron and Efficiency Improvement

Contents

51 Introduction . . . . v v vt v vttt et e e e e e e e e e e

5.2 Particle-in-Cell (PIC) Simulation . . . . . . . . . . v v v v v v vttt e e e 71

5.3 Effects of Dielectric Constant and Loss Tangent of the Slot Mode Suppressor
onthePerformance . .. .. ... .. ...ttt eennnennnnnns

5.4 Efficiency Improvement by Cathode End Hats’ Shaping . ........... 78

5.5 Frequency Tuning of Coaxial Magnetron . . ................... 80)

5.6 SUMMATY . . v vt v i v it ettt et et e et e e e 80)

TH-2350_146102002

69



5. Particle-in-Cell (PIC) Simulation of Coaxial Magnetron and Efficiency Improvement

The design procedure of coaxial magnetron and cold test analysis have been presented in chapter
Bl This chapter presents the output performance analysis of coaxial magnetron using particle-in-cell
(PIC) simulations. The output of coaxial magnetron is taken from the standard WR112 waveguide
section through a rectangular coupling slot on the outer wall of the coaxial cavity. Operating point of
the magnetron is obtained from the Hull-Hartree diagram. Output power and total efficiency of the
magnetron is further optimized by varying applied magnetic field in the operating region of m-mode.
Some additional studies are also performed to improve the efficiency as well for understanding the
effect of copper surface roughness and variation in properties of dielectric materials used in slot mode
suppressor. Effect of cathode end hats’ shape on output performance is studied. The shape of the
cathode end hats of coaxial magnetron is found to affect the efficiency and when the shape is changed
from conventional to conical, 2.74% improvement in the total efficiency is observed. The output
performance of the coaxial magnetron is analyzed for the variations in dielectric properties of the slot
mode suppressor. Effect of surface roughness of copper on output performance of the magnetron is

studied through PIC analysis.

5.1 Introduction

Magnetrons are widely used vacuum electron devices (VEDs) because of their compact size and
high-efficiency. A magnetron can be continuous wave (CW) type or pulsed power type based on
output power. Magnetrons have a wide range of applications: continuous wave (CW) magnetrons
have applications in heating and pulsed power magnetrons have applications in accelerators. Recently,
40-vane pulsed power coaxial magnetrons are designed for X-band operation [11,41]. Peak output
powers are reported as 1.61 MW with 50.8% efficiency [11]] and 1.88 MW with 53% efficiency [41]] at
operating frequency of 9.3 GHz. In this chapter, a 28-vane coaxial magnetron is designed to provide a
higher peak output power of 2.12 MW with higher efficiency of 62.04% at the 9.2987 GHz operating
frequency. Particle-in-Cell analysis is performed using PIC solver of CST. 45 kV anode voltage is
considered in PIC simulation of coaxial magnetron. Input signal from pulsar is considered having
duty cycle of 0.001 with 4 us pulse width.

The key contributions of this chapter are as follows:
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* A coaxial magnetron with 28-vane anode is designed for 2.12 MW peak and 2.12 kW average
output powers. The total efficiency of 62.04% is achieved at 9.2987 GHz operating frequency.
Frequency tuning characteristics of the coaxial magnetron is also analyzed and frequency tuning

range is found to be 40 MHz.

* The output power and efficiency of the magnetron is optimized by varying magnetic field
strength. It is found that peak output power higher than 2.12 MW can also be achieved but

at a slightly lower efficiency.

* Effect of cathode end hats’ shape is studied. Use of conical end hats resulted in an improvement

of the coaxial magnetron’s efficiency by 2.74%.

This chapter is organized into six sections. The output performance of the coaxial magnetron
is analyzed by particle-in-cell (PIC) simulations in Section [5.2] In this analysis, output power, total
efficiency, anode current, and output frequency of the coaxial magnetron are determined. The effect of
surface roughness of copper on the output performance of magnetron is also analyzed. The dielectric
properties of the slot mode suppressor such as dielectric constant and loss tangent are optimized using
PIC analysis in Section[5.3] Section[5.4]presents the efficiency enhancement of coaxial magnetron by
modifying shape of the cathode end hats. Output power, anode current, and efficiency of the coaxial
magnetron for conical end hats and conventional end hats are compared. Frequency tuning range is

determined in Section[5.5] Section[5.6|summarizes this chapter.

5.2 Particle-in-Cell (PIC) Simulation

PIC analysis is carried out in CST studio using PIC solver. In this analysis, explosive emission
model for particles is used. Electrons are considered with 5 eV initial kinetic energy and uniform
distribution. The number of emission points are taken as 900 in the PIC simulation. A convergence
analysis of output power is performed. Study is carried out by varying the number of emission points.
The reported analysis is for 8.8 10% number of electrons for which the output becomes stable. The

output performance parameters such as peak power (F,,;), anode current (/,), and total efficiency (1)
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5. Particle-in-Cell (PIC) Simulation of Coaxial Magnetron and Efficiency Improvement

are affected by the variation in the number of particles. The output performance parameters converge
for the number of particles greater than 8.8 x 104, as shown in Table

Output of the coaxial magnetron is taken from the WR112 waveguide section. A waveguide-port is
defined at the opening of the WR112 section. The waveguide-port is actually a matched termination
which absorbs the RF signal that appears at the output section. A DC anode voltage of 45 kV is
applied using discrete port. The DC anode voltage signal is applied for a total duration of 300 ns
with 5 ns as rise time. A constant magnetic field is applied along the axis of the anode resonator.
The value of magnetic field is obtained as 5795 Gauss from the Hull-Hartree diagram, as discussed in
chapter@ Since anode resonator consists of 28 vanes, 14 spokes of electrons bunches are formed in
the PIC simulation because coaxial magnetron is operated in 7-mode, as shown in Fig. [5.1] Emission
of electrons starts at the beginning of simulation but it takes some time to form electron bunches.
The shape of these spokes improves with time, as shown in Fig. [5.1] Formation of spokes due to
bunching of electrons at 105 ns is better than at 40 ns. This indicates proper mode operation and

efficient beam-wave energy transfer at 105 ns.
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Figure 5.1: Formation of electrons spokes in the desired m-mode operation. (a) Spokes formation at 40 ns. (b)
Spokes formation at 105 ns.

Output power and anode current obtained from PIC simulation are presented in Fig. [5.2] (a). The

output signal saturates after around 120 ns time, and 2.12 MW power is obtained with 76 Amp anode
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current. Total output efficiency (nr) is determined as 62.04%. No leakage current is observed as
it is found from PIC analysis that electrons do not escape the interaction space because of cathode
end hats. The operating frequency of coaxial magnetron can be determined from the plot of power
spectral density (PSD) of the output signal, which is presented in Fig. [5.3](g). Frequency spectrum
shows that the maximum output power of the magnetron is obtained at 9.2987 GHz. Other competing
modes have power levels which are at least 50 dB lower meaning that the magnetron is operating in
single mode. Electronic efficiency (7,) is calculated (. = n7/n¢) using values of ny and 7o (from
frequency-domain analysis) as 73.86%. The initial values of n¢ and /, were assumed as 80% and 80
Amp, respectively, while calculating the initial dimensions of anode structure and the value of 7y is
specified as 70% (in chapter [3)). After introducing outer coaxial cavity, coupling slots in the anode
shell and performing PIC analysis, 77, and I, are achieved as 62.04%, and 76 Amp, respectively. The
proposed coaxial magnetron is a pulsed power magnetron. The input pulse signal is specified with

0.001 duty cycle and 4 us pulse width. Thus, the average power is calculated as 2.12 kW.
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Figure 5.2: Performance of the proposed coaxial magnetron. (a) Output power and anode current. (b) Effect
of applied magnetic field density to output power, anode current, and total efficiency.

Efficiency (77) of the magnetron also depends significantly on the selection of the proper operating
point in the Hull-Hartee diagram. As the anode voltage is fixed (45 kV), output efficiency of magneron
can be optimized by choosing an optimal value of magnetic field (B) [34]]. The effects of B on the

output performance parameters such as output power, 77, and anode current are shown in Fig. [5.2]
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Table 5.1: Effect of number of particles variation on PIC performance

No. of particles P,,; MW) I, (Amp) nr (%)

5x10% 2.31 90 57
6.4x10% 2.13 79.8 59

8x 10* 2.05 76 59.88
8.8x10% 2.12 76 62.04
9x10% 2.12 76 62.06
1.1x10° 2.12 76 62

Table 5.2: Effect of surface roughness of copper on PIC performance

Rq (ILLm) Pout (MW) Ia (Amp) nr (%)

0 2.12 76 62.04
0.5 2.17 81 59.5

1 2.13 85 55.8
L.5 2.098 88 53

(b). B can only be varied in the operating range of m-mode obtained from the Hull-Hartee diagram
(Fig. [3.6). The maximum 7y (62.04%) is obtained at 5795 Gauss magnetic field with corresponding
output power of 2.12 MW. However, the maximum output power is obtained as 2.67 MW but at a
lower efficiency of 56.5% at 5690 Gauss. Further, reduction in the value of magnetic field leads to
the excitation of unwanted modes. Thus, the high output power can be achieved by just modifying
the applied magnetic field with a slight compromise in the efficiency as per the requirement of the
application.

The effects of surface roughness of copper on the output performance of coaxial magnetron is also
studied. The values of output power and efficiency decrease with the increase in the surface roughness
(R,), as presented in Table[5.2]

Information regarding computational platform, number of mesh cells, emission points, and total

time taken in the simulation of the proposed coaxial magnetron is given in Appendix [D]
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5.3 Effects of Dielectric Constant and Loss Tangent of the Slot
Mode Suppressor on the Performance

Dielectric properties such as dielectric constant and loss tangent of the slot mode suppressor are
optimized using PIC analysis. These dielectric properties affect the output performance of coaxial
magnetron significantly. This section presents the optimization of magnetron performance by varia-
tion of dielectric properties of the slot mode suppressor. Effects of dielectric constant (¢,) variation
(e.g. €, =12, 16, 21, 25) are shown in Fig. [5.3] The output powers obtained from PIC simulations are
shown for various cases in Fig. [5.3](a to d) and power spectral densities (PSDs) of the output signals
are shown in Fig. [5.3] (e to h). Slot mode dominates for ¢, = 12 case, and most of the output power
is in the lower slot mode at around 7 GHz frequency, as shown in Fig. [5.3](e), and the corresponding
output power is just 250 kW (Fig. [5.3] (a)). Here, coaxial magnetron is not operating in the desired
mode. Although, for €, = 16 case, m-mode is dominating and output power is also slightly more than
2 MW, but competing modes also excite along with m-mode excitation. So, €, = 16 is also not suitable
for desired performance. Out of all the cases, PSD presented in Fig. (g) has the best-unwanted
mode suppression, and almost all the output power corresponds to m-mode at around 9.3 GHz fre-
quency. Thus, the dielectric constant is chosen as 21 for the optimal performance of the slot mode
suppressor. Slot mode suppressor works efficiently for this dielectric constant.

Moreover, the suppression of unwanted modes depends on the dielectric losses present in the
dielectric material of mode suppressor. The output performance of coaxial magnetron is analyzed for
various values of loss tangent (tan d) such as 0.0001, 0.001, 0.01, 0.08, as shown in Fig. For
low losses, mode suppressor doesn’t perform well, and unwanted modes excite instead of the desired
m-mode excitation (for tan d = 0.0001, 0.001, 0.01 cases). However, for tan d = 0.08, only 7-mode
excites dominantly, as shown in Fig. (h). Thus, the optimal value of tan § is chosen as 0.08. AIN-
SiC and BeO-SiC based lossy dielectric composites are used for the vacuum electronics applications.
Dielectric constant can be modified by varying content of SiC in the composite. The desired dielectric

properties can be achieved by taking SiC content around 30% in the composite.
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Figure 5.3: Effect of the dielectric constant of the slot mode suppressor on the output power and power spectral
density (PSD) of output signal. (a-d) Effect on output power. (e-h) Effect on PSD.
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Conventional Conical
end hat end hat

AN

(a) (b)

Figure 5.5: An axial cross-sectional view of cathodes (a) Cathode with conventional end hats. (b) Cathode
with conical end hats.

5.4 Efficiency Improvement by Cathode End Hats’ Shaping

This section deals with the efficiency enhancement of the proposed coaxial magnetron by modi-
fication of cathode end hats’ shape. In conventional cathode end hat configuration, circular disks are
placed at both ends of the cathode. However, in modified configuration having conical cathode end
hats, disks are connected by tapering to the cathode, as shown in Fig. [5.5]

The cathode end hats are necessary to prevent the leakage of electrons from the interaction region.
If end hats are not considered, electrons could escape from the interaction space, and leakage current
would be observed. Cathode end hats are used to avoid such leakage/loss current. In this case, no
leakage current is observed, as electrons are restricted in the interaction region after employment of
the end hats. The loading effect of the conical end hats’ is studied and presented in Table[5.3] Output
power using cathode with conventional end hats is obtained as 2.08 MW while using conical end hats

is obtained as 2.12 MW. Efficiency is also enhanced by 2.74% by introducing conical end hats. It is

Table 5.3: Effect of Cathode End Hats’ Shaping

End hat shapes Output power MW) I, (Amp) nr
Conventional end hats 2.08 78 59.3%
Conical end hats 2.12 76 62.04%
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(b)

Figure 5.6: Contour plot of the z-component (axial) of the static E-field. (a) Cathode with conventional end
hats. (b) Cathode with conical end hats.
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Figure 5.7: Effect of cathode end hats’ shape variation on return loss.

observed that conical end hats are more efficient than conventional end hats. The axial component
(z-direction) of the static electric field from anode vanes to cathode has higher value in case of conical
end hats than the conventional end hats, as depicted in Fig. [5.6] which tends to move the electrons
toward the interaction region. This results in an increase in electron-wave energy transfer, and higher
efficiency is observed.

In order to examine the change in ()-factors because of cathode end hats’ shape, the return loss
is calculated in both cases, as shown in Fig. [5.7] Negligible change is observed in .S;;, when conical
cathode end hats are used instead of conventional cathode end hats. Thus, change in the shape of
cathode end hats does not affect the ()-factors perceptibly. However, efficiency of the magnetron with
conical cathode end hats is more because of the efficient electron-wave energy transfer, as electrons

are pushed towards the interaction region.
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Table 5.4: Frequency Tuning of Coaxial Magnetron

leavity (mm) Frequency (GHz) Output power MW) 77 (%)

23.60 9.2160 221 59.20
23.50 9.2423 2.18 59.80
23.30 9.2685 2.10 59.80
23.24 9.2783 2.12 62.00
23.10 9.2987 2.12 62.04
22.98 9.3192 2.12 62.01
22.90 9.3469 1.97 58.40
22.70 9.3735 1.89 58.50
22.60 9.3998 1.85 58.70

5.5 Frequency Tuning of Coaxial Magnetron

In this section, frequency tuning characteristics of the proposed coaxial magnetron is presented.
Resonant frequency of the coaxial magnetron can be varied by changing length of the external coaxial
cavity. The length of the external coaxial cavity can be varied through movement of the frequency
tuner along the axial direction of the cavity, as shown in Fig. [3.3] Pushing down the frequency
tuner will reduce the /.4, While pulling up will increase the length of the outer coaxial cavity. The
outer coaxial cavity is operated in TE(;; mode. The resonant frequency of the desired TEy;; mode is
inversely related to the l.4yity, as discussed in chapter The output performance is studied for various
values of [.qity. The effect of [.4,i, variation is presented in Table The output performance is
studied by PIC analysis. The frequency tuning range can be decided as per the required output power
and efficiency tolerance. Frequency tuning range of the coaxial magnetron is obtained as 9.2987 GHz

=+ 20 MHz.

5.6 Summary

The PIC analysis of a 28-vane high-power pulsed coaxial magnetron operating in X-band is pre-
sented. The coaxial magnetron is analyzed using PIC solver of CST particle studio. In this analysis,

anode voltage is considered as 45 kV. The magnetic field strength is determined from the Hull-Hartree
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diagram for m-mode operation. The optimal value of magnetic field is obtained as 5795 Gauss. The
output peak power of 2.12 MW is achieved at 9.2987 GHz frequency with 62.04% total efficiency.
The circuit efficiency and electronic efficiency of the coaxial magnetron are obtained as 84% and
73.86%, respectively. The effect of magnetic field on the output performance of the proposed coax-
ial magnetron is also studied. It is found that a higher output power can be achieved with a slight
compromise in the efficiency at the same frequency. The maximum peak power of 2.67 MW can also
be achieved at but a slightly lesser efficiency of 56.5% by just modifying magnetic field. Dielectric
properties of the slot mode suppressor is optimized by PIC analysis. The efficiency of the magnetron
is also affected by the shape of the cathode end hats. 2.74% efficiency improvement is observed by

using conical cathode end hats. Frequency tuning range is determined as 9.2987 GHz + 20 MHz.
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6. Design and Analysis of RF Windows

Design of RF window, a critical part of the vacuum electron devices, is presented. Overmoded
RF windows are designed for high-power applications such as pulsed power magnetron, klystrons,
gyrotrons, and LINACs operating in X-band frequencies. Primarily, designs of RF windows for
coaxial magnetron are discussed in this thesis. In this chapter, four overmoded RF windows are
proposed based on the approach adopted for excitation of dominant mode. Coupled multiphysics
analyses are preformed to study thermal and structural characteristics of the proposed RF windows.
The sensitivity of S-parameters are analyzed to check the effects of structural deformation which is
produced due to the high-pressure difference and high-power operation of the RF windows. Power
handling of RF windows are limited by various factors, but chiefly multipactor restricts the operation
of the RF windows. Multipactor simulations are performed to determine the multipactor threshold

levels of the proposed RF windows for a safe operation.

6.1 Introduction

An RF window behaves as a barrier between vacuum and external environment. The dielectric
disk plays the role of barrier in an RF window structure. RF window is a vulnerable part of vacuum
devices as failure of RF window can cause permanent damage to the vacuum device. A conventional
pillbox-type RF window is shown in Fig. Power handling capacity of such RF windows are typ-
ically restricted by the multipactor effect [[17]]. In multipaction, avalanche of electrons occur because
of the emission of secondary electrons. Secondly, operating bandwidth of these RF windows are very
narrow as they generally operate in a single mode (TE;; mode). For such windows, the limit of multi-
pactor threshold is enhanced by putting an antimultipactor coating at the surface of dielectric disk. A
thin TiN coating is often used for antimultipaction. But the disadvantage of using TiN coating is that
it can cause surface flashover on dielectric disk [19]. Hence, an alternate way is chosen which can
improve the multipactor threshold without using TiN coating, and can also avoid surface flashover
on the dielectric disk. The alternate method is structural modification, in which an RF window is
operated in an overmoded condition instead of dominant mode. An overmoded RF window can have
larger diameter of dielectric disk and thereby average power density is lowered at the disk.

Recently, an overmoded RF window having 5 MHz bandwidth is proposed for high-power klystron
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(a)

Figure 6.1: Conventional pillbox-type RF window (a) Side-view (b) Cross-sectional view.

application in S-band [3]]. This overmoded RF window is designed to operate in the higher order mode
i.e. TEy12 mode. TEy;2 mode has a circulating electric field pattern along the length of the cylindrical
cavity of the RF window. TE(;> mode RF window has a larger radius and lower electric field strength
at the dielectric barrier as compared to the conventional pillbox-type RF window. The lower electric
field strength at the dielectric surface reduces the breakdown possibilities, normalizes the tempera-
ture distribution and reduces localized heating. The multipactor threshold levels for such TE(;» mode
overmoded RF windows are higher even without using antimultipactor coating of TiN [3]]. Another
advantage of not using TiN coating in TEq;, mode RF window is to avoid the breakdown on the
coating surface or surface flashover. There is a lot of scope in the RF window design with a high
multipactor threshold so that the RF window can be operated safely at high-power levels in X-band.
The operating bandwidth of window can be improved by choosing a mixed mode operation over a
single mode operation.

In this chapter, four types of overmoded RF windows are proposed. Out of four RF windows,
three RF windows are based on the TE(;» mode excitation approach, and one RF window is based
on the excitation of TE(; mode in the cylindrical section of the window. For a circular waveguide
TE;; mode is the dominant mode and TE(; and TEy; modes are higher order modes. The last index
(i.e. 2) in TE(15 and TEgy, modes indicates the variation along the length, in one RF window TE4
mode is dominant because length is more, however, cross-sectional field is same as TE(;, mode.
These four RF windows are designed for the coaxial magnetron operating at 9.3 GHz frequency and

2 MW peak and 2 kW average power ratings, as discussed in this thesis but can also be used for
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other high-power tubes such as klystron, gyrotron, and LINAC. This chapter is organized into four
sections. RF window designs are discussed in Section [6.2] RF window designs are proposed based
on the excitation of TE(y; and TEj, modes in the cylindrical section. Simulation based studies and
performance analyses are presented in Section [6.3] In simulation based analyses, frequency-domain,
multiphysics, and multipactor studies are performed. Return loss, insertion loss, and VSWR of the
RF windows are determined from frequency-domain simulation. In multiphysics studies, coupled
electromagnetic, thermal, and structural simulations are performed. Multiphysics analyses are carried
out to analyze temperature distribution and structural deformations in the RF windows. Multipactor
analysis is carried out to determine multipactor thresholds of the proposed RF windows. Section [6.4]

summarizes this chapter.

6.2 Proposed Overmoded RF Windows

In this section, four designs of RF windows are presented for overmoded operation in X-band.
The proposed RF windows are designed mainly for the coaxial magnetron discussed in this thesis,
operating at 9.3 GHz and having output from WR112 waveguide section. The proposed RF windows
are based on the excitation of TEq;5 and TE(;; modes. TE(;; mode in a cylindrical cavity can be
excited from a dominant TE;; mode of a rectangular waveguide in three different ways. Based on
mode excitation techniques, three designs of RF window are presented in this chapter. The fourth
design is based on the TE(,; mode excitation from rectangular waveguide. Cylindrical cavity of RF

windows and WR112 walls are made of copper having bulk electrical conductivity as 5.8 x 107 Sm™,

6.2.1 RF Windows Based on the Excitation of TE;; Mode

Based on the TE;» mode excitation techniques in the cylindrical cavity from a rectangular waveg-

uide, the proposed RF windows are categorized as follows:

6.2.2 RF Window Design with Top and Bottom Wall Excitation

In this RF window design, a cylindrical cavity is designed for TE(;, mode operation and further

optimized for mixed-mode operation. Initial dimensions of the cylindrical cavity i.e. radius (r) and
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Figure 6.2: Cross-section of the RF window excited from the narrow-wall of WR112 waveguide to the end-wall
of the cylindrical cavity (geometrical structure is adopted from ).

length (1) are calculated from (6.1). In this expression, [ = 2r is considered for calculating r of the

cavity at resonant frequency (frg,,,) of 9.3 GHz.

1 or\?  /3.832\7
fTEmg:Zﬂ_—\/m\/(T) +< . > 6.1)

where €, and o represent permittivity, and permeability of free space, respectively.

In this RF window design, TE(;2 mode is excited in the cylindrical cavity from the narrow-wall of
the WR112 waveguide to end-walls of the cavity through slots, as shown in Fig. [6.2] Two rectangular
slots are made for the coupling from WR112 waveguide section to cavity. One rectangular slot is
made at \;/4 distance from the end-wall of the WR112 waveguide section. The second rectangular
slot is made at \,/2 distance apart from the center of first rectangular slot to excite TEy;2 mode in
the cylindrical cavity [3]]. Here, A, represents the guide wavelength of the dominant 7'F/;; mode in
WRI112 waveguide section. A dielectric disk of alumina 96% with thickness ¢ is placed at the middle
of the cavity as a barrier in the RF window. The value of dielectric constant of alumina 96% is taken
as 9.4 in this study. Inductive coupling posts are used at both input and output waveguide sections for

impedance matching, as shown in Fig. [6.2]
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6. Design and Analysis of RF Windows

6.2.3 RF Window Design with Sidewall Excitation

The excitation of desired TEj;2 mode is possible from WR112 waveguide section to sidewall of
the cylindrical cavity in two different ways. In one way, the desired mode is excited from the narrow-
wall of WR112 waveguide section to sidewall of the cylindrical cavity and in the second method,
desired mode is excited from the end-wall of WR112 waveguide section to sidewall of the cylindrical
cavity. In the first method, coupling slot is made at \,/4 distance from the end-wall of the rectangular
waveguide, as shown in Fig. [6.3|(a). The initial dimensions of cylindrical cavity are calculated from
(6.1). In the second method, the coupling slot is made at the end-wall of the WR112 waveguide
section, as shown in Fig. [6.3] (b). In this RF window design (Fig. [6.3| (b)), TE(;4 mode is considered
instead of TE(;2 mode to symmetrically accommodate two WR112 waveguide sections as input and
output of RF window, however, the field pattern in the cross-section is same (TE(;). In both RF
windows, alumina 99.5% is considered as the material of dielectric disk. The dielectric disk is placed
at the center of the cylindrical cavity. The dielectric constant of alumina 99.5% is taken as 9.9 and

disk thickness is represented by .

Figure 6.3: Cross-section of the RF windows with sidewall excitation. (a) Excited from the narrow-wall of the
WR112 waveguide section to the sidewall of the cavity. (b) Excited from the end-wall of the WR112 waveguide
section to the sidewall of the cavity
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6.2 Proposed Overmoded RF Windows

Figure 6.4: A cross-sectional view of RF window based on TE(22 mode excitation.

6.2.4 RF Window Based on Excitation of TE,, Mode

In this approach, RF window is mainly operated in TE(2> mode. The cylindrical cavity is designed
to operate in TEq22 mode at 9.3 GHz resonant frequency. The design parameters of cylindrical cavity
i.e. radius and length are represented by r and [, respectively, as shown in Fig. [6.4] The initial
dimensions are calculated from the expression given in (6.2)). Here, for the determination of radius
(r), cavity length (/) is considered as twice that of the radius of cavity () in this expression @) The
resonant frequency (frg,,,) is considered as 9.3 GHz. The input and output sections of RF window

are designed from WR112 waveguide sections.

1 2r\?  [/7.016\>
fmm—%—\/m\/ (7) +< . ) (6.2)

The desired TE,; mode is excited in the cylindrical cavity through four rectangular slots. These

slots are made on the narrow wall of the rectangular waveguide. WR112 rectangular waveguide
operates in the dominant 7'F;, mode. The first coupling slot is \,/4 distance apart from the short-
circuited end-wall of the waveguide. Remaining slots are \,/2 distance apart from consecutive slots,
as shown in Fig. @ The dashed and continuous lines represent the reflected and incident waves,
respectively, as depicted in Fig. [6.5] The positions of four coupling slots are chosen in such a way
that the electric field directions inside the adjacent slots become opposite. Such type of electric field
directions are required to excite a higher-order TEy2 mode in the cylindrical cavity. The electric

field patterns at the four rectangular slots are shown in Fig. [6.6] Every neighboring slot has opposite
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6. Design and Analysis of RF Windows

Table 6.1: Design Parameters of the Proposed RF Windows

Parameters design 1 design 2 design 3 design 4

Disk material Alumina 96% Alumina 99.5% Alumina 99.5% Alumina 99.5%

Dielectric constant 94 9.9 9.9 9.9
Loss tangent 0.0002 0.0001 0.0001 0.0001
Disk thickness (t)  2.806 mm 2 mm 3.492 mm 2.79 mm

Disk radius (7) 23.36 mm 27.17 mm 23.47 mm 38.91 mm
Cavity length () 50.44 mm 52.26 mm 115.4 mm 85.64 mm

electric field direction. Such field excites the desired circulating TEq22 mode in the cylindrical cavity.

For 2 MW peak power operation, the maximum electric field strength along the slot is determined as

5 MV/m.

Ag/2 Ag/2 Ag/2 Agl4

End wall
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Figure 6.5: Standing wave pattern in the short-circuited WR112 waveguide section, and the corresponding
positions of the coupling slots present in waveguide.
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Figure 6.6: E-field direction in the rectangular coupling slots, made in the narrow wall of WR112 to excite
TEg22 mode in the cylindrical cavity.

The dielectric disk of alumina 99.5% with thickness ¢ is placed at the center of cylindrical cavity,
as shown in Fig. [6.4] The dielectric properties i.e. dielectric constant and loss tangent are considered
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as 9.9, and 0.0001, respectively. Initial dimensions obtained analytically are further optimized for
a broader bandwidth operation. In order to make the bandwidth of the RF window broader, mixed
mode operation is considered instead of a single-mode operation. In this proposed RF window, TE,,
mode is mixed with the adjacent modes i.e. TE;25 mode and TE99 mode. For the efficient impedance
matching, inductive posts are introduced at both input and output section of WR112 waveguide, as
shown in Fig.

RF windows presented in Fig. [6.2] Fig. [6.3] (a), Fig. [6.3] (b), and Fig. [6.4] are named as design 1,
design 2, design 3, and design 4, respectively in this chapter. Design parameters of the proposed RF

windows are presented in Table

6.3 Simulation Results and Discussions

In this section, simulation results of the proposed RF windows are presented. The RF window
designs are optimized based on the Nelder Mead Simplex Algorithm (NMSA) in CST studio. Mul-
tiphysics analyses are performed using coupled simulations using frequency-domain solver, thermal
solver, and mechanical solver. Electromagnetic (EM) losses obtained from frequency-domain analy-
sis are imported to thermal simulation, and further thermal losses are imported to structural analysis.
Mechanical stress obtained from structural analysis is imported back to frequency-domain solver to

perform sensitivity analysis of S-parameters. Flow diagram of the coupled analysis is shown in Fig.

6.7
Frequency domain| EM | Thermal | Thermal |Mechanical Mechanical | Frequency domain
solver losses | Solver losses | Solver stress solver
Mode pattern Temperature Structural deformation Sensitivity
S-parameters distribution profile profile analysis

Figure 6.7: Flow diagram of the coupled simulation of RF windows.

6.3.1 Frequency-domain Analysis

Frequency-domain analysis is performed to determine return loss, insertion loss, VSWR, and
operating modes of the RF windows at the desired frequency of 9.3 GHz. The operating modes are

determined by analyzing electric field patterns at the given frequency. E-field patterns at the cross-
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6. Design and Analysis of RF Windows

section of RF windows are shown in Fig. [6.8] These field patterns are plotted for phase variations
(i.e. ¢ = 0°, 120° and 270°) at the same cross-section of the cavity. In Fig. [6.§] (a), Operating mode
of design 1 is shown. Here, TE(;> mode is mixed with TE;;3 mode and TE,;3 mode. Mixed-mode
operation makes the RF window broadband than the single-mode operation. The operating modes of
design 2 are shown in Fig. [6.8|(b). In design 2 TE(;, mode is mixed with TE3;, mode. Middle pattern
in Fig. @ (b) shows the transition of TE3;5 mode from TEg5. design 3 operates in the single mode,
i.e TEqy4 type mode. Fig. [6.8](d) presents the operating modes of design 4. In this design, TEq2,

mode is mixed with TE 99 and TE399 modes.
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Figure 6.8: Phase variations of E-field patterns in the cross-section of cylindrical cavity. (a) design 1. (b)
design 2. (c) design 3. (d) design 4.

S-parameters of the proposed RF windows are shown in Fig. [6.9] Return losses and insertion
losses of the RF windows obtained from CST simulations are verified with the simulation results in
HFSS. Results obtained from HFSS are in good agreement with the results obtained from the CST.
Performance parameters i.e. return loss, insertion loss, VSWR, and bandwidth (for VSWR < 1.05)
obtained from CST simulations are presented in Table[6.2]

The sensitivity of S-parameters to dielectric properties of window disks are studied. For this, the

studies on the effects of dielectric constant and loss tangent (tan ) variations of alumina 99.5% on
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6.3 Simulation Results and Discussions

Table 6.2: Frequency-domain analysis of RF windows (at 9.3 GHz)

Parameters design 1 design2  design3  design4
Return loss 55.04dB 51.52dB 53.92dB 52.76dB
Insertion loss 0.054dB 0.07dB 0.194dB 0.06 dB
VSWR 1.0035 1.005 1.004 1.004

Bandwidth (VSWR < 1.05) 79.6 MHz 40.8 MHz 4.1 MHz 41.4 MHz
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Figure 6.9: S-parameters of the proposed RF windows. (a) design 1. (b) design 2. (c) design 3. (d) design 4.
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6. Design and Analysis of RF Windows

Figure 6.10:

Figure 6.11:

the S-parameters of design 4 are presented. The sensitivity of S-parameters of rest of the proposed
RF windows have also been studied and the results follow the same trend. In design 4, the dielectric
constant of alumina 99.5% is varied from 9.4 to 10.3 and the S-parameters for dielectric constant 9.4
and 10.3 are compared with the S-parameters of design 4 for dielectric constant 9.9, as shown in Fig.
[6.10] The optimum performance is obtained at the dielectric constant of 9.9. S-parameters of the

RF window obtained in CST are compared with the results of HFSS, and are in good agreement, as

shown in Fig. [6.10]

Similarly, the effects of loss tangent variation of alumina 99.5% on the S-parameters of design
4 are also studied. S-parameters for loss tangent’s values of 0.0001, 0.001, 0.01 are determined, as

shown in Fig. [6.11] The return loss variation is within the tolerable limits for the desired application
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6.3 Simulation Results and Discussions

at 9.3 GHz, even when loss tangent is varied 10 times, from 0.0001 to 0.001.

6.3.2 Thermal Analysis

Coupled simulations are performed to obtain thermal distribution profiles of RF windows. EM
analysis is coupled to thermal simulations. RF windows are studied for various average input power
levels. A scaling factor is needed to set the desired average input power levels while applying the EM
field as a source in the thermal analysis. Windows are considered in normal cooling environment in
this analysis. RF windows are assumed to be placed in the air surrounding. Free air convection is
considered at the outer surface of the RF window for thermal analysis with heat transfer coefficient
of 15 Wm2K"!. Thermal properties of the materials used in RF windows i.e. copper and alumina
are considered as per the material library of CST, as presented in Table In practice, the ceramic
disk is brazed with the copper cylinder. In the thermal analysis, thermal contact between ceramic disk
and metal is modeled by specifying a 20 micron thickness of the brazing material, which is basically
a silver copper eutectic. Although, thermal conductivities of silver and copper are 429 WK 'm'!
and 401 WK'm'!, respectively, thermal conductivity of the thermal contact is considered to be 200
WK 'm™!, to have safety factor. Thermal distribution profiles of the proposed RF windows for 4 kW
average input power are shown in Fig. [6.12] The maximum temperature at steady state appears at the
center of the dielectric disk because of the cooling from the outer surrounding. Multimode operation
of RF windows helps to prevent localized heating and spreads the heating to larger surface area at the
disk. The maximum temperature for 4 kW average input power at the disk is obtained as 32.7° C,

48.7° C, 36.1° C, and 26° C for design 1, design 2, design 3, and design 4, respectively as depicted in

Fig.[6.12]

Table 6.3: Thermal properties of the materials used in RF Windows

Properties Copper Alumina 96% Alumina 99.5%
Thermal conductivity (WK'm™) 401 25 30

Heat capacity (kJK 'kg™!) 0.39 0.88 0.88
Thermal expansion (x 10~ °K™) 17 7 7.9
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EQ
(b)
—
(d)

Figure 6.12: Thermal distribution profiles of the proposed RF windows. (a) design 1. (b) design 2. (c) design
3. (d) design 4.

(©)

The temperature distribution of RF windows are determined for various average input powers
such as 2 kW, 4 kW, 10 kW, 20 kW, and 50 kW. Variations of the maximum steady state temperatures
with average input powers are plotted in Fig. [6.13] for all four RF windows. It is observed that the

maximum temperature attained at the steady state varies linearly with the average input power.
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Figure 6.13: Variations of the maximum temperatures attained at the steady state of the proposed RF windows
with average input powers.

6.3.3 Structural Analysis

The coupled structural analysis is performed to study deformation appeared in the RF window

structures. Thermal losses are imported to mechanical solver. In this analysis deformations appeared
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6.3 Simulation Results and Discussions

in the structures due to the pressure difference and temperature distribution are studied. On one side of
the dielectric disk, ultra-high vacuum is considered, and on the other side pressurized gas environment
with 30 psi pressure is considered. In this analysis, input and output ports of the windows are kept
fixed. The thickness of the copper cylinder where it will be brazed with the alumina disk and its
vicinity is made purposefully thin, as shown in Fig. [6.14]to reduce the thermal stress appeared due to
the dissimilar thermal expansion of copper and ceramic during brazing at around 800°. To avoid stress
and rupture due to the dissimilar thermal expansion during the brazing process, molybdenum wire is
wrapped around and tighten at the thin section of the copper cylinder. As the molybdenum has less
thermal expansion coefficient than copper, which prevent expansion of copper material. During the
cooling process copper contracts and eventually, the joint is under compression at room temperature,
which is desirable to ceramic to metal joint.

The maximum deformation of 0.02 mm is obtained at the middle of the disk in design 1, as shown
in Fig. [6.14] for 4 kW average input power. This type of analysis is also carried out for design 2,
design 3, and design 4 and the maximum deformation is obtained at the center of the disk as 0.043
mm, 0.018 mm, and 0.051 mm, respectively. Mechanical properties of the copper and dielectric are

considered from the CST library, Table @

0

Figure 6.14: Displacement profile of the design I RF window. A cut in the outer material near the alumina
disk is introduced for considering fabrication point of view.

The Effects of the deformation on the S-parameters are also analyzed to check the sensitivity
of the RF window. Since the mechanical deformation is very less so change in the S-parameters is
negligible,as shown in Fig. for design 1. The same trend follows for design 2, design 3, and
design 4, negligible deformation due to the pressure difference and thermal stress doesn’t affect the

performance of the proposed RF windows.
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Table 6.4: Mechanical properties of the materials used in RF Window

Properties Copper Alumina 99.5%
Young’s modulus (GPa) 120 370
Poisson’s ratio 0.33 0.22
Material density (Kg m?) 8930 3900
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Figure 6.15: Effect of mechanical deformation on S-parameters of the design 1.

6.3.4 Multipactor Analysis

In this section, multipactor analysis is performed to determine multipactor threshold of the pro-
posed RF windows. SPARK3D simulator is used for this analysis. For Secondary Electron Yield
(SEY) characterization of materials, Vaughan model is used in SPARK3D [73.[74]]. RF window walls
are made of copper (ECSS) from the material library of the SPARK3D is used for this analysis. Mul-
tipactor analysis is very sensitive to the SEY properties of the material. SEY properties considered in
the multipactor analysis is shown in Table [6.5] Multipactor analysis results are shown in Fig. [6.16
Growth of electrons is plotted with time. Multipactor analysis is carried out for various input power
levels for determining multipactor threshold. Exponential growth of electrons are observed when
multipaction occurs. But for lower power levels the number of electrons vanish. Multipactor thresh-
olds of design 1, design 2, design 3, and design 4 are obtained as 10 MW, 16 MW, 2.35 MW, and
20.75 MW, respectively, as shown in Fig. [6.16]

RF windows can be operated without multipaction below these multipactor thresholds of the re-
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6.3 Simulation Results and Discussions

Table 6.5: SEY Parameters Considered in Multipactor analysis of RF Window

Parameters Values

Maximum secondary emission coefficient 2.3
Secondary emission coefficient below lower crossover 0.5
Lower crossover electron energy (eV) 35

Electron energy at maximum SEY (eV) 165
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Figure 6.16: Multipactor analysis of RF windows. (a) design 1. (b) design 2. (c) design 3. (d) design 4
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spective RF windows. The type of multipactor is double surface, as it occurs in the vicinity of the
coupling slots. Coupling slots are the region of multipactor discharge when input power exceeds from
the multipactor breakdown threshold. RF window structure has input and output rectangular waveg-
uides which are coupled to cylindrical waveguide through coupling slots. This region is the potential
vulnerable area in the RF window. Since the proposed RF windows are mainly designed for a coaxial
magnetron with 2 MW peak and 2 kW average powers at 9.3 GHz operating frequency, multipactor
thresholds are higher than the desired operating conditions of RF windows. RF windows can be safely
operated. Sometimes, antimultipactor coating i.e. TiN is used on the dielectric surface to increase the
multipactor thresholds levels.

CAD designs of the proposed RF windows are presented in the Appendix [E| for the feasibility
of the fabrication. Impact of tolerance of radius and position of the inductive coupling post is also

discussed in Appendix [E]

6.4 Summary

In this chapter, four ingenious designs of overmoded high-power RF windows are presented for
X-band applications. Proposed RF windows are mainly designed for a coaxial magnetron having 2
MW peak and 2 kW average powers at 9.3 GHz with WR112 output section but can also be used
in other VEDs e.g. klystron, gyrotron, and LINAC. Multiphysics analyses of RF windows are per-
formed for EM, thermal, and structural behavior of the RF windows. In these analyses, EM, thermal,
and structural simulations are coupled together to analyze the temperature distribution profiles and
mechanical deformation appeared in the structures caused by the thermal and mechanical stresses.
Operating modes of design I and design 2 are primarily TE(;, type. This mode is mixed with TE;;3
and TEs,3 for the design 1, and TEg3,5 for the design 2. design 3 operates in TEq;4 mode. design 4
operates in TEg,; mode, mixed with TE;95 and TEy2; modes. Mixed mode operation allows an RF
window to operate with broader bandwidth than single mode operation. design I has 79.6 MHz band-
width which is much larger than the other three designs. design 3 is almost single mode and has the
narrowest bandwidth. Return losses of the design 1, design 2, design 3, and design 4 are obtained as

55.04 dB, 51.52 dB, 53.92 dB, and 52.76 dB, respectively. Return losses obtained in CST are verified
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in HFSS, and are in good agreement. Variation of the maximum temperature with input power is
analyzed and it is observed that relation is linear. Sensitivity analysis is also performed to analyze the
effect of the mechanical deformation produced by the thermal stress and pressure difference on the
performance of the RF windows. Negligible displacement doesn’t affect the S-parameters consider-
ably. Multipactor study is carried out in SPARK3D, and multipactor threshold is determined for the
proposed RF windows.

Although all the four presented designs perform quite well, from the performance analysis pre-
sented in this chapter it can be seen that design 1 is marginally better in terms of bandwidth. However,
from the compactness point of view design 2 is slightly better as compared to others. The design 3
is presented here to show an alternate way of exciting higher order mode in the cavity. In fact, this
window operates with a single mode only which limits its bandwidth performance as compared to
multiband designs as presented in design 1, design 2, and design 4. This also shows the importance
of operating the cavity in multimode when a broadband operation is desired. design 4 has the highest

multipactor breakdown threshold as compared to other three designs.
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7. A New Approach of High-Power Coaxial Magnetron using Stacked Anode Resonators

In this chapter, a new design approach for high-power coaxial magnetron is presented. In this
approach, the coaxial magnetron is modified with multiple anode resonators. Anode resonators are
placed in a stacked configuration in the proposed modified coaxial magnetron. The advantage of
this approach is to enhance the output power of a coaxial magnetron without the requirement of
additional circuitry for power combining. Power generated from stacked multiple resonators are
combined within the coaxial magnetron itself. The modified coaxial magnetron design is proposed
with two different cathode configurations: in one configuration, separate cathodes are considered, and
in the other case, connected cathodes are considered. The proposed modified coaxial magnetron is
analyzed using the PIC simulations. The performance of modified coaxial magnetron with both types

of cathode configurations are compared.

7.1 Introduction

High-power microwave (HPM) source at high-frequency has various applications. However, HPM
from the single magnetron becomes challenging at high-frequencies because of the geometrical con-
straints. For such applications, output powers from multiple magnetrons are combined in an array
configuration [75]. However, a magnetron has phase inconsistency in the output and it is a noisy
oscillator. The power combining in the magnetron array becomes cumbersome because of the ran-
dom phase of its output [|14}/76]. To overcome this phase inconsistency, phase-locking techniques are
required in magnetron arrays for power combining [17,50-55]. Phase-locking makes the magnetron
sources coherent in magnetron arrays. However, these phase-locking methods require complex exter-
nal circuitry, including hybrid couplers, solid-state devices, hence, increasing the cost of the system
and making the whole system bulkier.

The output power enhancement in a coaxial magnetron using stacked anode resonators is not re-
ported in any earlier literature to the best of the knowledge of the author. In the modified coaxial
magnetron, the outer coaxial cavity is used to internally couple the power generated from the stacked
anode resonators. This proposed power combining technique doesn’t require complex external cir-
cuitry, as it combines power internally and also maintains the compactness of the structure.

The key contributions of this chapter are as follows:
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7.2 Concept and Design of a Coaxial Magnetron with Stacked Anode Resonators

* A novel design of the coaxial magnetron using the approach of stacked anode resonators is pro-
posed for generation of high-power. The modified coaxial magnetron is proposed for operation
in the X-band. A drastic improvement of 272.6% and 368% in the output peak powers are
achieved in dual anode resonators and triple anode resonators, respectively, as compared to the

conventional coaxial magnetron with single anode resonator.

* The modified coaxial magnetron is designed using two different configurations of the cathodes.
In one arrangement, two separate cathodes are employed with two anode resonators. This
design can have two types of cathode excitation: both cathodes are excited simultaneously,
and only one of the cathode is excited at a time. Three different output power levels can be
obtained based on the ways the cathodes are excited. In the second arrangement, both cathodes
are connected. In the connected cathode arrangement, more than two anode resonators can be
employed. In the present chapter, the proposed magnetron configuration has been tested up to

three anode resonators.

* The output performances of the modified coaxial magnetrons with both types of cathode ar-

rangements are compared using PIC simulations.

Section [7.2] presents the concept and design of the proposed modified coaxial magnetron with
stacked anode resonators. The modified coaxial magnetron design is presented with both types of
cathode arrangements. The simulation of the coaxial magnetron is presented in Section The
proposed designs are analyzed by eigenmode simulation, frequency-domain simulation, and particle-
in-cell (PIC) simulation. Section [7.4]is about the comparison of the coaxial magnetron design with

both types of cathode arrangements. Section [/.5|concludes this chapter.

7.2 Concept and Design of a Coaxial Magnetron with Stacked
Anode Resonators

The idea of the proposed modified coaxial magnetron design is to couple the generated powers
from multiple anode resonators placed in a stack configuration by coupling of the fields through the

external coaxial cavity. In the conventional coaxial magnetron, an anode resonator is coupled to the
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outer coaxial cavity operating in TE(;; mode through longitudinal coupling slots in the alternate vane
cavities, as discussed in chapter [3] However, in the proposed structure, two anode resonators, namely
the upper anode resonator, and the lower anode resonator, are coupled through external TEj;2 mode
coaxial cavity, as shown in Fig. and in Fig. The purpose of introducing outer coaxial
cavity operating in the TEj;5 mode is to accommodate two stacked anode resonators and having the
similar circulating electric field pattern as the TEj;; mode of the conventional coaxial magnetron with
single anode resonator. The circulating electric field in the outer coaxial cavity provides stability to
the desired m-mode. In a conventional coaxial magnetron, the output is taken from the rectangular
waveguide connected through a coupling slot in the middle of the outer wall of the coaxial cavity,
where the electric field of TEj;; mode is maximum along the length of the cavity, as discussed in
chapter[3] However, in the modified coaxial magnetron, the electric field vanishes at the middle of the
external coaxial cavity for TEq;, mode, and the maximum values occur in the middle of the upper and
lower halves of the coaxial cavity. The rectangular coupling slot for the output section in the external
coaxial cavity wall is made at the location of the maximum electric field strength for the efficient
coupling, as shown in Fig. [7.1] and Fig. [7.2] The phases of the electric fields in the two stacked vane
cavities, in the upper and lower anode resonators are opposite because the corresponding direction of
the electric field in the outer TE(;» mode cavity is opposite along the length of the coaxial cavity.
Two designs are proposed for the modified coaxial magnetron with two anode resonators placed
in a stack, based on the cathode configuration: design I and design 2. The design with stacked anode
resonators with two separate cathodes is named as design I, and stacked anode resonators with two

connected cathodes is named as design 2 in this chapter.

7.2.1 Design I: Stacked Anode Resonators with Two Separate Cathodes

In this design configuration, two separate cathodes are considered for the two anode resonators
placed in a stack arrangement, as shown in Fig. Here, anode resonators are represented as up-
per anode resonator and lower anode resonator. Each anode resonator has 28 vanes. Similar to the
conventional coaxial magnetron structure, alternate vane cavities of both the anode resonators are

coupled to the outer coaxial cavity through coupling slots. The outer coaxial cavity is designed to
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Figure 7.1: A cross-sectional view of the proposed modified coaxial magnetron with design I configuration
having two separate cathodes.

operate in TE(;2 mode. The length of the coaxial cavity is represented by l.q,it,. The dimensions of
various sub-parts of the modified coaxial magnetron i.e. cathode radius, anode radius, vane length,
vane thickness, and vane height, are determined in accordance with the conventional coaxial mag-
netron, as discussed in chapter [3| It may be noted that conical shaped cathode end hats have been
used in the proposed modified coaxial magnetron, as discussed in chapter 5] In the proposed design,
two slot mode suppressors are employed in the vicinity of coupling slots, for the suppression of un-
wanted slot modes, as shown in Fig. In this design, TE 5, mode is the competing mode to the
desired mode in the coaxial cavity instead of TE,5; mode, which is one of the dominant interfering
competing mode in the conventional coaxial magnetron, as discussed in chapter 2] Suppression of
unwanted modes i.e. slot modes and TE 5, mode is necessary for proper operation of the modified
coaxial magnetron. Unwanted mode suppressors for TE; 22 mode and slot modes are designed as per
the conventional coaxial magnetron, as discussed in previous chapters (chapter 2]and chapter [)).

The output of the modified coaxial magnetron is taken from the WR 112 waveguide section through
a rectangular coupling slot made in the outer wall of the coaxial cavity. The coupling slot is made in
the middle of the upper half of the outer coaxial cavity, as shown in Fig. The operating frequency
can be tuned by changing /.41, from the mechanical movement of the frequency tuner.
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Figure 7.2: A cross-sectional view of the proposed modified coaxial magnetron with design 2 configuration
having two connected cathodes.

7.2.2 Design 2: Stacked Anode Resonators with Two Connected Cathodes

In this design approach of the modified coaxial magnetron, two connected cathodes are consid-
ered instead of two separate cathodes, as shown in Fig. [7.2] Both cathodes are connected to single
cathode support. The rest of the structure is same as the structure of coaxial magnetron with design
1 configuration. The connected cathodes configuration has an advantage over the separate cathodes
configuration; it can also be used with more than two numbers of stacked anode resonators. A coaxial
magnetron can be designed with three stacked anode resonators with three connected cathodes and
outer coaxial cavity operating in TEq;3 mode, as shown in Fig. This arrangement can be fur-
ther extended to more number of stacked anode resonators. For n number of anode resonators, outer

coaxial cavity can be designed for TE;,, mode operation.

7.3 Simulation Results and Discussion

Simulation results of the modified coaxial magnetron with design I and design 2 configuration are
presented in this section. The modified coaxial magnetron is analyzed using eigenmode, frequency-

domain, and PIC simulations in CST Studio.
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Figure 7.3: A cross-sectional view of the extended structure of design 2 configuration having three anode
resonators.

7.3.1 Analysis of design 1

Operating mode, return loss, and cold test parameters are determined using eigenmode and frequency-
domain analyses. Output performance parameters i.e. output power, anode current, efficiency, and

operating frequency are determined using particle-in-cell (PIC) analysis.
7.3.1.1 Eigenmode and Frequency-domain Simulation

The operating mode of a magnetron can be determined by observing the electric field pattern at the
desired frequency. The electric field vector plots of the cross-sections of both upper and lower anode
resonators of design I are shown in Fig. [7.4] The anode resonators of the modified coaxial magnetron
operate in the m-mode, and the external coaxial cavity operates in the circulating TE(;2 mode at 9.31
GHz, as shown in Fig. [7.4] The electric field patterns of upper and lower anode resonators are shown
in Fig. [7.4](a), and Fig. [7.4] (b), respectively. It is observed that the directions of electric field in the
corresponding stacked vane cavities of the upper and lower anode resonators are opposite. Similarly,
electric field directions in the upper and lower halves of the external coaxial cavity are also opposite,

as shown in Fig. [7.4] because external coaxial cavity operates in the TEq;» mode. The circulating field
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of the outer coaxial cavity changes the directions of fields in the upper and lower anode resonators.
Output of the modified coaxial magnetron is taken from the WR112 waveguide section, which is

operating in dominant TE;y mode, as shown in Fig. [7.4](a).
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Figure 7.4: The electric field vector plots of the operating mode at 9.31 GHz. (a) At a cross-section of upper
anode resonator. (b) At a cross-section of lower anode resonator.

The return loss determined from the frequency-domain analysis of design 1 is shown in Fig. [7.3]
Here, return losses of the desired 7-mode and nearby competing mode are shown in Fig. [7.5] For
m-mode, 3.54 dB return loss is obtained at the 9.3 GHz. The competing mode i.e. TE 25 mode is at
9.41 GHz having 15.1 dB return loss. The cold test parameters i.e. coupling coefficient (), unloaded
quality factor (Q)y), loaded quality factor (Q);), external quality factor (().,:), and circuit efficiency
(n¢) of the modified coaxial magnetron are calculated from the S-parameter. The values of 3, @y, @,
Qext, and 1 are determined as 4.97, 8173, 1368, 1643, and 83%, respectively, based on the method
discussed in chapter 3] The coupling coefficient (3 > 1) ensures the overcoupling operation, which is

desired for the proper magnetron operation.
7.3.1.2 Particle-in-Cell (PIC) Simulation

PIC analysis is carried out to determine output performance of the proposed modified coaxial mag-
netron. In this study, explosive emission model is considered for particles’ emission. As discussed

earlier, design 1 with separated cathodes configuration can be operated in two different ways: first,
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Figure 7.5: S7; parameter of the proposed coaxial magnetron with design I configuration.

when both the cathodes are excited simultaneously, and second, when either lower or upper cathode is
excited at a time. In the first type of excitation, 45 kV DC anode voltage is applied at both upper and
lower cathodes by using two discrete ports. The operating point of the magnetron is determined from
the Hull-Hartree diagram, and the value of magnetic field is further optimized for the maximum effi-
ciency of the magnetron, as discussed in chapter[5] The optimal value of magnetic field is obtained
as 5795 Gauss. This operating point is same as considered in the conventional coaxial magnetron
with single anode resonator, as discussed in chapter[5] A waveguide-port is defined for collecting the
generated RF at the opening of WR112 waveguide section. A waveguide-port is a matched termina-
tion and it absorbs the incident RF power without reflection. In the modified coaxial magnetron, it
is desired that all the anode resonators operate in the m-mode at the same operating frequency. The
m-mode operation is determined by the number of electrons spokes formation. Since upper and lower
anode resonators have 28 vanes, for the m-mode operation, 14 electrons spokes are formed in both
upper and lower anode resonators in the steady-state operation, as shown in Fig. These electrons
spokes of both anode resonators are not aligned because electrons spokes are formed according to the
direction of the electric field in the vane cavities. Since upper and lower anode resonators have a 180°
phase shift in the electric field direction, therefore, a shift in electrons spokes is also observed in both
upper and lower stacked anode resonators, as shown in Fig. The side-view and top-view of the

electrons bunching are shown in Fig. (a) and (b), respectively.
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Figure 7.6: The formation of 14 electrons spokes in the desired -mode operation in the upper and lower anode
resonators. (a) Side-view. (b) Top-view.

In this study, PIC simulation is carried out for a duration of 400 ns with 5 ns rise time. 5.78 MW
output power with 49.4% total efficiency (7)) at the operating frequency of 9.2906 GHz is obtained
for the steady-state operation. The anode currents obtained at the upper and lower anode resonators
are represented as [ ppe, and Iy, respectively. Output power, [ypper, and jo,, are shown in Fig.
both currents have the same values as 130 Amp. The total anode current is determined as 260
Amp from the summation of the I, and ;5. The operating frequency of the modified coaxial
magnetron can be determined from the power spectral density (PSD) of the output signal, as shown
in Fig. [7.8] Here, the desired m-mode and the other competing modes are shown. Other competing
modes are well below 55 dB as compared to the 7-mode, which shows the efficient suppression of
unwanted modes. The second harmonic of the m-mode is at 18.58 GHz, which is twice the m-mode
operating frequency (9.29 GHz), and is below 55 dB as compared to the m-mode. The electronic
efficiency (= 17 /n¢) of the modified coaxial magnetron is calculated as 59.5%.

It is observed that the output power of the modified coaxial magnetron with double anode res-
onators is increased drastically by about 2.73 times as compared to the conventional coaxial mag-
netron (2.12 MW) with single anode resonator, as shown in chapter [3

Similar to the conventional coaxial magnetron, discussed in the chapter [5] operating frequency of

TH-2350_146102002

112



7.3 Simulation Results and Discussion

6 150
Output power
5 L ;upper
- lower
g £
4 r 1100
= =
St N—
2 =
3r )
2 =
~— =]
g.z - 150 :
= I
S =
] <
0 ' ' ' 0
0 100 . 200 300 400
Time (ns)

Figure 7.7: The output power and anode current of the design I when both the cathodes are excited simultane-
ously.
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Figure 7.8: The power spectral density (PSD) plot of the output signal of design 1.

the modified magnetron can also be varied by changing the length of the outer coaxial cavity. The
frequency tuning characteristics of the modified coaxial magnetron are studied by changing [.qyity
through the positioning of frequency tuner and presented in Table The frequency of the coaxial
cavity is inversely related to the length of the cavity (lcqvit,) as discussed in chapter For the same
output power levels, the proposed magnetron can be tuned from 9.284 GHz to 9.3145 GHz. Hence,
the frequency tuning range of 30.5 MHz is obtained for the modified coaxial magnetron configuration

for the design 1.
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Table 7.1: Frequency Tuning Characteristics of the design I Coaxial Magnetron

lcmty Frequency Output power 7np

46.40 mm 9.2667 GHz 5.61 MW  46.12%
46.30 mm 9.2840 GHz 5.78 MW  48.40%
46.20 mm 9.2906 GHz 5.78 MW  49.40%
46.05 mm 9.3145 GHz 5.78 MW  47.57%
4595 mm 9.3280 GHz 5.12MW  33.00%
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Figure 7.9: The output power and anode current of the design I when either upper or lower cathode is excited
at a time.

7.3.2 Output Performance of design I when Only Single Cathode is Excited

As discussed earlier, design 1 can also be excited with single cathode. For this, either the lower
or upper cathode is excited at a time with a DC discrete port. The DC input of 45 kV and 5795 Gauss
magnetic field is applied, same as per the previous case. The output performance is obtained from PIC
analysis. The output power and anode current obtained from PIC simulation are shown in Fig.
Here, P, and I, are the output power and anode current obtained, respectively, when only the upper
cathode is excited, and F; and [; are the output power and anode current obtained, respectively, when

only the lower cathode is excited. 1.926 MW output power with 53.5% total efficiency and 80 Amp
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Figure 7.10: The output power and anode current of the design 2.

anode current is obtained when only lower cathode is excited. However, when only the upper cathode
is excited, 1.85 MW output power is obtained with 54% total efficiency and 76 Amp anode current.
Here, the output performances of both single cathode excitations are not same. The difference occurs
because of the loading effect of the output waveguide in the output section. The position of the output
waveguide is not symmetrical along the length of the coaxial cavity, as shown in Fig. Output is
taken from the upper half of the outer coaxial cavity through rectangular coupling slot in the cavity

wall, so the position of coupling slot is asymmetric along the cavity length.

7.3.3 PIC Simulation of design 2

Modified coaxial magnetron configuration for design 2, which has two connected cathodes can
be excited by one discrete port. The operating point is chosen same, as in the design I i.e. 45 kV
DC voltage and 5795 Gauss magnetic field. The output power of 4.91 MW with a total efficiency
of 34.1%, and 320 Amp anode current is obtained for the modified coaxial magnetron with this
configuration, as shown in Fig. [7.10] The efficiency of the design 2 is significantly less than the
efficiency of the design 1, as anode current of the design 2 is much higher. However, design 2 can
also house more than two anode resonators and output power can be further improved. In order to
demonstrate the same, design 2 is further extended for three anode resonators and peak output power

of 7.8 MW with 52% total efficiency, and 334 Amp anode current is obtained, as shown in Fig.
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Table 7.2: Performance Comparison of the Proposed design I and design 2 Coaxial Magnetrons

Parameters design 1 design 2
Output power 578 MW 491 MW
Output efficiency 49.4% 34.1%

Pulse modulator requirements 130 Amp 320 Amp
Multiple output power levels ~ Three One

Anode resonators’ possibility Only two More than two

7.4 Output Performances Comparison of design 1 and design 2

The modified coaxial magnetron with both types of cathode configurations i.e. design 1 and
design 2 are compared, as shown in Table design 1 has an advantage over design 2 in terms of
higher output power and efficiency when two anode resonators are considered in the modified coaxial
magnetron structure. design I can be operated in three output power levels: when both cathodes are
excited simultaneously, and either lower or upper cathode is excited at a time. However, design 2
can only have one type of excitation because cathodes are connected and it can have single output
power level. The design I requires pulse modulator with 45 kV and 130 Amp current (2 numbers)
specifications, while design 2 requires 45 kV with 320 Amp current specification. However, the
advantage of design 2 over design 1 is that it can also have more than two anode resonators in stacked
configuration, which can produce higher power than two anode resonators, as shown in Fig. The
proposed modified coaxial magnetron is also tested for three anode resonators in design 2 cathode
configuration. 7.8 MW peak power with 52% total efficiency is achieved with three anode resonators.

Output performances of the proposed design I and design 2 are compared with the available
coaxial magnetrons in Table Output peak powers of the proposed modified coaxial magnetrons
with double and triple anode resonators are much higher than the conventional coaxial magnetrons
with single anode resonator.

Information regarding computational platform, number of mesh cells, emission points, and total

time taken in simulations of the proposed modified coaxial magnetrons is given in Appendix [D]
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Table 7.3: Comparison of the Output Performances of Various Coaxial Magnetrons

Magnetrons freq. V, B P,;: mnr No. of anode
(GHz) (kV) (G) MW) (%) resonators

design 1 9.29 45 5795 5778 494 Two
design 2 929 45 5795 4091 34.1 Two
design 2 extension 9.29 45 5795 7.8 52 Three
Lee et al. [41] 93 36 5900 1.88 53 One
Qiuetal [11] 9.3 41 4800 1.61 50.8 One
L6170 [39] 9275 38 - L7552 One
VMX3095 [40] 93 37 - 1.5 50.6 One

7.5 Summary

A new technique of realizing high-power coaxial magnetron is proposed in which stacked anode
resonators are introduced. Power generated from multiple anode resonators are coupled through outer
coaxial cavity. This novel technique combines the power generated from multiple anode resonators
internally within the device itself and avoids the requirement of external circuitry for power combin-
ing. A drastic improvement in the output power of a coaxial magnetron is observed when stacked
anode resonators are considered. The modified coaxial magnetron design is proposed based on two
cathode configuration: design I and design 2. design 1 has two separate cathode arrangements and
can be operated in two different ways: when both cathodes are excited simultaneously, and when
either upper or lower cathode is excited at a time.

The output power of 5.78 MW with 49.4% total efficiency and 260 Amp anode current at 9.2906
GHz is obtained when both cathodes are excited simultaneously. In this case, circuit efficiency and
electronic efficiency are obtained as of 83% and 59.5%, respectively. Frequency tuning range of 30.5
MHz is achieved from 9.284 GHz to 9.3145 GHz. The output power of 1.926 MW with 53.5% total
efficiency and 80 Amp anode current are obtained when only lower cathode is excited, and the output

power of 1.85 MW with 54% total efficiency and 76 Amp anode current are obtained when only
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upper cathode is excited. The difference in the output performance occurs because of the loading
effect of the output section. The position of the output waveguide is asymmetric and it is placed in the
upper half of the outer coaxial cavity. design 2 has two connected cathodes with two anode resonators
placed in a stack, and can be excited in only one way. The output power of 4.91 MW with a total
efficiency of 34.1% and anode current of 320 Amp are obtained. 7.8 MW peak power with 52% total
efficiency, and 334 Amp anode current is obtained when three anode resonators are considered in the
modified coaxial magnetron.

design 1 has better output power and efficiency than design 2 with two anode resonators. The
design I can deliver 3 output power levels, while design 2 has one output power level. However,
design 2 has the possibility for housing more than two anode resonators in the stack, and higher

output power can be obtained.
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8. Conclusion and Future Work

In this thesis, the design and analysis of the megawatt-class pulsed power X-band coaxial mag-
netrons are presented. Overmoded X-band RF windows are proposed for high-power applications.
A new method of output power combining is also proposed for magnetrons, in which, the power is
combined within the device itself without the requirement of complex external circuitry. This chapter
presents a summary of the thesis and discusses the future scopes of extending the works reported in

this thesis.

8.1 Thesis Conclusion

An overview of the research carried out and key contributions is as follows:

v A systematic design procedure of the sub-parts of coaxial magnetron
A design procedure of the primary parts of coaxial magnetron such as a coaxial cavity, anode
resonators, output section, mode suppressors are presented. The coaxial cavity is optimized for
the maximum ()-factor, which provides mode stability to the desired 7-mode. Identification and
suppression of unwanted modes such as slot mode and TE;5; mode are presented. Suppression

of the spurious modes is essential for the proper operation of coaxial magnetron.

v Design, output performance analysis and efficiency improvement of X-band coaxial mag-
netron
A 28-vane pulsed power X-band coaxial magnetron is designed for high-power applications.
Eigenmode analysis of the coaxial magnetron is carried out to determine the mode separation
between competing modes and desired mode. The dispersion diagram of the coaxial magnetron
is also presented. The Cold test parameters such as ()-factors, circuit efficiency, and coupling
coefficient are determined. Output performance is analyzed using particle-in-cell simulation.
The maximum total efficiency of 62.04% is obtained at 9.2987 GHz, having 2.12 MW peak out-
put power for stable 7-mode operation. m-mode operation is identified by 14 spokes of electrons
in PIC simulation. The effects of dielectric constant and loss tangent of the slot mode suppres-
sor on output performance are studied. The frequency tuning characteristics of the magnetron
are also analyzed, and the tuning range is obtained as 9.2987 GHz £+ 20 MHz. Total efficiency
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is improved by 2.74% by changing the shape of the cathode end hats from conventional to

conical.

v Design and analysis of X-band overmoded RF windows
Four overmoded RF windows are presented in this thesis for high-power applications. Although
RF windows are designed here for a coaxial magnetron having 2 MW peak and 2 kW average
powers at 9.3 GHz with WR112 output section, RF windows can also be used in various high-
power VEDs such as klystron, gyrotron, LINAC. Multiphysics analyses are performed for the
RF windows. In these analyses, EM, thermal, and structural analysis are coupled together
to analyze the temperature distribution and structural deformation caused by the thermal and
mechanical stresses. The mixed-mode operation allows an RF window to operate with broader
bandwidth as compared to single-mode operation. Return losses and insertion losses obtained
in CST are verified in HESS, and the results are in good agreement. Sensitivity analysis is also
carried out to analyze the effect of mechanical deformation produced by the thermal stress and
pressure difference on the performance of the RF windows. Displacement produced is found to
be negligible and it doesn’t affect the S-parameters considerably. Multipactor analysis is also
performed to determine the safe operating power level. Multipactor threshold is determined

using SPARK3D.

v" A New Approach of High-Power Coaxial Magnetron using Stacked Anode Resonators
The design of a high-power coaxial magnetron having multiple anode resonators placed in a
stacked configuration with two different cathode arrangements is proposed. Output power of
the coaxial magnetron can be enhanced significantly by introducing the concept of stacked an-
ode resonators. This ingenious design enhances the output power of a coaxial magnetron with-
out the requirement of complex external circuitry for phase-locking. By using this approach,
272.6% and 368 % increments in the output peak powers are achieved with two anode resonators
and three anode resonator, respectively as compared to the conventional coaxial magnetron with
single anode resonator. The coaxial magnetron design is presented with two different cathode

arrangements: with two separate cathodes, and with two connected cathodes. One of the de-
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signs has the capability of operating at multiple power levels based on type of excitation chosen.
The proposed coaxial magnetron is analyzed using the particle-in-cell (PIC) simulations. The

output is taken from a WR112 waveguide.

8.2 Scopes for Future Extension

The possible future research directions in which present work can be extended are listed as:

s The concept of stacked anode resonators in the coaxial magnetron is proposed for the first time
in this thesis. Further investigation is required to enhance the total efficiency of the modified
coaxial magnetron system. In the present work, the concept of stacked anode resonator has
been verified through simulation studies. Experimental verification of the proposed designs and
studying in detail the issues related to practical implementation are major scopes of extending

the work.

s> There is a scope of investigation of the coaxial magnetron realization with stacked anode res-
onators in mm-wave and THz frequencies. Nowadays, mm-wave and THz sources are in high
demand for various applications. By using multiple anode resonators, the high output power

can be achieved.

iz Modified coaxial magnetron operating in S-band can also be used in Solar Power Satellites
(SPS) for Wireless Power Transfer (WPT). Since typically, magnetrons have higher efficiency
than klystron, but the phase of the output signal is random, and so, power combining in mag-
netron array is quite involved. The modified coaxial magnetron doesn’t require external cir-
cuitry for phase-locking, and power is combined within the device itself. Thus, there is a scope
of further investigation of this technique in the S-band, so that the problem of power combining

could be solved for Solar Power Satellites (SPS) applications.

iz Although present-day commercial simulators are quite accurate, however, fabrication of the
proposed X-band coaxial magnetron, slot mode suppressor, and RF windows are suggested for

future work, and reported simulation results can be verified with the measured results.

TH-2350_146102002

122



Solution of wave equation for TE, s, mode in
coaxial cavity

TH-2350_146102002
123



A. Solution of wave equation for TE,,;, mode in coaxial cavity

Wave equation (2.1)) can be rewritten in terms of cylindrical coordinate system (p, ¢, z) from [59]
as
? 10 1 02 o? 9
- 4+ 4 -2 4 H.(p,¢,2z) =0. A.l
07 ooy T Rag Taa Tk (p, ¢, 2) (A1)
Equation (A.1)) can be solved by method of separation of variables by writing H, in terms of p, ¢,

and z separately as
H,(p, 6,2) = R(p) P(6) Z(2). (A2)
Substituting (A.2)) into (A.1)), expression can be obtained as

1°R 1 0R 1 0P 10Z

= Salihd Tk =0. A3
R8p2+Rp8p+p2P8¢2+Z8z2 Wi A-3)
Assume,

1 9*P 9 10°Z
- = d = 2 A4
Pog A 7 922 2 A4

Equation (A.3]) can be rewritten as
0’R R

=+ p— + (k2p* —n®) = 0. A5
pap2+pap+(cp n?) (A.5)

Where, k? = w?ne — k? and n, k,, k. are the constants. General solution of the differential equations

(A.4[A.5) can be expressed as

R(p) = AJn(kcp) T BYn(kcp)a (A.6)
P(¢) = Ccos(ng)+ Dsin(ng), (A7)
Z(z) = FEcos(k.z)+ Fsin(k.z). (A.8)

Here, A, B, C, D, E, and F are the arbitrary constants which can be determined by applying
boundary conditions. Substituting (A.8)) into (A.2)),

H. = R(p)P(¢) (Ecos(k,z) + Fsin(k,z)) (A9)

Assume, walls of the cavity are perfect electric conductor. Hence, H, vanishes at z =0 and /.
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= FE =0, and £k, = %7, here, pis an integer constant,
./ pTm
= H.=R(p)P(p)F sm(Tz). (A.10)

Field expressions can be represented for TE mode in terms of H, from [59] as

Ez = Oa
ij,uO OHZ 1 82H
B, o= -9
% pk2 9’ P k20p0z
ij,uO GHZ 1 82H
A L 130 All
% k2 op’ © " pk2 990z @A-11)
From (&T0) and (&TT)
By = 2250 (AT, (kep) + BY, (kep) ) P(6)F sin(27-2). (A.12)

E4 vanishes at p = a and b, for perfect electric conductor cylindrical surface. This results in a char-
acteristic equation for TE mode of coaxial cavity (2.8). From (A.12] 2.8) and applying boundary

condition,
B J (kea)

E, =0, = 2 = _Zlkca) A13
6= Olo== 2 =~V ka) (A13)

Cavity has azimuthal symmetry. Either C' = 0 or D = 0, in (A.7). It depends on the excitation of

the cavity. In this work, D is chosen as zero.
= P(¢) = Ccos(ng). (A.14)

Equation (A.6) can be expressed after substituting (A.13) as

A
Y, (kea)

Therefore, complete solution of H.(p, ¢, z) can be expressed as

R(p) = Jnkep) Y (kea) = T, (kea)Va(kep)] (A.15)

H.(p.6,2) = A [Jullep)V,(hea) = J, (ko) Ylkep)] cos(no) sin(PF2). (A16)

Substituting (A.T6) into set of equations (A.TT), remaining fields of TE mode can be determined

which is expressed by ([2.2}{2.7).
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A. Solution of wave equation for TE,,;, mode in coaxial cavity
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Calculation of ()-factor for TE;;; mode of
coaxial cavity
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B. Calculation of ()-factor for TE(;; mode of coaxial cavity

Average stored electric energy (W.) can be expressed in cylindrical coordinates from (2 as:

L p2m pb
We:%// / (B + |Bof> + |B.P) r dr do dz. B.1)
0J0 a

Substituting expressions of field components from (2.10)) in

2 A2
W, = Z)WOMOA // / Z(') sin? ))Tdrdgbdz, (B.2)

where, Z} = J{(ker)Yy (kea) — J)(kea)Yy (ker)

=W, = Y —WOM%AOM / Zr dr.

B.3
4 k2 (B-3)
o Ji(x) = —=Ji(x) and  Y{(z) = —Yi(x), [59],
= 7y = Ji(ker)Yi(kea) — Ji(kea)Yi(ker). (B.4)
Equation can be simplified by substituting (B.4)) and following relations [77]
x
/xJ%<x>dx:5[ Ji(w) + 23 (@) - 200(2) >]
[ avia)de =5 |a¥E@) + 0YP(0) - Malo¥i(o)
% 1 1
/fEJl(ﬂ?)Yl(m) dr = — | Jo(x)Yo(z) — —Jo(2)Y1(2) — —J1(@)¥o(2) + Ji(2)Y1(2)
2
Yo (2) i1 (z) — Jo(2) Yo (x) = — (B.5)
Simplified average stored electric energy can be obtained as:
ATl [ =2 b? 9
W, = ST [ 2 1 S M) k) - A EaNDE|. B6)

Power loss occurs at the two metallic end plates of the cavity and at the two metallic cylindrical

surfaces (inner surface, at = a and the outer surface, r = b). Average power loss can be determined
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by solving expression of P, from (2.19) as:

R 2 b 2m rl 27 pl
P = 3 {2/ / |HT|2rdrd¢+/ / |H, |m:a|2adzd¢+/ / \H. |aw:b|2bdzd¢} ®7)
0 a 0 0 0 0

Substituting expressions from (2.10) and using relation (B.3), (B.7) can be simplified as:

R, mA?
p, = 2%
2 k2

4% [ =2 b?
l_2 (7.‘.2]{;2 + 5 [}q(kca>JO<kcb) == Jl(k'ca)%(kcb)]Q)

g f—gla + 10K [Y1(kea) Jo(keb) — Jl(kca)YO<k’cb)]2]. (B.8)

From B.8)), Q-factor for TE(;; mode can be determined as expressed by (2.21).

TH-2350_146102002

129



B. Calculation of ()-factor for TE(;; mode of coaxial cavity
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C. Rectangular Waveguide to Cylindrical Cavity Mode Launcher for TE(;;; Mode

cylindrical

cavity
JCAEN

It 11 1t 1t

Movable plunger Movable plunger

Figure C.1: The proposed mode launcher to excite TEp;; mode in a cylindrical cavity. (a) An axial cross-
section of the mode launcher with design parameters. (b) Side-view of the mode launcher with port definition.

A mode launcher is proposed to excite TE(;; mode in the cylindrical cavity. TEq;; mode is excited
from the top-wall of the cylindrical cavity from a rectangular waveguide operating in the dominant
TE;y mode. WR112 rectangular waveguide section is used for this analysis. WR112 section is short-
circuited at the one end, as shown in Fig. [C.1} Rectangular waveguide is coupled to the cylindrical
cavity through two rectangular slots in the narrow wall of the WR112. The dimensions of the coupling
slots are represented by slot length (s;), slot width (s,,), and slot thickness (s;), as shown in Fig.
and Fig. The coupling slots are kept A /2 distant from each other, here A\, represents the guide
wavelength of the dominant TE;; mode in the rectangular waveguide at operating frequency of 9.3
GHz. The position of one coupling slot is 3)\,/4 distant from the short-circuited end-wall of the
rectangular waveguide, as shown in Fig. Such positions are chosen to make electric fields of
both coupling slots 180° out of phase. Opposite field directions are needed to excite the desired TE(;;
mode in the cylindrical cavity.

For the impedance matching, an inductive iris is introduced near the input port in WR112 waveg-
uide section, as shown in Fig. [C.1} The dimensions of the inductive iris are represented by iris width
(w;) and iris thickness (¢;). The length of the iris is same as the width of narrow wall of WR112
waveguide section. The position of the inductive iris is p; distance apart from the port 1. p; and w; are
optimized for fine-tuning of impedance matching. The values of optimized geometrical parameters

are presented in Table [C.1] Output is taken from the rectangular port, which is defined at the sidewall
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C.1 Simulation Results

Table C.1: Geometrical parameters of the TE(p;; mode launcher

Geometrical parameters Values (mm)

Slot length (s;) 14
Slot width (s,,) 3.5
Slot thickness (s;) 5
Iris width (w;) 13
Iris thickness (t;) 2
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Figure C.2: TE(;; mode excitation from the mode launcher at operating frequency of 9.3 GHz. (a) E-field
pattern at the cross-section of coupling slots. (b) E-field pattern at the cross-section of the cylindrical cavity.

of the cylindrical cavity. In a coaxial magnetron structure, vane resonators present in the anode shell
are coupled to the outer coaxial cavity through longitudinal rectangular slots in cylindrical wall of
the anode shell, as discussed in chapter[3] These coupling slots are similar to the output port defined
as port 2 in Fig. [C.1(b)} The dimensions of output port (port 2) are chosen in accordance with the
dimensions of the longitudinal coupling slots present in the cylindrical anode shell of a typical coax-
ial magnetron. Geometrical parameters of port 2 are represented by width of the narrower wall (b;),
width of the broader wall (a;), and the depth of the slot (/;). The values of by, as, and [ are chosen as

0.7 mm, 27 mm, and 4 mm, respectively in this analysis.
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C. Rectangular Waveguide to Cylindrical Cavity Mode Launcher for TE;;; Mode

S-Parameters [magnitude in dB]

9.26 9.27 9.28 9.29 9.3 9.31 9.32 9.33 9.34 9.35
Frequency (GHz)

Figure C.3: S-parameters of the TEy;; mode launcher.

C.1 Simulation Results

In this analysis, input port is taken as port 1, which is defined at the opening of WR112 waveg-
uide section. Port 2 is considered as output port, defined at sidewall of the cylindrical cavity. The
simulation is carried out in frequency-domain solver of CST Studio. TEy;; mode is excited in cylin-
drical cavity from the rectangular waveguide. The excitation of desired TE(;; mode is confirmed
by observing the electric field pattern at the operating frequency of 9.3 GHz, as shown in Fig. [C.2]
Here, electric field pattern is shown at the cross-section of coupling slots and cylindrical cavity. Both
coupling slots have opposite electric field pattern, as depicted in Fig.

The S-parameters of the proposed top-wall mode launcher is presented in Fig. [C.3] S1; and Sy
are obtained as -40.24 dB and -0.12 dB, respectively. Results obtained from CST simulation are
compared with the results obtained from HFSS simulation. Return losses are less than 20 dB for both

cases at the desired operating frequency of 9.3 GHz. Insertion losses obtained from both solvers are

same.
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C.1 Simulation Results
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Figure C.4: Effect of the length variation on S-parameters. (a) Tuning of S11, Soo parameters. (b) Tuning of
So1, S12 parameters.

Frequency tuning characteristics of the mode launcher is also studied. Resonant frequency of
a cylindrical cavity depends on the cavity length, frequency can be tuned by varying length of the
cavity. Since TE(;; mode has negligible surface current at the junctions of sidewall and end-walls
(both top and bottom walls), small perturbation in the length of the cavity doesn’t affect the operation
of TE(;; mode of cylindrical cavity. Length of the cavity can easily be varied by employing a movable
plunger at the bottom wall of the cavity, as shown in Fig. [C.1] The electric field pattern of TEq;; mode
remains unchanged by this small length variation. Effect of frequency tuning by length variation is
shown in Fig. @ The length of cavity variation is defined by [cange. The effect of [.j4ng. Variation
is presented for -3 mm to 3 mm in Fig. [C.4] The resonant frequency is found to shift inversely with
the variation in cylindrical cavity length. It is found that return loss is below 10 dB from 9.213 GHz

to 9.413 GHz. The matching gets poor beyond -3 mm to 3 mm variation in l.p4nge and fine-tuning
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C. Rectangular Waveguide to Cylindrical Cavity Mode Launcher for TE;;; Mode

-@ 82,2 (wi=11) (var. ref. imp.)
-A- 82,2 (wi=9) (var. ref. imp.)
-l S22 (wi=10) (var. ref. imp.)

-@ 52,2 (wi=8) (var. ref. imp.)
~#&- 82,2 (wi=9) (var. ref. imp.)
-l S2,2 (wi=7) (var. ref. imp.)

-4~ 82,2 (wi=13) (var. ref. imp.) -~ 82,2 (wi=10) (var. ref. imp.)

Figure C.5: Effect of the iris width (w;) variation on S-parameter on impedance Smith chart. (a) Proposed

top-wall mode launcher. (b) Conventional sidewall mode launcher.

Table C.2: Comparison of the results of proposed top wall and conventional sidewall mode launchers

Parameters Proposed launcher Conventional launcher
Return loss 40.24 dB 36.82 dB
Insertion loss 0.12 dB 0.17 dB
Frequency tunability 200 MHz 180 MHz

(lchange from -3mm to 3 mm)

of the inductive iris is further required to make the better impedance match after that. The optimal

matching is observed at 9.3 GHz.

C.2 Performance Comparison of the Proposed Top-wall Mode

Launcher with the Sidewall Mode Launcher

In this section, performance of the proposed top-wall mode launcher is compared with the con-

ventional sidewall mode launcher [78]. The performance comparison is carried out based on the

parameters such as return loss, insertion loss, coupling coefficient (3), quality factors, and circuit effi-

ciency (7¢). Proposed top-wall mode launcher has better performance than the conventional sidewall

mode launcher [78] in terms of return loss, insertion loss, and frequency tunability as presented in

Table Proposed mode launcher has better tuning range when length of the cylindrical cavity is

varied from -3 mm to 3 mm.
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C.2 Performance Comparison of the Proposed Top-wall Mode Launcher with the Sidewall Mode

Launcher
Table C.3: Performance of the proposed top-wall mode launcher

w; Ir Lower 3 dB freq. Qo Qi Qeat B ne

(mm) (GHz) (GHz) (%)

9 9.304 9.286 566.67 261.6 468.07 1.16 53.8
(Over coupling)

10 9.303 9.284 517.9 251.6 489.1 1.06 514
(Over coupling)

11 9.3 9.282 516.4 258.2 516.4 1 50

(Critical coupling)

12 9.297 9.282 660.4 299.4 547.9 1.2 54
(Over coupling)

13 9.296 9.280 868.2 2717 406.8 2.1 68
(Over coupling)

Identification of the type of coupling is important for any coupler. The coupling can be over
coupling, critical coupling, and under coupling based on the value of coupling coefficient (7). For the
maximum power transfer from mode launcher to cavity, critical coupling is desired. Coupling type
of the mode launchers are determined from the impedance Smith chart, as shown in Fig. Iris
width (w;) is varied to analyze the effect on coupling type, and S-parameters are plotted on impedance
Smith chart for both the mode launchers, as shown in Fig. The proposed top-wall mode launcher
is over coupled for all the shown variations in iris width (w;), except for w; = 11 mm (critically
coupled and passes through 1), as depicted in Fig. However, conventional sidewall mode
launcher is under coupled for w; > 8 mm, over coupled for w; < 8 mm, and critically coupled for
w; = 8 mm. Coupling coefficient (), circuit efficiency (7¢), loaded quality factor, unloaded quality
factor, and external quality factor (Qy, J;, and Q).,;,) are determined, and are presented in Table
(for proposed top-wall mode launcher) and Table (for conventional sidewall mode launcher).
Proposed top-wall mode launcher has higher (Q-factors than conventional sidewall mode launcher at
the desired operating frequency of 9.3 GHz.

The performance of top-wall mode launcher is slightly better than the conventional sidewall mode
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C. Rectangular Waveguide to Cylindrical Cavity Mode Launcher for TE;;; Mode

Table C.4: Performance of the conventional sidewall mode launcher

w; Ir Lower 3 dB freq. Qo Qi Qext 5 ule,
(mm) (GHz) (GHz) (%)
6 9.308 9.281 363.37 169.59  318.01 1.14 53.32
(Over coupling)
7 9.302 9.274 342,52  166.11 322.5 1.06 51.5
(Over coupling)
8 9.3 9.271 320.7 160.34  320.7 1 50
(Critical coupling)
9 9.297 9.267 290.89  154.44  329.25 0.88 46.9
(Under coupling)
10 9.294 9.264 277.84 15337 342.33 0.81 44.8
(Under coupling)
launcher.

C.3 Summary

A mode launcher design is proposed to excite higher order mode, TEg;; in a cylindrical cavity.
TEy;; mode is excited from WR112 rectangular waveguide section operating in the dominant TE
mode. WR112 waveguide section is coupled to the cylindrical cavity from top-wall through two cou-
pling slots. Excitation of the desired TE(;; mode is confirmed by observing the electric field pattern
in the cylindrical cavity at the operating frequency of 9.3 GHz. Frequency tuning characteristics of
the mode launcher is also studied. The resonant frequency is varied from 9.213 GHz to 9.413 GHz by
changing length of the cylindrical cavity from -3 mm to 3 mm. Frequency tuning range of 200 MHz
is observed. Cylindrical cavity operating in TEj;; mode can be useful for analyzing and designing

the coupling slots between the anode shell and external coaxial cavity in a coaxial magnetron.
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D. Computational Information about Simulation

Table D.1: Simulation Indications (chapter b

Magnetrons No. of mesh cells No. of emission points Total simulation time
Coaxial magnetron 2,512,692 900 10,702 s [2 h, 58 m, 22 s]
(chapter i

Table D.2: Simulation Indications (chapter b

Magnetrons No. of mesh cells No. of emission points Total simulation time
design 1 3,781,184 1800 19,464 s [5 h, 24 m, 24 s]
design 2 3,576,639 1800 15,860 s [4 h, 24 m, 20 s]
design 2 extension 4,144,272 2700 20,507 s[5 h, 37 m, 37 s]
D.1 PartA

In this section, computational information of simulation analysis of coaxial magnetron discussed
in chapter[3]is presented. For the optimal case (2.12 MW peak power and 62.04% efficiency), compu-
tational information including number of mesh cells, number of emission points, and total simulation
time are presented in Table [D.I] In this analysis, workstation having Intel Xeon Phi processor with

24 GB NVIDIA Tesla K80 GPU, and 512 GB RAM is used to perform simulation.

D.2 PartB

In this section, computational information of simulation analysis of modified coaxial magnetron
discussed in chapter [/| is presented. Simulation indications for design I, design 2, and design 2
extension are presented in Table In this analysis, workstation having Intel Xeon Phi processor

with 24 GB NVIDIA Tesla K80 GPU, and 512 GB RAM is used to perform simulation.
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E. CAD Designs of RF Windows and Impact of Tolerance for Radius and Position of Coupling Post

(a) (b)

Figure E.1: CAD design models for fabrication. (a) design 2. (b) design 4.

Table E.1: Effect of small variation in the radius of coupling post (7pst)

Change in 705 S11 (magnitude in dB)

-0.54% -42.78
-0.82% -40.00
-1.48% -33.20
+0.40% -40.30
+0.85% -35.00
+1.30% -32.00

E.1 CAD Designs of RF Windows

Mechanical designs of the proposed RF windows are prepared and since fabrication and measure-
ment processes are quite involved, it is included in the future work. The CAD design models of two
RF windows (design 2 and design 4) are shown in Fig. [E.Il CAD models of rest of the proposed

windows can also be made for the easy fabrication process.

E.2 Impact of Tolerance for Radius and Position of Coupling
Post

Tolerance studies of the radius and position of the inductive coupling post are carried out. Effects

of radius and position of the coupling post variation in design 2 on the return loss are presented in
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E.2 Impact of Tolerance for Radius and Position of Coupling Post

Table E.2: Effect of small variation in the position of coupling post

Change in position S11 (magnitude in dB)
Ax Ay
+0.5% 0 -31.00
-0.5% 0 -34.45
-0.8% 0 -28.10
0 -0.5% -29.80
0 +0.5% -30.00
-0.5% -0.5% -24.60
+0.5% +0.5% -24.40

Table [E.T] and Table [E.2] respectively. The position of coupling post can be varied by moving it in =

and y directions.
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