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Resumen

El efecto multipactor de ruptura en RF ha sido objeto de naster estudios desde
hace mas de 80 aios, a partir del desarrollo de los prinsmeleradores de particulas en
la primera mitad del siglo XX. A mediados de ese siglo, coneskdrollo de fuentes de alta
potencia para aplicaciones radar y la llegada de los ssté@litificiales, la investigacion del
multipactor cobré una considerable relevancia, al cdimgereste fenomeno en un riesgo
determinante para costosos proyectos comerciales. Las da’onda con secciones rectas
canobnicas, como las rectangulares o las coaxiales, hartrsidicionalmente las mas uti-
lizadas en dispositivos de microondas. Sus principalesjanson que sus campos electro-
magneéticos pueden resolverse analiticamente, lo quateesu aplicacion directa en disefios
complejos, y la simplicidad de su fabricacion. Pero lasacatades de computacion y las
prestaciones de los algoritmos se han multiplicado conflos,do que ha permitido ampliar
el espectro de posibles topologias a geometrias casiaaids, ofreciendo al disefiador una
mayor libertad creativa. En todo caso, gran parte de loodigpos de microondas actuales
siguen confiando en la madurez y fiabilidad de las tecnadatpgaguia de onda tradicionales,
gue no requieren una inversion adicional en equipos déctaddn. La supresion del efecto
multipactor es la motivacion para arriesgarse a probarégjas de guia de onda innovado-
ras, como la guia en forma de cufia.

Es en este contexto donde este trabajo de doctorado preiéreder una contribucion.
En primer lugar, se ha desarrollado un modelo numérico pradecir el efecto multipactor
de ruptura en guias de onda huecas en forma de cufia. Estanterta ha permitido la
identificacion de criterios optimos de disefio. Asi nisrmee ha adaptado un método de
sintesis de filtros paso-banda en guia rectangular paler pealizar un disefio similar pero
basado en la nueva topologia. Como culminacion, lasasatas disefiadas se han fabricado
y medido, con el fin de comprobar sus prestaciones electnogtiags y su sensibilidad al
efecto multipactor. Se ha registrado ademas una paterdgpateger estos nuevos filtros.
En resumen, el trabajo ha abarcado el ciclo de actividadasioaadas con el desarrollo
industrial completo de un dispositivo pasivo de microondagestigacion basica, analisis,
disefio, fabricacion y calificacion con medidas en el fatmrio.

Estas medidas han comprobado la mejora prevista en los lasli@multipactor de los
filtros de microondas con topologia en forma de cufia, y lafirtnado que pueden ofrecer
respuestas en frecuencia similares a aquéllas de filtsaslba en una guia de onda rectangu-
lar equivalente. Las implicaciones de los resultados hdmesraluadas a fondo y resumidas



en este documento. Como observacion final, se ha intenéalda@tar esta investigacion de
manera que refleje el proceso natural de aprendizaje, mdsttas aciertos y errores ex-
perimentados en el camino, todos los cuales han conduciésatado final. Este reto no
hubiera sido posible sin el apoyo y compromiso de variosgsiohales de diferentes centros
de investigacion e industrias europeas (Universidad&olica de Valencia, Universidad de
Valencia, Agencia Espacial Europea, Thales Alenia Espaspaiia, Technische Universitat
DarmstadtFEcole Polythecnique Fédérale de Lausanne, Tesat, AGaftavare and Testing
y Val Space Consortium), a los cuales estoy agradecido.



Resum

L'efecte multipactor de ruptura en RF ha estat objecte debmosos estudis des de fa
més de 80 anys, a partir del desenvolupament dels primeeteaadors de particules a la
primera meitat del segle XX. A mitjans d’aquest segle, andesknvolupament de les fonts
d’alta poténcia per a aplicacions radar i amb l'arribadis datéllits artificials, la recerca
del multipactor va cobrar una rellevancia considerablguje aquest fenomen es va conver-
tir en un risc determinant per costosos projectes comsrdias guies d’ona amb seccions
rectes canoniques, com les rectangulars o les coaxihbm sitilitzat tradicionalment en la
majoria de dispositius de microones. Els seus principalatatges son que els seus camps
electromagnetics es poden resoldre analiticament,dhapsa permet la seva aplicacio di-
recta en dissenys complexos, i la seva simplicitat de fabiéc D’altra banda, les capacitats
de computacio i les prestacions dels algorismes s’hanipticétt amb els anys, el que ha
permes ampliar 'espectre de topologies possibles a ge@sgairebé arbitraries, oferint
al dissenyador una major llibertat creativa. No obstanb,agtan part dels dispositius de
microones actuals segueixen confiant en la maduressa ithablié les tecnologies de guia
d’ona tradicionals, que no requereixen una inversio addét en equips de fabricaci6. La
supressio de I'efecte multipactor és la motivacio pesear-se a provar topologies de guia
d’ona innovadores, com la guia en forma de falca.

Es en aquest context on aquest treball de doctorat pretir aha contribucid. En
primer lloc, s’ha desenvolupat un model numeric per preeliecte multipactor de ruptura
en guies d’ona buides en forma de falca. Aquesta eina hagsefiéntificacio de criteris
optims de disseny. Aixi mateix, s’ha adaptat un metodsidtesis de filtres passa-banda
en guia rectangular per poder realitzar un disseny sirpdad basat en la nova topologia.
Com culminacio, les estructures dissenyades s’han talirroesurat, per tal de comprovar
les seves prestacions electromagnetiques i la seva Bieasip I'efecte multipactor. S’ha
registrat a més una patent per protegir aquests nous firesesum, el treball ha compres
el cicle d’activitats relacionades amb el desenvolupanmehustrial complet d’'un dispositiu
passiu de microones: recerca basica, I'analisi, dis$absicacio i qualificacid amb mesures
en el laboratori.

Aquestes mesures han comprovat la millora prevista ennaisside multipactor dels
filtres de microones amb topologia en forma de falca, i harfimroat que poden oferir
respostes en freqiiencia similars a aquelles de filtremtd@&s una guia d’'ona rectangular
equivalent. Les implicacions dels resultats han estatiadals a fons i resumides en aquest



document. Com a observacio final, s’ha intentat redactaestq investigacio de manera
que reflecteixi el procés natural d’aprenentatge, mosaignencerts i errors experimentats
en el cami, tots els quals han conduit al resultat final. estjuepte no hagués estat possi-
ble sense el suport i compromis de diversos professioeatifdrents centres de recerca i
indUstries europees (Universitat Politecnica de \MaknUniversitat de Valéncia, Agéencia
Espacial Europea, Thales Alenia Espacio Espanya, Tedtenisaiversitat DarmstadEcole
Polythecnique Fédérale de Lausanne, Tesat, Aurora Sdtand Testing i Val Space Con-
sortium), als quals estic agrait.



Abstract

The multipactor RF breakdown effect has been object of naosestudies for over 80
years, since the development of the first particle accelesan the beginning of the 20th
century. Around the middle of that century, with the devebgmt of high power sources for
radar applications and with the emergence of the artifiai@lbtes, a new impulse was given
to the multipactor research, since it became a risk for esigpercommercial projects. Tra-
ditionally, waveguides with canonical cross sections ligctangular or coaxial ones, have
been the building blocks of most microwave devices. Theimnadvantages are that their
electromagnetic fields can be solved analytically, engltiveir direct application in com-
plex designs, as well as their manufacturing simplicityt Bwer the years the computation
capabilities and algorithms have continuously evolvedictviihas broadened the spectrum
of possible topologies to almost arbitrary geometriesraffy the designer more room for
creativity. However, most of the current microwave devis@étrust on the mature canoni-
cal waveguide technologies, which do not require an additimvestment in manufacturing
equipment. The suppression of the multipactor effect isnleéivation for considering an
innovative waveguide topology, like the wedge-shaped gyaicke.

It is within this context where this PhD work aims to offer antibution. On the one
hand, a numerical model for predicting the multipactor kdeavn effect in wedge-shaped
hollow waveguides has been developed. This tool has aid#teiderivation of optimised
design criteria. On the other hand, a bandpass filter syisthesthod for rectangular wave-
guide has been adapted in order to calculate a similar desiged on the new topology. As
a culmination, the designed structures have been manudaicamd tested, in order to verify
their electromagnetic performance and their multipactoisghility. A patent was also filed
to protect these new filters. In short, this work has compribe cycle of activities related
to the whole industrial development of a passive microwaxaae: basic research, analysis,
design, manufacturing and qualification through testing.

These measurements have verified the predicted improvem#érg multipactor thres-
holds of microwave filters with wedge-shaped topology, aagdehconfirmed that they can
offer similar frequency responses to the equivalent regtkam waveguide ones. The impli-
cations of the results have been thoroughly evaluated anchswised in this document. As a
final remark, this research document has been drafted tatrdile natural learning process,
and to show the rights and wrongs experienced in the way,hwdlihave led to the final re-
sult. Such an endeavour would not have been possible withewupport and commitment



of several professionals from different European reseaestires and industries (Univer-
sidad Politécnica de Valencia, Universidad de Valenciaopean Space Agency, Thales
Alenia Espacio Spain, Technische Universitat Darmstadble Polythecnique Fédérale de
Lausanne, Tesat, Aurora Software and Testing and Val Spansa@tium), for which | am
grateful.
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Chapter 1

Introduction

1.1 Background and Motivation

A lightning is a natural phenomenon originated in the atrhese, as electric charges build
up and concentrate in different cloud locations, or betwidenclouds and the Earth sur-
face. When the electric potential rises over the resistafi¢be air, the electricity flows
between the opposite charges, resulting in an electrostettharge. The ionisation of the
surrounding air causes a flash of visible light, and the iigstound is due to air shock-
waves. This particular case of gas discharge has alwaysd&sd mankind, but it was not
until the eighteenth century when Benjamin Franklin andceptientists conducted some
serious experiments, proving the link between lightningg alectrical discharges. In the
following centuries, low frequency gas discharges weré&beinderstood: an electron den-
sity avalanche turned an isolating gas into conductingnpdasPaschen’s law [1] described
in 1889 the breakdown voltage of a gas between parallel platdrodes as a function of
the pressure and the gap distance (see Fig. 1.1). This helpdbe development of re-
lated commercial objects, like neon tubes. In the beginwihthe twentieth century, the
working frequencies of electromagnetic applicationstedito the radio-frequency (RF) and
microwave band. This motivated the discovery of microwaag discharges, which allowed
advances in the field of ionised plasmas. Analogously, apticcakdowns can also occur at
optical frequencies.

Multipactor (or “multipaction”) [2] is essentially an RF anicrowave breakdown effect
at very low pressures. The word comes from the combinatidmatftiple” and “impactor”
or “impaction”. Distinctly to gas discharges, the multipaceffect occurs at vacuum condi-
tions, where the free electrons have a longer mean free pathl@ neither collide against
neutral atoms nor get absorbed by them. It is known that relestare accelerated under
the influence of an electromagnetic field. During a particédaction of a signal period,
the free electrons present in the structure are shiftedrisaadirection that is linked to the
vector orientation of the fields. Assuming a time-harmomcitation, as it happens in al-
most all practical applications, the accelerations induoehe free electrons would follow
a periodic pattern. In high power applications, the fieldsggth might reach the point where
the free electrons would be pushed as far as to collide aga@sonductor metallic walls.
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Figure 1.1: Paschen curves indicating the breakdown velk&gr the pressure-gap distance
product for different gases. Source: Liebermann and Lidbeeg, “Principles of Plasma
Discharges”, Wiley 2005.

These collisions would trigger different reactions, defieg on the impact energy and an-
gle as well as on the material properties: the free electnoight be absorbed, might be
reflected elastically, or more free electrons might be getedrdue to secondary emission of
the metallic surface. For certain RF signal frequency andgpwalues, the electrons would
synchronise their collisions against the walls with the RFEqd, eventually leading to a reso-
nant regime. If the number of secondary electrons genemstadher than the electrons lost
due to diffusion or absorption in the walls, the electrongigrgrows exponentially, creating
an avalanche process and an electrostatic discharge (sd®ky description in Fig. 1.2).
Hence, the main factors that govern the multipactor diggharechanism are: the material
of the electrodes or conducting walls (unlike gas dischgrdghe distance between them and
the frequency of the present electromagnetic fields. Fdynthkere are four conditions that
determine a multipactor discharge, as it is defined by thefgan Space Agency (ESA) in
its harmonisation documents [3]:

1. Presence of free electrons
In a test environment, this can be provided by the high engagtjcles of a radioactive
source.

2. Long mean free path for the electrons
This happens under vacuum conditiors1(0~> mbar), in the absence of dielectric.

3. Resonance
The interval between wall collisions has to be an odd intégetor of half of the RF
cycle duration. In this way, a resonance can appear. Thisrfe&calso known as the
multipactor order, being the most simple case, like in Fig. 1.2.

4. Exponential electron growth
Electron population has to grow exponentially until cagsam avalanche effect.
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Figure 1.2: Scheme showing the electron density growtHelads to a multipactor avalanche
phenomenon. The sequence shows a multipactor resonancdesfane, since the time
between consecutive wall collisions is equal to a half RAecyc

Additionally, [3] states that these conditions have to bptldrring a period of 20 electron
crossings between the resonant walls (20-gap-crossieg, il order to be considered a
multipactor discharge. Although the “20-gap-crossing’tilas been accepted as a standard
definition by the space industry community, scientific stsddn the subject usually analyse
the electron density at several stages (not only after A&i@ris). This can give additional
information on the nature and sustainability of the multipadischarge.

Multipactor discharges were first observed in vacuum edediubes [4] at the beginning
of the 20th century. Apart from its damaging potential, [&jvsthis phenomenon as an
amplification method, and implemented the so-called “NMpaltitors” , which were electron
tubes for the early television receivers. It promptly beeaamimatter of investigation for the
particle accelerators community, since it also affectediatyons [6]. Microwave high-power
applications were flourishing at that time, namely with tieeelopment of the radar on the
brink of World War Il. Starting in 1957, with the launch of Spik 1, the first artificial
satellite, a new momentum was given to the multipactor rebedatellites orbit outside of
the atmosphere under very low pressure or even vacuum aomgliDepending on their orbit
altitude, they are subject to different radiation sour¢hs:ionosphere, the Van Allen belts,
solar wind and cosmic radiation. For instance, Earth olademv satellites typically orbit
fully within the ionosphere, with a high free electron déyécf. Fig. 1.3), which creates the
ideal conditions that enable multipactor discharges. Ageif the microwave hardware is
also a determinant factor that increases the risk of mutgraoxidation and contamination
of metallic surfaces can trigger metallic field emissiondenthe influence of even moderate
electric fields, which would increase the density of freecets in the device. Examples
of typical satellite microwave devices are diplexers andtiplexers, coupled cavity filters,
power dividers, antenna feed networks and amplifiers lizeetling-wave tubes (TWT) or
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Figure 1.3: Electron density over altitude. Source: wwdardutorial.eu .

Klystrons [7].

Multipactor discharges cause a non-linear interactioi wie nominal electromagnetic
fields, which can considerably modify the electrical bebaviof the device that suffers it.
Here is a list of the different effects resulting from thissplomenon:

¢ Increase of signal-to-noise ratio and phase noise.

e Increase of return losses.

e Spread of the power over the spectrum (harmonics).

¢ Increase of temperature due to power dissipation in theadlisions.

An example of the damage caused by this phenomenon on a wdedgter can be seen
in Fig. 1.4. As it happens in this case, most multipactorlthsges cause surface erosion
effects that are barely visible to the naked eye, but thihtstinpromise the electrical signal
transmission. Additionally to the direct effects listedab, sustained multipactor discharges
cause out-gassing of the metallic walls due to the temperatarease, which can derive into
even more serious problems.

In fact, out-gassing increases the pressure in an origimatuum environment, which
might induce a particular type of gas discharge known asnzo[8, 9]. A corona discharge
turns gas molecules into ionised plasma (like lightnings)ia more dangerous than a simple
multipactor discharge, since it can physically damage thuesire, even rendering it useless
by melting metal pieces. The corona effect appears typiedlpressures below ambient,
varying from10~2 mbar to10 mbar depending on the gas. They are more likely to happen
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Figure 1.4: Electronic microscope photo of the damage achlog@ multipactor discharge in
a black anodised filter. Source: ESA.

close to the characteristic critical pressure of the gasoubés present in the space between
the electrodes. The critical pressure is the one at whiclbteakdown voltage curve of a
gas reaches a minimum, as it can be seen in Fig. 1.1. Thereantyrwo mechanisms
that create this minimum value. At higher pressures, thengaecules absorb most of the
free electrons, inhibiting the generation of plasma. Asptees below the critical value, the
collisions with gas molecules are less likely and the etexdmeed more energy in average
to develop to plasma in a sufficient amount. If the breakdowaitage is not reached, the
free electron density decays due to diffusion and recontibimaln the transition band be-
tween corona and multipactor, approximately froé@m* mbar to10~2 mbar, some authors
define an effect called multipactor plasma, but the clasdifio here is merely a matter of
interpretation. Basically, a contribution to the increaselectron density is caused by wall
collisions, and the rest by ionisation of the neutral gasatules. In this work, we will how-
ever focus on pure multipactor. Beyond the definition of tifeecent discharge types, the
fundamental idea is that microwave space applicationsghwfly during the launch phase
through the whole range of pressures from ambient to vacshouyld be protected against
multipactor, corona, and their combined effects.

An example of a corona-related failure in an operationatspaission happened in the
TWT of the X-SAR synthetic aperture radar (SAR) instrumeti][in 1983 (see photo in
Fig. 1.5). The instrument was embarked in the Space Shutie altitude o225 km during
the Spacelab Microwave Remote Sensing Experiment (MRSE)oAgh passing the on-
ground radiation tests at1 mbar, corona discharges at pressure levels betweelnar and
10 mbar in the high tension input coaxial cable (nominal vadtag to12 kV) of the TWT
spoiled the instrument operation. It caused a malfunctiothe amplifier, which did not
provide enough power to the system to send radar pulses, @aata could be acquired
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Figure 1.5: TWT of the X-SAR synthetic aperture radar instemt flown aboard the Shut-
tle during the MRSE mission in 1983 (left). Detail of the btout caused by the corona
discharge (right). Source: German Aerospace Center (DLR).

during the whole experiment. The most probable reason tBogémeration of the discharge
was the ageing and partial erosion of the coating at the inpaxial location. Since the
Shuttle returned back to Earth, the coating could be reglacel the X-SAR instrument
could successfully operate during next acquisition cagmgsi

Unlike the Shuttle, common satellites cannot be repairéer &feing launched, which
entails that such failures would jeopardise the whole rarssiEven smaller performance
perturbations are to be avoided, since an essential asp#ut long-term stability of the
electrical performance of the satellite during its openadil life. Not only satellites with
radar instruments are affected, but also any of them cayyayload subsystems with high-
power requirements in the RF and microwave bands. Exampldsese subsystems are
transponders in communication satellites (see block diagn Fig. 1.6). The input and out-
put multiplexers (diplexers in the simplified case depidtete) in such transponders might
be composed of passive rectangular waveguide filters, #rabe damaged by multipactor
and corona discharges, like in the case of the lowpass filtewis in Fig. 1.7. Other sensitive
subsystems are the RF chains used for data downlink, typicathe X- and Ku-bands, or
for telemetry, tracking and telecommand (TT&C), typicallyerating at S-band.

From the mission requirements point of view, there has bemarstained increase in the
output power of the microwave transmission channels owelaht years in all frequency
bands, as highlighted in Fig. 1.8. The multipactor probletentails a limitation on the
power the payload can handle [11, 12], which justifies theceam of the space industry.
Usually a very conservative approach is taken in the desmasoid the discharge, and con-
siderable resources are invested into the multipactantgptocess for flight qualification.

Nevertheless, the support of Universities and leadingrteldgy centres has been often
requested for investigating solutions to suppress theipadiior discharges, or to shift them
towards higher power levels, while keeping the electrical emechanical properties of the
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Figure 1.6: Simplified block diagram of a satellite transg@nwith input/output multiplexers
(IMUX/OMUX). These 1:2 multiplexers can be implementediwitaveguide diplexers like
the one shown in the photo on the right. Source photo: ESA.

Figure 1.7: Photo of the destructive effect of an RF breakdow a lowpass filter. Source:
Thales Alenia Space France.
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Figure 1.8: Evolution of the output power requirements aékite microwave instruments
over time for the different frequency bands. Source: ESA.

devices. Over the last decades, ESA has tried to coordihage tefforts, and to set some
standards for normalising the multipactor analysis andrétated testing procedures [3].
Any new design rule/idea to achieve multipactor-free dewvivould contribute to reduce the
associated testing costs, and it would be of great intese#ité microwave space community.

Multipactor analysis theory has also evolved during thedastury. The first efforts con-
sidered simplified scenarios, such as assuming singleecargnals in an infinite parallel-
plate topology, a one-dimensional electron motion and ardehistic emission energy of
secondary electrons [2,13-15]. A basic parallel-platelimgy has the advantage of having
an homogeneous electrostatic field that can be computeyt@adly. ESA developed a se-
ries of parallel-plate susceptibility charts [11], whicle astill widely used to determine a
conservative power handling boundary for rectangular waide filters. These charts are
based on empirical measurements considering differensigap, frequencies and materials,
and are easy to use due to the linear dependence of the tltresieo the frequency times
gap-distance producf (x d), as can be seen in Fig. 1.9.

More recent studies have abandoned the simple assumpfictassical theory and are
capable of considering, e.g., secondary electron emisg&totities not directly linked to
the impact energy [16], or three-dimensional trajectoakthe electrons in waveguide de-
vices with finite dimensions. Some studies still focus ortaregular waveguides [17] and
irises [18], but also on coaxial structures [19—-21]. Apeohi the described top-bottom wall
resonance, single-surface multipactor also exists [2] ewen in waveguides partly covered
with dielectrics [23]. The existence of hybrid two-sidedItipactor modes have also been
documented [24], where the bottom-to-top travel time ofdleetrons is different from the
top-to-bottom one. Modern satellite applications oftealdeith multi-carrier signals, i.e.
for navigation and digital broadcasting satellite sersidglore advanced multi-carrier mul-
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Figure 1.9: Susceptibility maps for the parallel-plateecadtultipactor discharges might
occur within the susceptibility regions. The slope conttamdicate the MP behaviour for
the different materials. Source: M. Yu, “Power Handling @hifity for RF Filters”, IEEE
Microwave Magazine, 2007.

tipactor analysis theories, based on the non-stationagjesicarrier method [25, 26], were
developed to cope with these cases. Other advanced algsrabnsider the contribution of
the space charge fields [27] in the multipactor predictionese fields are generated by the
electron resonant cloud, and are also responsible for utremagnetic effects of a multi-
pactor discharge. In certain cases they are so strong #nastiould not be neglected in the
prediction calculations.

The state-of-the-art techniques to minimise the multipaptoblem in microwave de-
vices try to avoid the electrons entering in a resonant stéte typical approach is to mo-
dify one of the conditions that are expected to lead to thehdigye, e.g. frequency, pressure,
geometry, electromagnetic fields, wall materials, etc.etége some of the known strategies
collected from the literature, where their advantages aad/lblacks are also indicated.

e Pressurisation

By introducing gas molecules in a hollow waveguide struetunder low-pressure
conditions, the mean free path of the electrons is reducgd [Phen, free electrons
have a higher probability of being absorbed by the molecahesless chances to hit
the waveguide metallic walls. Pressurisation may redudémpaator risks, but there is
still a risk of corona breakdown due to the presence of gaderie device. It can also
increase the payload weight and create a source of potertgéamnodulation products
(PIM).
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Dielectric filling
Foam or solid dielectrics reduce the mean free path of trareles [23, 29], but cause
an increase of the dissipation losses.

Direct Current (DC) biasing

The superposition of DC fields over the RF fields disturbs éisemant electron trajec-
tories [30,31]. A potential implementation consists of &tgic spiral coil around the
multipactor-critical regions of the device. The axial magio field generated within
the coil might deviate potential electrons from their remurpath (Hall effect [32]) .

Extra equipment is needed, with the consequent increasewerpconsumption and
weight.

Slot on broad walls

Opening narrow slots in the structure lets electrons duft altering the resonance
condition [33, 34]. One of the problems of this option is aesewisk of RF leaka-
ges. Furthermore, the corners generated when creatingptsersght have a negative
impact on the multipactor suppression. The slot itself rn@ylen contain new parallel-
plate geometries with very narrow gaps.

Change of the surface properties

Special coatings and chemical treatments can reduce tlia&y Electron Emission
Coefficient (SEEC) of the surfaces, like the commonly usextiAle, or Titanium [35].

Different tests conducted at ESA-European Research andhdtagy Centre (ES-
TEC) [36] have identified TiN, CrN and CN coatings as the be#utgons against
multipactor. A recent patent [37] also presents a porouenahtvith good discharge
suppression. However, a common drawback of these techsigukat they may in-
troduce higher losses.

Change of the gap size

A component can be especially designed to avoid narrow gapbat a higher power
level would be needed to induce a discharge than in a comraitstructure. Unfor-
tunately, this may modify the electrical response and sshoaffect an RF design. In
particle accelerator applications, the reduction of the gjae below the multipacting
cutoff also proved useful [38].

Generally, methods that involve an increase in the weightinae or power consumption

of the devices, or even the introduction of additional eqept, are not suited for space
applications. Modifications of the electrical responselymgiso a drawback, since a re-
design of the structure might not be feasible in a limitecetimame. Moreover, most of the
research on multipactor suppression methods concentmatibe physics and the modelling
of the discharge mechanism, and usually lack on practigalamentations or experimental
verifications. Very few novel designs have been presenthahwnvolve geometry changes
in the device [34, 39, 40].
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Figure 1.10: Cross sections of a wedge-shaped waveguidefarsdequivalent rectangular
one. Both waveguides have the same widtnd average heiglt= (h; + h2)/2, resulting
in equal cross-section areas. Inside the wedge-shapes segtion, the colours indicate
the distribution of the transverse electric field of the fanmantal mode, similar to tHEE,,
fundamental mode of a rectangular waveguide. Grey arroaw she electric field vectors
along an arc between top and bottom plates.

1.2 Objectives and Challenges

The original motivation behind this work is to identify a re\hollow waveguide geome-
try that offers a better multipactor behaviour than conwerat rectangular waveguides for
space applications, while keeping similar dimensionsgivgielectromagnetic properties,
bandwidth and intermodulation noise. This structure sthbel versatile enough to allow its
usage within a wide range of microwave devices. The compl@fithe geometry should

be limited, since eventually new electromagnetic computalgorithms have to be imple-
mented for analysing it, and existing design procedureptada Additionally, it should be

manufactured at a reasonable cost and tested in the labesatgth standard testing inter-

faces.

The selected approach was to use a geometry with a wedgeesbegss section. This
topology is determined by symmetrically inclined top andtdm walls and straight vertical
side-walls (cf. Fig. 1.10). Hence, the height of the crosgise changes linearly from
the narrow side-wall to the broad side-wall [41]. Each of diféerent possible inclination
anglesa might offer a particular electric and multipactor behavioWwe define a wedge-
shaped waveguide as a microwave transmission line with&gomstant cross section in the
propagation direction. The first time that a similar struetwas mentioned in the literature
was for particle accelerator systems [42,43]. Triggerethbyirst publications about wedge-
shaped waveguides [41, 44], a series of theoretical stuafidiseir multipactor discharge
behaviour followed [17,45-47].

The study and implementation of this novel structure folgesa microwave devices, as

well as the verification of its resistance to multipactorctiegrges, entail a series of challen-
ges, which have been established as the objectives of tBistesis. Firstly, the electromag-
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netic analysis has to be adapted to wedge-shaped geomuethiese electromagnetic fields
cannot be solved analytically. Existing commercial analysols can compute such fields,
like High Frequency Structure Simulator (HFSS) [48] and @ater Simulation Technology
(CST) [49]. These general purpose software packages aableapf analysing almost any
arbitrary geometry, but with the drawback of a high compatetl cost. This is not suitable
for our purposes, since CPU efforts related to the electgmetc field computation is one
of the determining contributions to the whole simulationddimes. Therefore, a tool shall
be developed that focuses on the analysis of wedge-shapegjwedes. This allows imple-
menting time-efficient and precise algorithms, not as flex@s the mentioned commercial
tools in terms of input geometries, but still acceptingeatiéint wedge-shaped configurations.

A similar strategy is followed by another commercial toolillFwvave Electromagnetic
Simulation Tool FEST?P) [50]. With a modular architectur&sEST?P integrates several
modules with very efficient algorithms for specific geormegtrin a common environment.
The combination of all modules covers most of the microwdigctures of interest for the
space industry. Through a cooperation with Aurora Softveaue Testing (the company that
presently takes care of this software, on behalf of ESA-BES)TER goal of this work is to
develop a module that could be included withiBST?P as a package feature or add-on.

Once the electromagnetic fields of wedge-shaped wavegaidesvailable, their real ad-
vantage from a multipactor point of view has to be quantifi€daditional tools based on
the parallel-plate model [3,11,14], e.g. the European €aatjon for Space Standardisation
(ECSS) Multipactor Tool [51], rely on empirical results. rihermore, they are only confi-
gured for dealing with standard waveguide technologiesrdctangular waveguides, whose
modal behaviour is well-known, contrarily to wedge-shapeds. Another existing tool is
the Multipactor Electron Simulation Tool (MEST) [52], mgpeecise and complex than the
ECSS Multipactor Tool, but still unable to handle arbitiyaghaped geometries. Therefore,
a multipactor prediction tool needs to be developed, whaahprovide reliable results within
an acceptable time frame. Most of the multipactor predictitgorithms available in the li-
terature [17, 42] study waveguide models invariants in tfog@gation direction. Hence, a
two-dimensional (2-D) model is used to study the electramapesur. Since it is intended
to apply the wedge-shaped waveguide to more complex stas;tlike bandpass filters and
transformers, where there are waveguide discontinuitielsreon-homogeneous fields, the
potential three-dimensional (3-D) trajectory of the elent has to be considered, with the
corresponding increase in terms of complexity.

Suitable results from the prediction tool would be multipacusceptibility curves (like
the ones existing for rectangular and parallel plate genesef14]), as well as predicted
voltage and input power thresholds. With the help of theseliptions, knowledge about
different wedge-shaped configurations can be systemigtatathined and design rules might
be derived. This would be a preliminary requirement forrigyto apply the wedge-shaped
topology to more complex devices. A potential implementatf the multipactor prediction
functionalities withinfFEST?P shall be considered.

The final objective of this work is to design, manufacture sesd more complex micro-
wave devices, of interest for the space industry, contgiatieast a wedge-shaped geometry



1.3 Structure 13

Figure 1.11: Satellite assembly undergoing qualificatests. Multipactor tests are usu-
ally conducted for individual payload devices. They are alsnbut critical fraction of all
required system and subsystem tests. Source: ESA.

in any of its stages (e.g. filters), and to experimentallyprthe validity of the theory. In
order to design such devices, like bandpass filters, egigi@sign synthesis methods [53,54]
have to be adapted and extended to allow arbitrary wedgeeslgeometries. Manufacturing
aspects must also be taken into account, since an increttsegeometry complexity infers
an increase in the costs and eventually the need of new ghluipment. Manufacturing
tolerances are therefore a critical requirement that hbs tonsidered in the design process
of these new structures.

One of the fundamental problems in multipactor researchad®kpensive testing proce-
dures for verifying the simulation results. It depends oritiple issues, and the results are
not always repeatable. Electron seeding, materials anthgsapressure and temperature
conditions, detection methods and criteria, all have anénite in the practical/experimental
results. Well established test procedures exist [3], beit fbroper execution in a clean en-
vironment are always a challenge, however essential tarotghable and comparable test
results. Safer microwave design could contribute in raaytihe multipactor testing costs of
satellite payload hardware.

By joining the simulation and the measurement experientes,intended to identify
optimal design rules for the application of wedge-shapgmltugies on operational space
hardware, as well as to assess its impact and practicacappity.
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1.3 Thesis Structure

This PhD Thesis consists of six chapters that are devotduetonain research path of this
work, the development of new multipactor-resistant wavegs, plus five appendices with
the derivation of useful formulas, describing the multijpadest setup and with additional
information about the author’s professional and scienliickground. The current chapter
is the introduction, where the motivations, objectives Hralstate-of-the-art have been pre-
sented. An exhaustive reference list is given here, whichassist the reader in getting in
touch with the multipactor physics and applications andhwhie most current developments
in the field. It focuses on the relevance of this project fréw point of view of the space
industry.

In Chapter 2, the fundamentals of the derivation of the edbacagnetic fields in wedge-
shaped waveguides are presented. This algorithm is anteddeature of the simulation
tools developed in this work, since both the multipactodpron tools and the filter design
algorithm rely on the derived field values. This dependetsy geflects on the total simula-
tion duration, which will directly benefit from the numerieficiency in the calculation of
the electromagnetic fields.

Chapter 3 is a detailed description of the multipactor ptai tool that has been deve-
loped for wedge-shaped waveguides. It is based on an effezictron model, where a high
energy particle is tracked with a numerical electron dyreanmnodel throughout an excited
waveguide. Its results are validated against existingltefwm the literature. Moreover,
several parametric simulation studies provide the firsghits on the future wedge-shaped
waveguide design guidelines, including the generationwtipactor susceptibility maps.

Chapter 4 explains how wedge-shaped geometries can be sise@lvaguide bandpass
filter building blocks. A wedge-shaped filter has been desiggnd manufactured in order to
demonstrate its advantages with respect to a conventiectalimgular waveguide filter from a
multipactor discharge threshold point of view. It is alse fhist time that this new topology
has been used to design a complex microwave device, andtthas ibeen successfully
manufactured and tested. Another similar rectangular g#de bandpass filter serves as
reference for allowing a rigorous comparison.

The measurement of this first wedge-shaped bandpass fitiereshvery promising re-
sults, but also identified issues with a clear improvemetemqal. This motivated the design
of a “second generation” wedge-shaped bandpass filter,sasilded in Chapter 5. On the
one hand, the chosen inclination angle between top andragitates is the theoretically
optimal one from a multipactor threshold point of view. O tbther hand, a preliminary
analysis of the modal behaviour of the wedge-shaped gegrokthe filter resonator cavi-
ties has provided the necessary information to synthesigghar-order mode filter response
(repetition frequency) and a Q factor comparable with tletarggular ones. Nevertheless,
mechanical aspects have also been improved to ensurefadatig manufacturing process.
The measured electrical and multipactor performancesisfdévice are included in this
chapter, together with a summary of the optimal design rdedgesigning bandpass filters
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with wedge-shaped waveguides.

Finally, Chapter 6 summarises the main contributions & Work towards the design of
wedge-shaped bandpass filters, and it discusses the pddesftithis waveguide geometry
and the practical implications of the resulting power raggiension. Some guidelines for
future research activities in the field are proposed as aecpesice of the work performed
in this PhD Thesis.

Appendix A defines the expression of the normalised eleagratic modes of rectan-
gular waveguides. This is required for an efficient analgsisedge-shaped waveguides and
the related discontinuities based on an integral equatiethoal.

Appendix B comprises the study of ohmic losses in the metaildlls of hollow wave-
guide devices. These losses are not only considered in the peaallel to the propagation
direction or the RF signal, but also in walls perpendicubdt,tlike the ones corresponding to
irises in transformers, low- and bandpass filters. The nmagiieal formulation for comput-
ing the ohmic losses in arbitrary waveguides like wedgestavaveguides is given here.
This allows determining the S-parameters of stepped waglegievices including the con-
ductivity of the metallic material of the waveguide wallsaasonfigurable input parameter.

More information about the multipactor test bed and an degren the applied detection
methods are included in Appendix C.

Appendix D lists the author’s technical and professionatfation, as well as his most
relevant research highlights.

A compilation of the author’s scientific publications is imded in Appendix E.






Chapter 2

Electromagnetic Analysis of
Wedge-shaped Waveguides

2.1 Computation of the Modal Solution

2.1.1 Wedge-shaped Waveguide and Rectangular ReferencexBo

Several electromagnetic analysis and simulation tools baen developed or extended in the
frame of this work. The first one, which will be described irstbhapter, is an analysis tool
for stepped waveguide structures, like filters and tramséos, accepting both rectangular
and wedge-shaped waveguide building blocks. The secong@nol for the synthesis of
wedge-shaped waveguide bandpass filters based on typsighdequirements. The specific
details of this design method are part of Chapter 4. The tmelis a multipactor prediction
tool for all these devices, and it is the subject of Chapteas®4.

All these tools require the computation of the electromégtiields, or of some parame-
ters related to the modal solutions of the correspondingegandes. Therefore, an efficient
computation of the electromagnetic fields is a key factoh&odverall performance, establi-
shing a potential advantage with respect to other comnibreizailable tools. The modal
charts of hollow waveguides with almost arbitrary crosdiees (basically shapes that can
consist of series of straight lines, circular and elliptaras) can be efficiently computed with
the Boundary Integral - Resonant Mode Expansion (BI-RMEoe (see [55] and [56]).

In our case, the target waveguides have a wedge-shapedsecssn with symmetri-
cally inclined top and bottom walls and straight verticalllgaas it is shown in Fig. 2.1.
The horizontal length of the wedge-shaped waveguide iedalk.q,. and the lengths of
the narrow and broad side-walls dreandh,, respectively. As a basis for the computation
of the electromagnetic fields in wedge-shaped waveguitiesBt-RME method proposes
to use the normalised modal expressions of a reference cah@raveguide (whose modes
can be calculated analytically), also called reference behall contain the whole arbitrary
waveguide within its rectangular cross section. Here, ¢his be done with a rectangular
waveguide with widthu and heighb, also placed centred in the origin of the coordinate sys-
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Figure 2.1: Cross section of a discontinuity between a negtiar and a wedge-shaped wa-
veguide. The rectangular waveguide can be used as a redebendor deriving the modes
of the wedge-shaped one.

tem, like the one shown in Fig. 2.1. This figure shows the jiongblane of both waveguides,
perpendicular to the propagation direction. The crossiesearea of the iris created by the
wedge-shaped waveguidgg;s can be computed as follows:

hi + hs
2

Aris = AWedge (2-1)

Accordingly, the area of the transversal wall around tteeiirithe discontinuity planédwar,,
(blue-shaded region in Fig. 2.1) can be obtained as:

Awarr = a - b — Ais (2.2)

Please note that the-axis of the coordinate system is located in the horizontaireetry
plane of both rectangular and wedge-shaped cross sectiotishey-axis is in the vertical
symmetry plane of the rectangular one (and it is placed ast@amiie otiyeq../2 from both
wedge-shaped vertical side-walls). The names assigndeetdifferent dimensions in this
picture will be used throughout the whole work.

The BI-RME technique efficiently computes both the modabffutequencies (eigen-
values), and the electric and magnetic field patterns (eayars) of the wedge-shaped wa-
veguide, as a solution of two generalised eigenvalue pnoblelated with the TE and TM
modes of the reference rectangular waveguide. The noredatisdal expressions of a rec-
tangular waveguide is included in Appendix A. Propagatios-direction is assumed in this
chapter as well.
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2.1.2 Normalised Arbitrary TE Modes

The normalised rectangular modes (with™as superscript) of a reference box like the blue-
dotted one in Fig. 2.1 (usually witlhh = awe.q..) S€rve as basis functions for the derivation
of the wedge-shaped waveguide modes (witltb" as superscript). The basis functions are
weighted by certain coefficients in a series summation tivelethe arbitrary waveguide
modes. The arbitrary modes can be classified as well inte\wease electric (TE) and trans-
verse magnetic (TM) modes. In (2.3), the expression of tbetet field for the TE case is
shown:

o

—arb(TE —arb(TE) —0O(TE —)D TE) —)arb TE) —)D ™ —0O(TM
3 3 (2 95y 9509, 5 (e 2gme) o]

(TE) (TM)
i=1 i'=1

(2.3)
beingm the index of the arbitrary waveguide mode, and the subsgripe transversal

vector components, i.er, y under the current assumptions. Theomponent is equal to
0, as corresponds to TE modes. The arbitrary waveguide fuad@ahmode is the one for
m = 1 (it has a lower cutoff frequency than the corresponding TMimdike in a rectangular
waveguide). The theoretically infinite summations are ecpice interrupted after including
a sufficiently high number of elements, established emadlsidoased on convergence tests.
The coefficients of the basis functions in the summationgheréerms within angle brackets
(-;+), and are the coupling integrals between the arbitrary wadeghormalised modes and
the rectangular ones. A coupling integral between any tweegraide modes is defined in
(2.4):

<€>m;?i>:/?m?idszfﬁm?ids (2.4)

beingsS the transversal cross-section area of the smallest wadeguithis case the arbitrary
one. Since the modes are normalised according to Appendixof the electric or the
magnetic fields can be used for the calculation. The couplitegrals between arbitrary and
rectangular waveguide modes can be directly derived fraBtFRME method [56].

The expressions of the normalised magnetic field compométhe arbitrary waveguide
modes for the TE case are the following ones:

oo

ar ar % ar %
hT}:?gTE) Z [<—>T2§TE)’ E>i|j(TE)> D(TE] +Z [<—> b(TE) —)ZD(TM)> héD/(TM)}

(TE) (TM)
=1 =1

(2.5)

hgﬁ(TE) _ Z [ <—>z%rb(TE)’ ?iD(TE)> ) hDETE):| (2.6)

(TE)
1=1
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There is an alternative way to compute (2.5):

_)ar 2~ ar
BT = 2 5 @R (2.7)

This saves computation time if (2.3) has been previouslgutaled, since the magnetic
field can be derived avoiding the costly summation loop iB).2.

2.1.3 Normalised Arbitrary TM Modes

The corresponding electric field for the TM case is shown:here

o

arb(TM arb(TM O(T™ O(T™
T 3 (T 2 2] (2.8)
(TM)
/=1
e S [t R B (2.9)

(T™M)
i'=1

The expression of the normalised arbitrary magnetic mau#dsei TM case are the follo-
wing:

—ar = ar -

hT,];r(LTNI) _ Z |:<€)T,EY(LTNI); ?E(TM)> T S(TM)] (2.10)
(TM)
=1

Here as well, (2.10) can be alternatively computed as:

%
X %{%TM) — 2% ?a%r’l;gTM) (2.11)

which saves computation time.

2.1.4 Unnormalised Arbitrary TE Modes

For obtaining the actual field values for the electromagrfegids in the arbitrary waveguide,
a similar unnormalisation procedure as the one describAgpendix A.3 has to be applied.

Arbitrary E-fields

B?Frb(TE) _ Karb(TE)?gfrb(TE) (2.12)
where
KabTE) — | fop  Zarb(TE) (2.13)
and
arb(TE) _ Bai’)é = (2.14)

The value of3*(T®) js given by BI-RME for all possible modes. The instantaneslastric
field can then be retrieved by multiplying by the complex @gation exponential
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(e‘jﬁarb(TE)Z) and then applying (A.2). Note that the characteristic idgee of an arbi-
trary waveguideZ3® is, like for the rectangular case (compare with Appendix)Ati3e one
of the fundamental mode (2.15):

ar wu

ZC b = Zarb (2 ' 15)
1
Arbitrary H-fields

Hzarb(TE) — [{arb(TE) hgrb(TE) (2.16)

arb(TE)

arb(TE) I ~7arb(TE)

ﬁT - Zarb(TE) h T (217)

The instantaneous magnetic field can then be retrieved biiptyig by the complex
propagation exponentiad (*"" <) and then applying (A.7).

2.1.5 Unnormalised Arbitrary TM Modes
Arbitrary H-fields

%
ﬁi}rb(TM) _ jearb(TM™) hi}rb(TM) (2.18)
where
2P
arb(TM) __ Transm
Karb(T™M) T (2.19)
and b(TM)
arb(TM) _ B (2.20)
We

The value of5*>(™) js given by BI-RME for all possible modes. The instantanemiasg)-
netic field can then be retrieved by multiplying by the compbeopagation exponential
(e=#""""=) and then applying (A.7).

Arbitrary E-fields

FEb(TM) _ farb(TA) jarb(TA) (2.21)

E%rb(TM) _ Jgarb(TM) garb(TM) ?%rb(TM) (2.22)

The instantaneous electric field can then be retrieved byipiyihg by the complex propa-
gation exponentiak(#*" ") and then applying (A.2).

2.1.6 Grid Interpolation

In the application of multipactor prediction algorithmgiwioops that require to evaluate the
electromagnetic fields in different positions of the wavdgulcross section, a direct com-
putation of the series in Chapter 2.1.2 or 2.1.3 with a seffitaccuracy would involve an
extreme computational cost. The solution proposed heteeipite-computation of the nor-
malised EM fields in a grid covering the whole cross sectigrsteown in Fig. 2.2. The grid
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Figure 2.2: Grid of a wedge-shaped waveguide for EM fieldrpakation.

is not regular, but follows instead the shape of the wedggeath waveguide. The vertical
grid lines are parallel to each other and equi-distant. €fiehd right side-walls contain the
starting and end points, respectively, of the almost-foortial grid lines. The starting points
are placed equidistantly to each other, and the ending pastvell. This gives an uneven
distribution of grid nodes, which have a denser samplingato the narrow side-wall of
the waveguide. By defining the grid in this way, any pointdesihe arbitrary cross section
has four corners around it with known EM field values. Thisifres the interpolation
algorithm procedure.

The field values in the target poiﬁf are then retrieved by a simple bilinear interpolation
of the values in the four grid node@oo, 810, 801 and C'q; (see Fig. 2.2). First, the
interpolated electric field (the same applies for the magrietld) is calculated at’ ;o1
and 8top, which are the points defined by the intersections betweesrtecal line through

and the polygon formed by the four corner points. This is exped mathematically in
(2.23) and (2.24):

—>interp _ — — — IX - C100,)(
€ Chottom € Coo + ( € Cio — € COO)m (223)
—rinterp _ — — — IX - COl,x (2 24)
€ Crop — €+ (€on — 6001)m .
X X

wherel, is thez-coordinate of?. Then, the field in? can be obtained with (2.25):

. . . ~ I, — Chots
E)}nterp _ E}mterp (E)mterp - E)lnterp ) y ottom,y (225)

Cbottom Ctop Cbottom C C
top,y — “bottom,y
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Substituting (2.23) and (2.24) into (2.25):

. I, — C
—interp __ — — — X 00,x
€1 _eCOO+<eCIO_eCOO)C C
10,x — “00,x
— — — — — — IX — COO’X
+ 6001—6@00—0—(6011—6001—6010—1-6000) '
ClO,X - COO,X
. ]y - C(bottom,y o
C(top,y - C(bottom,y
I, — C I, — C
— — — be 00,x — — y bottom,y
=gt (€cy— €cp) A+ (€cu — €aw)
0 0 0 CIO,X - COO,X o ” C’top,y - C'bottom,y
— — — — (Ix — Coo X)(Iy — Chottom y)
+(€C — €qcy — € —|—6(j) : : (2.26)
" o 10 o (ClO,X - COO,X)(CtOp,y - Cbottom,y)
They-components oﬁtop andﬁ?bottom can be expressed as:
Cll - COI
Ciopy = Cory + =———=—(Ix — Coox) (2.27)
X X
CIO, C'OO,
C(10 - C(OO
C(bottom,y = COO,y + M(IX - C(OO,x) (228)

ClO,X - C(OO,x

This procedure can also save some time in the rectangulaguale problems. In that
case, and assuming a regular grid, the expression of theeailiinterpolation is slightly
simpler:

—>interp __ — — — IX - COO,X — —> Iy - C'(]O,y
€1 - 6000‘"(6010_6000)0 C +(6C01_6COO)C C
10,x — L00,x 0Ly = “00,y

(Ix - COO7X)(]Y - C(007y)
(ClO,X - C(OO,X)(C(OI,y - C(OO,y)

+

— — — —

+ ( €Ci1 — €Co — €Cyo + € Coo) (229)

2.2 Simulation of the EM Behaviour

2.2.1 Comparison Wedge-Rectangular Field Patterns

The field patterns can give us a first indication of the propedf wedge-shaped waveguides.
Since we want to offer an alternative topology to rectangulaveguides, their fields and
modal solutions will serve as reference for a comparisomeHeis useful to remember the
modal chart of rectangular waveguides, shown in Fig. 2.3glsto Appendix A). The mode
with the lowest cutoff frequency (i.e. the fundamental madeheTE,,, and this is the one
to consider for multipactor prediction simulations.

In order to allow a proper one-to-one comparison, our bggicaach consists of having
a wedge-rectangular pair with the same width and crosseseatea, as it is also the case in
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Figure 2.3: Modal chart of rectangular waveguides. Theftétequencies of the different
modes, normalised to the one of the fundamental Mddg, are represented for the different
values of the ratio between the heighand the width: of the rectangular waveguide.

Fig. 1.10. As explained in Chapters 1.2 and 2.1.1, equakesestion areas can be achieved
if the average height of the wedge-shaped waveguide is @qualke b dimension of the
rectangular one. The following dimensions have been chissena = aweqge = 19.05 mm,

b = 12 mm, anda = 20°. The rest of the dimensions can be directly derived from the
considered equivalence criteria; = 8.641 mm andh, = 15.359 mm.,

From this point and on, all simulations have been performét the developed tool
for the calculation of the EM fields (including the interptden procedure just described
before), and the plots were generated with the aillef T3P v.6.6 [50]. The first step was
the calculation of the electric field of the fundamental motihe wedge-shaped waveguide,
as shown in Fig. 2.4. The resemblance with the rectangtitay mode is clear. However,
unlike the pure vertical electric fields of the rectangulase;, there is a bending of the field
vectors. These deviations seem to follow concentric cieckes, which would have as a
centre the imaginary intersection of the top and bottom weagll planes. This brings up
an analogy with coaxial waveguides. The wedge-shaped waleg indeed very similar to
a coaxial waveguide section. The curvature of the field veatompared to the rectangular
case is supposed to be the main contribution to the improneofi¢he multipactor behaviour
of these structures, which will be described with more di@aChapter 3.

A visual comparison between the field patterns of the sedlestieveguide examples is
presented in Table 2.1. It is an overview of the first four nwsiarted in terms of increasing
cutoff-frequency values (note that the computed rectargubdes agree with the ones in-
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Figure 2.4: Electric field pattern (absolute value and vegtal) of the fundamental mode
in the cross section of a wedge-shaped waveguide with theniolg dimensionsawedge =
19.05 mm, h; = 8.641 mm, hy = 15.359 mm, o = 20°.

dicated in the chart of Fig. 2.3 for a valtga = 0.63). When comparing the electric field
patterns, the distributions of the first and the third modesaégmost identical for the rectan-
gular and wedge-shaped cases. Similarities can also bd fouthe second mode, but there
is a stronger distortion in the wedge-shaped case. Thehfouote is completely different,
which indicates that there is no connection between therfadt the fourth wedge-shaped
waveguide mode looks very similar to the fifth rectangulardmotheTE,, according to
Fig. 2.3. This means that the cutoff frequencies do not Yolixactly the same order in
both waveguides. Furthermore, the wedge cutoff frequeraie different from the rectan-
gular ones, even for the modes that are almost identical gaoenthe first two columns of
Table 2.1). This phenomenon will be analysed in more detathapter 2.2.3 and later on
in this document. Note also that the wedge-shaped modedsabe classified in TE and
TM modes, as defined in Chapter 2.1. However, the numberingatde interpreted in the
same way as for the rectangular case, where it directly siisg#isothe number of periodic
variations of the field in the horizontal and vertical direns. Apart from the electric fields,
additional columns have been included in Table 2.1 for thgmetc field patterns, which are
also interesting from a multipactor behaviour perspectiliee similarities and differences
observed for the electric fields are also confirmed with thgmeéic fields.
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Table 2.2: Dimensions of the wedge-shaped waveguidesdedlin the sweep. For all
examplesSuyedge = 19.05 mm. Minimum value for, ,,;, = 1 mm.

a[deg] | iy [mm] | ko [MM] | fimean [MM]
5 11.168 | 12.832 12
20 8.641 | 15.359 12
40 5.066 | 18.934 12
60 1.001 | 22.999 12
70 1 27.678 | 14.339

2.2.2 Inclination Angle Limits

Focusing on the fundamental mode of wedge-shaped wavegu@apter 2.2.1 has con-
firmed that, for a moderate inclination angle20f, it has al'E;,-like electric field pattern
and a similar (but not identical) cutoff frequency to the aridhe equivalent rectangular
waveguide. It is expected that, for lower inclination arsg{eote that a wedge becomes a
rectangle fora« — 0), the similarity is even stronger. However, the behaviaut design
limits of structures withn > 20° must still be studied. From a multipactor resistance point
of view, it could be assumed that, the bigger the inclingtitle more distortion would be
introduced in the field patterns, and the less likely the fation of a resonance path would
be. However, if the distortion exceeds certain limits, tee af the wedge-shaped waveguide
as a substitute for rectangular ones would not be feasiblerare (i.e. preserving good
properties for filtering applications).

Therefore, a sweep overhas been done here taking as a reference the same rectangular
waveguide used in Table 2.1, and the field patterns have ladeulated for the different
resulting structures (see dimensions in Table 2.2). N&g ththe cross-section area has to
be kept constant for equivalence reasons, there is a lintlh@imnclination angle applicable
to the wedge. In this case, for a constant aw.q,e = 19.05 mm, this happens for an angle
slightly over60°, whenh, reaches the value mm. Since we are interested in even higher
inclinations, our approach in this and for next inclinat&meeps is to assign a minimum
value toh,, hereh, ,,;, = 1 mm, due to manufacturing limitations. For inclination ae®yl
over60°, hy = hymin, and we deliberately allow,,.., to grow bigger tharb. This choice
does not fulfil the “equal cross-section area” criterior, ibstill helps to the understanding
of the wedge-shaped waveguide nature.

Table 2.3 includes the electric and magnetic field pattermsilated for the selected
structures considered in this sweep. The field patterns shgwod agreement (for the fun-
damental mode) with the rectangular case ugdto At 60° and above, the distribution of the
field pattern becomes very different to the rectangular as€an be seen in the last rows of
Table 2.3. The transition where the fundamental mode steipglaTE,,-like mode happens
close to60°. This is caused by the fact that, at this angle, the wedgpeshaaveguide be-
comes an equilateral triangular waveguide [57], with codesable different properties from
the rectangular case. Consequently, this result sets tation on the range af values to
consider for multipactor applications. It is also intemegtto point out that the cutoff fre-
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quency constantly increases withup toa = 60°. Then, it decreases again, even below
the value of the rectangular waveguide cat= 70°. These transition phenomena around
« = 60° will be discussed in more detail in the following subchapter

2.2.3 Modes and Cutoff Frequencies

In most microwave waveguide applications it is wished thdy @ne mode is propagating
in the frequency range (monomode regime). Thus, the opegrditequencyf is chosen
slightly above the cutoff of the fundamental mofig1), and below the one of the second
mode f(2). The distance between the operating frequency and thef afttfie second
mode determines the monomode bandwidth, which is a key a&pede into account when
evaluating the design capabilities of wedge-shaped wastegu

In rectangular waveguides, for a givgnthe monomode bandwidth depends onife
ratio, as can be seen in Fig.2.3. Assuming that b, the cutoff frequencies ofE, (funda-
mental mode) and'E,, (second mode fob/a < 0.5) are independent frorln However, for
b/a > 0.5, TEy becomes the second mode, and its cutoff frequency cometaotigsloser
to the one ofT'E4, for an increasing/a-ratio, which considerably reduces the monomode
bandwidth. Therefore, it is more convenient to ké@p,, as the second-order mode. The
typical ratio selected for rectangular waveguides is 1:arkad with a red-dashed line in
Fig.2.3), which is a trade-off between monomode frequeaoge and propagation losses,
since losses are minimal when the ratio goes to 1 (rectargglerbes a square). As already
observed in the previous chapter, the cutoff frequenciéiseivedge-shaped waveguides are
different from the rectangular ones, hence it is worth tagtinem and identify the corres-
ponding implications on the design. In particular, it had&determined which range of
average heights ang-values offer an acceptable monomode bandwidth. Otheridenas
tions related to multipactor behaviour criteria will be bdbed in the following chapters.

With this goal in mind, three rectangular waveguides witldtwic = 19.05 mm have
been considered. Their height valueare: 12 mm (like the example of Chapters 2.2.1 and
2.2.2),9.525 mm (standard WR75 waveguide) alheé- 5 mm. For each of these references,
a set of equivalent wedge-shaped waveguides with inclinatngles ranging fror to 90°,
and with the same width = aw.q.. has been obtained. For each structure in these sweeps,
the cutoff frequencies of the first couple of propagating esotave been calculated and
the results are included in Table 2.4 (magenta-solid andgar@lashed curves in each of
the plots). The cutoff frequencies of the reference rectlrgvaveguides have been also
depicted to facilitate the comparison (brown-dotted areegrdashed-dotted curves in each
of the plots). Note that the indices “1” and “2” are dynamigalssigned to the first two
propagating modes, ordered according to the ascendinff-fngtguency value. Moreover,
a minimum value for the narrow side of the wedgeshof,;, = 1 mm has been chosen.
Once this minimum value is reached, the mean height of thegyesstiaped waveguides has
to exceed thé of the original reference rectangular waveguides. In sasies, the height of
the reference rectangular waveguide will be adjusted w &ian height value in order to
facilitate the interpretation of the plots.
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Table 2.3: EM field patterns (absolute value) of the fundaalemode of wedge-shaped
waveguides with different inclination angles (rectangibae. o« = 0°). The colours are coded
like in the previous images.

Inclination | Fundamental Magnetic field (absolute
angle mode Electric field (absolute value) value)
TE10
00
(rectangular) fo=
7,869 GHz
TE+o
50
fC=
7,871 GHz
TE+o
20°
f(;=
7,922 GHz
TE+o
40°
f(;=
8,133 GHz
TE10
60°
IQ:
8,691 GHz
TE10
70°
I:G,:
7,381 GHz
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Table 2.4: Cutoff frequencies of the first two propagatingdesof different wedge-shaped
waveguides in terms of the inclination angles. Each colgmaph uses a different rectangu-
lar waveguide as a reference, each with a diffebdmit all with a constant = 19.05 mm.
The minimum height of the wedge side-wallsis,,;,, = 1 mm. b remains constant for each
column, except wheh; = Ay yin.

b=12mm b=9.525mm b=>5mm
18 18
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In the first column of Table 2.4 (= 12 mm), the behaviour of the cutoff frequency of
the fundamental mode of the wedge-shaped wavegftiide:..(1) already observed in the
previous subchapter is confirmed: its value increases \Wehriclination angle unti60°,
where it starts decreasing again. For> 68°, it descends below the cutoff of the funda-
mental mode of the rectangular ca&keg..(1). Due to the fact that the reference rectangular
waveguide has a rati/a > 0.5, TEy, is here the second-order mode, with a cutoff fre-
quencyfc.e.t(2). A consequence of this: there is a relatively small recttargnonomode
bandwidth. An even lower monomode bandwidth is availabtetlie different equivalent
wedge-shaped waveguides, since fhg.q..(2)-curve keeps always beloy ,...(2). When
observing the evolution of thi: yedge (1) @and fc weage(2) CUrvVes, it can be detected that they
are equal atv ~ 60°. This can be understood as a mode swap, which explains thiesud
discontinuity in the slope of both curves. Once the,:, value has been reachedpat: 62°,
it has to be noted that the valye ... (2) is not calculated any more fér but for the corres-
ponding (higher,,....-value, since this suits better for comparison with the veedigaped
cases. Hence, at the mentioned inclinatior 62°, the f ,..¢(2) curve experiences a bend
resulting from the direct dependency fof ... (2) on the height value.

The second rectangular waveguide example (second colufiabtd 2.4) = 9.525 mm)
is a standard WR75 waveguide, with the most common fgtio= 0.5. Indeed, the cutoff
frequency of the second mode ,..t(2) is much higher than in the case of the first column.
Except for this detail, the graph is similar to the previong.oHere as well, th¢c yedge(2)
curve has smaller values th#n,...(2) for all wedge-shaped waveguide cases. This indicates
that, for this particular case, we have to count on a nonigiétg reduction in the monomode
bandwidth with respect to the one of the equivalent rectimgmaveguide. For moderate
angles, the second-order mode is thig,,, which has a cutoff value independent from the
b/a ratio. hy i, is reached atv ~ 50°. From thisa-value on,h,.., starts growing over
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b, which increases th,,..,/a ratio, immediately exceedin@.5. Hence, the swap in the
second-order mode of the rectangular waveguide betWégnandTE; takes place at this
precise inclinationy ~ 50°.

A rather interesting interpretation can be extracted frbenthird case, shown in the last
column of Table 2.4 = 5 mm). Here, the ratid/a =~ 0.25. Unlike the other examples,
the wedge-shaped monomode bandwidth remains almostadetdithe rectangular one for
inclination angles up td0°. Above this value, the usual drop jf weqqe(2) and the slope
jump between thec wedge(1) and fc weage(2) curves occur. In this last exampley i, IS
reached atv ~ 30°, andhy,e.n/a becomes> 0.5 ata ~ 50°, like in the case of the second
column.

After this preliminary analysis, several conclusions meealear:

e The maximumx value applicable to a wedge is limited by th: ratio of the equiva-
lent rectangular waveguide, assuming it is wished to keetiterion/,cn = b.

¢ Wedge-shaped waveguides with< 60° have a fundamental mode very similar to the
rectangular waveguide case.

e The cutoff frequency of the fundamental mode of wedge-sthaps/eguides within
this range ofn-values is always higher than the one of a rectangular wasteguith
the same width.

e The monomode bandwidth is generally lower than for the reptéar waveguide case
(reduction is significant for values &f,..,/a > 0.5), decreasing witav.

e In the caseh,e.n/a < 0.5 a monomode bandwidth comparable to the rectangular
one can be achieved for all feasibievalues (that fulfilie.. = b). This will be
the scenario where appropriate applications for a multgraesistant wedge-shaped
waveguide must be found.

2.3 Discontinuities and S-Parameters of Stepped Waveguide
Devices

2.3.1 Discontinuities with Wedge-shaped Waveguides

For the efficient analysis of passive waveguide deviced) sgdilters or transformers, the
proposed method for calculating the modal solution of itdinvaveguides (Chapter 2.1)
has to be extended to solve also discontinuities and cansidading waves. An integral
equation formulation [58] has been applied here. It cossittharacterising planar discon-
tinuities (perpendicular to propagation direction) betwevaveguides through multi-modal
impedance or admittance matrices. Each waveguide elemaeicessarily uniform (cons-
tant cross section), but can have a different shape and dioresifrom the other ones, which
creates a planar discontinuity in the junction plane likedhe shown in Fig. 2.1.
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Figure 2.5: Schematic representation of a multi-modal idapee matrix that characterises
a discontinuity between waveguides.

An example of a multimodal impedance matrix representasigiven in Fig. 2.5 [59,60].
Each plane (input and output) of the matrix involves a modéltgon of the input (left) or
output (right) waveguide. The asymptotic admittance roasriare defined, according to the
corresponding modal solutions derived in Chapter 2.1, ksis:

_j kC,n

A - w

Yn ~ . we .
'] kC,n

wherekc , is the cutoff wavenumber of the correspondingh mode.

Discontinuity matrices can be combined together with thesoof transmission lines to
provide the scattering parameters (S-parameters) of tiodevgtructure. Here, the formula-
tion for the resolution of the discontinuity is extendedower interfaces between rectangular
and wedge-shaped waveguides, and between two wedge-shapeguides. The main up-
date is the computation of the coupling integrals betweemibdes of both waveguides at
the discontinuity (2.31):

TE mode
TM mode

(2.30)

(et ENeny = / CASIEAN (2.31)

Ar1s

whereWW G 1 is the blue-dotted rectangular waveguide shown in Fig. 216,/ G 2 is the
red-solid wedge-shaped one. By conventidng: 1 will be the waveguide with the larger
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=== Rectangular WG
— - Reference Box

Figure 2.6: Example of a discontinuity between a rectangii&’ 1) and a wedge-shaped
waveguide VG 2). The dash-dotted green rectangle represents one of thif@eference
boxes for calculating the modal chartiéfG 2.

cross-section area. The solutions of these coupling iategre given by the BI-RME me-
thod.

As a general rule, reference boxes that are tightly adjustéd corresponding arbitrary
waveguide converge faster to the desired solution. Henceoist discontinuities between
rectangular and wedge-shaped waveguides, instead ofasaeference box the waveguide
present at the discontinuity, it is more efficient to use &ed#int one fefbox), like the green
dot-dashed rectangle in Fig.2.6. Here, the way to calctifeteoupling integrals is slightly
different from (2.31):

<?X¥G1' ¢ Z\NG2> _ Z <?gGl. ?refb0x> <E>;efb0x; ¢ XVG2> (232)

) ? r

r(refbox modes)

In (2.32), the first coupling integral in the summation protis between the modes of
two rectangular waveguides (see analytical solution ij)[6@hereas the second one is the
one that BI-RME would deliver for this particular referertmex. Apart from increasing the
efficiency, there are other reasons for using tailored esie boxes in the rectangular to
arbitrary discontinuities (examples can be found in Tabl@.4f the ratio between the areas
Amris and Awarr, IS an integer number (first row, first column of Figure 2.7gréhmight
be instabilities in the resolution of the BI-RME problem. eFafore, it is advisable to use a
reference box with a smaller surface.lMG 1 is already the smallest possible rectangular
geometry that contain8/G 2 (first row, second column of Table 2.7), it is also possible
to use a reference box larger thelNG 1. Larger reference boxes also apply whHeéiG 1
does not fully contaii/ G 2. Finally, reference boxes have to be also selected if we deal
with a discontinuity between two wedge-shaped waveguidesopnd row, second column
of Table 2.7). In this case, using the same reference boxdtr Wwaveguides saves some
computation time. On the other hand, the modeB/a¥ 2 might converge slower than with
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Figure 2.7: Different cases in which a special reference diféerent fromiV G 1, has to be
used.

a specifically tailored reference box. An algorithm has begrlemented that calculates the
ratio Aris/Awarr, When analysing a discontinuity and that uses the suitafibearce box
in each case.

2.3.2 Analysis of Stepped Waveguide Structures

Combining several impedance matrices, a structure condpafse series of waveguide sec-
tions connected in cascade can be analysed. The circuitilfay an example of a cascaded
structure can be seen in Fig. 2.8. The modal voltdgesd currentd are the unknowns,
and the admittances, the transmission line lengttisand the propagation constartsre
given.
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The transmission lines are modelled by means efeqjuivalent admittance circuit. A
detailed description of the derivation of the S-parametéthie whole structure (charge of
the matrices) is given in [59, 60].



Chapter 3

Multipactor Effect Analysis of
Wedge-shaped Waveguides

3.1 Electron Emission in Metals

3.1.1 Models for the Secondary Emission Yield

The multipactor discharge mechanism relies on the ele@naissivity of the metallic walls
to build up a sufficient electron density, as depicted in ERyof Chapter 1.1. When an
electron impacts a metallic wall, it can trigger differehtysical mechanisms, which depend
on parameters like the kinetic impact energy, the impackeaaigd the properties of the ma-
terial. Basically, the incident electron can be absorb&tieally rebounded, or additional
electrons (secondary electrons) can be generated andedlgao the waveguide hollow re-
gion. The Secondary Emission Yield (SEY) curve describesatrerage number of emitted
electrons from a metallic wall per incident electron impaktterms of the cited parame-
ters. Each metal has a different characteristic SEY cureeShe shapes of the curves are
similar to each other, all can be fitted by the same kind of ematitical functions, having
each metal a set of characteristic coefficients. A coupla@fhtost common models will be
described here, each with a different level of complexitiie Tirst models were relatively
simple, but they had to be extended or their fitting functiopsmised following the need to
better emulate the physical secondary emission phenoméhesse note that the term SEY
is often named Secondary Electron Emission Coefficient (QE& simplys.

The first SEY curves were directly derived from measuremefiise different materials
[61] and looked like the one in Fig. 3.1. The SEY values wertemined in terms of
the kinetic impact energyV [eV] for a fix incidence angle, normal to the impact surface.
The measured curves typically show an optimum ené&¥gy,, where the electron emission
probability 6., IS the highest. The curve constantly decays for lower antdrigmpact
energies. As long as the SEY value is above 1, it is assumeédeloandary electrons are
likely to be generated. The points where the curve crossesdlue 1 are known as the
first and second crossover point&y(andlVs;, below and abovéV,,., respectively). These
points mark the thresholds of the absorption regions, wtiere@lectron density would start
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Figure 3.1: Typical SEY curve measurement for a certain rnadi@nd for a fix impact angle.

decaying. The measurements can then be fitted by appropréateematical functions based
on these parameters. A first option to deschilwer iV is presented here (3.1):

1— e_A(%)B

FW) = — ) (3.1)

whereA, B, C, D are constant coefficients that result from fitting the cuovéhe crossover
andWW ..., points. Hence, this function can be applied to any matenaedhe characteristic
valuesiy, Wy, Wax andd,,.. are known.

In [62], Vaughan extended the model to cope with differenpaat incidence angles
#, and to improve the accuracy at low energies. This angle fisabk with respect to the
vector normal to the impact surface. Henées 0° for a normal impact, and will tend to a
maximum value of0° for an almost parallel impact. The formulation is given ir2)3

S (0) - 1—\(7) <3
6max(9)% v > 3.6
where
W — W
= 3.3
7 Wmax(e) - WO ( )
_I<L1+I€2 K1 — K2 - k1 = 0.56 ’}/<1
k() = 5 - arctan(mIn~y) ~ {/{g L0925 41 (3.4)
92
5max(9) - 5max(0) ' (1 + ké%) (35)

Wi (6) = Wi (0) - (1 i kw%) (3.6)
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Figure 3.2: SEY curve model that takes into account the imaagle of the electrons, and
with a corrected low-energy model. Proposed by Vaughan.

The following parameters are empirically assignéd; = 12.5 eV, r = 1.125, s = 0.35,
andkw andks are constants that depend on the roughness of the matewdaded assigned
by default the value 1 [63].

Note that (3.2) is not conceived for negatiy@alues:
(') =(-IC])"¢R <0, keR (3.7)

This means that (3.2) is not defined faf < W,. A plot of the function is included in
Fig. 3.2. It looks similar to Fig. 3.1, but over the variablewhich also depends on the
impact incidence angle.

A further modification is proposed by Vicente [64] in orderoercome the drawbacks
of the formulation in (3.2). On the one hand/; is not properly fitted by (3.2), sincé/,
has been chosen rather arbitrarily. The solution is to adlus 1/-value taking thél/;-
crossover into account. On the other hand, (3.2) is not difioeimpact energies below
Ws. In such cases, the electron would experiment an elastmureh without generating
secondary electrons. This can be described by a constealue (g ..c = 1). The new
formulation is the following:

5start =1 v < 0
S(W,0) = < Smax(0) - (ve!=1)" 0 <y < 3.6 (3.8)
6max(9)L- v > 3.6

,\/\5

Apart from the extension of the definition 6fto the range of negative-values,|V, is
not arbitrarily set any more, but is chosen so #@t;,0) = 1. This is done by evaluating
(3.8) atiWW = W; andd = 0. The value ofy(1/7,0) can then be obtained by solving the
following transcendental equation:

1= G (12, 0) - (7(WW3, 0)! /W00 (3.9)
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Substitutingy(W7,0) in (3.3) atiV = W gives us directlyil,.

However, this correction might shift the rest of the modelnerating a discontinuity at
~ = 3.6 and shifting the crossover point frobr;. A solution to this problem is to redefine
the values of the constantsand s proposed in the model of (3.2), so that théunction
becomes continuous. Considering this, (3.10) shows howrigalll (v = 3.6) from (3.3):

W(y = 3.6) = 3.6 (Whax(0) — Wo) + Wy (3.10)
This allows obtaining, after substituting in (3.8), a firskationship betweernandr (3.11):

B (0) - (3.6¢=2:6)" 0 Fma (0) 35
(3.11)

g

k,3.6°

wherek, ~ 0.69665. A second equation to solve the system can be obtained bndpydo
be equall at1; (3.12):

r

r

1 = Omax(0)— (3.12)
72
where W W
2 0
pu— .1
Y2 Wonae (0) — Wo (3.13)
Combining (3.11) and (3.12), we can solve $3.15):
_ 2 )°
FruOmase(0) = ( : 6) (3.14)
&
. ln(kvénzx(O)) (3.15)
In (3%)

The value ofr is deduced by substitution of (3.15) in (3.11), which congdethe model.
A graphical realisation of it can be found in Fig. 3.3. Notatttve might assign a different
value tod..« iN our multipactor prediction software based on empirieshuts.

All these models have been implemented in our software andbeaselected for the
simulations via input parameter. Nevertheless, the modmgdgsed in [64] and (3.8) has
been the one chosen for the multipactor prediction of theufsatured hardware devices
that will be presented in Chapters 4 and 5.

3.1.2 Rebound Energy Models

The incidence collision angl&- of an electron on a waveguide metallic wall influences the
secondary emission mechanism, as suggested by severdkritoGaapter 3.1.1. Assuming
a local Cartesian coordinate system, the incidence anglbeaalculated as follows (3.16):

—70 * MWall —UC,z " MWall,e — UC,y * MWally — UC,z * MWall,z
fc = arccos = arccos

—e
7l \/v%x + véy + Uéz

(3.16)
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Figure 3.3: SEY curve model that takes into account the impaagle and the elastic re-
bounds for low energy. Proposed by Vicente.

a) Impact ; b) Elastic rebound

WG conductor wall 5, =1

Figure 3.4: 2-D projection of an electron rebound undertel@snditions.

being @' ¢ the velocity vector of the electron in the impact instant] g, any of the con-
tour vectorsic;. 4 defined in Appendix B.2 for rectangular and wedge-shapesk@ections.

The different potential interactions between the incomatectron and the waveguide
wall are: elastic rebound, absorption or generation of séary electrons. For very low im-
pact energiesy( < 0), the electron hitting the wall experiments a specular veldo(elastic),
like the one schematically shown in Fig. 3.4. The outbourgle); is equal to the collision
incidence anglé.. Such events do not modify the electron density in the enwirent.

If the SEEC value is< 1, it is likely that the electron gets absorbed, which infers a
reduction of the free electron density. Otherwise, SEE@e&lover unity symbolise the
generation of secondary electrons, like in Fig. 3.5, whes ¢lectrons have been emitted
after the collision. Here, the emission angles safisfy, # ¢, but are randomly distributed
over the hemispheric space around the collision locatiesyming a 3-D formulation. A
model proposed by [52], the cosine law, has been adoptedtbetescribe the statistical
distribution of the emitted electron spherical anglesd¢ (see definition in Fig. 3.6):
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a) Impact b) Secondaries:
n random rebounds
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e~
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Figure 3.5: 2-D projection of an electron impact (in bluejsiag the emission of secondary
electrons (in red) at random angles.

Figure 3.6: Definition of the spherical coordinates arourmbléision for the determination
of the outbound direction.

0 = arcsin (\/m2 + n2) ; m,n € [—1,+1] = 6el0,m/2] (3.17)

¢ = arctan (%) : m,n € [—1,+1] = ¢ € 10,27 (3.18)

Note that, although the 2-D projection of Fig. 3.5 seems ggsat that all outbound velocity
vectors lie on the same collision plane, which is the one ddfinyn.; and the velocity
vector v/ ¢, (3.18) outlines the normal distribution of tiecoordinate betweetand2r.

The magnitude of the outbound velocities of the secondagtens is also a random
variable, which has to be appropriately modelled to re&ri@hiable simulation results. How-
ever, some authors assign it a constant value for all secpmtiectrons, independent from
the incoming speed. We usually apply a Maxwell-Boltzmanergy distribution function
f(z) to determine the outbound energy (3.19):

flx)=e 274 (3.19)

whereW¢ is the mean energy, and’; the standard deviation, both characteristic of the
material of the wall. An additional constraint establistiest the emission energy cannot be
higher than the impact energy. Hence, outbound energiedipped to the impact energy in
such events.

The electron energy values can be converted into spgedss| with the following for-
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Figure 3.7: Example of the multipactor susceptibility oatg.

mula:
e

vlm/s] = |2W]eV] (3.20)

mo
with constants: ~ 1.60218 - 1071 C andm, ~ 9.10938 - 10~3! kg, which are the absolute
value of the charge and the mass at rest of the electron,atésgig.

3.1.3 Multipactor Susceptibility Regions

The SEY models described in Chapter 3.1.1 establish an ingresrgy region (between
Wi, v andWs, v,) where secondary electrons can be generated and, therdfermulti-
pactor effect can occur. This means that, under impact exgebglow or above this region,
the free electron density in the structure will naturallg&ase. This concept helps in the un-
derstanding of the multipactor susceptibility curves @eemple for silver in Fig. 3.7). Such
a chart warns about the risk of multipactor discharge in saofrthe input power/voltage and
the frequency-gap-product between parallel-plates datfo The blue polygons mark the
boundaries of the multipactor susceptible regions. Treame blue curve for each value of
k, also known as multipactor order, which is an odd integestamt indicating the number
of half RF signal cycles between consecutive collisiondefeélectrons against the top and
bottom walls, as already mentioned in the list of condititorsa multipactor discharge in
Chapter 1.1.

For a fix f x d product, and considering only the blue polygon correspunth i = 1,
we start-off from0 and travel towards positive peak voltages between the Iphpdéites.
Once the first blue line is crossed, a voltage value has bemmed capable of inducing a
multipactor discharge. Further increasing the voltagéaailise, at a certain point, a second
crossing with the blue polygon, which indicates the exitfrthe multipactor-sensitive re-
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gion. The same principle applies for the rest of multipactater polygons, although high
orders are more unstable due to the longer travel time ofldatren between impacts. Ne-
vertheless, a common practice is to set an envelope thieéiblakck line in Fig. 3.7) below
the lower boundaries of all the multipactor order regionkiclv establishes a conservative
maximum threshold for design purposes. Moreover, [3] satgga’ dB margin below this
envelope to ensure the flight qualification of space hardwasemargins betweetdB and

3 dB, testing is required. Powers that have less thdB margin are not allowed. Taking as
an example the green line in Fig. 3.7, a parallel plate strecvith f x d = 12 GHz.mm
has been considered. This structure would have a multipaottage threshold of around
730 V. The design coordinate marked with a dark-red circle in BiF, at around10 V,
would indicate the need of testing, since there would be patipower margin with respect
to the multipactor threshold of less thanlB.

3.2 Multipactor Prediction Tool

3.2.1 Overview

In order to study the multipactor phenomena in hollow wavegs, an efficient multipactor
prediction tool has been implemented. It simulates theteledehaviour within the struc-
ture under the influence of EM fields, and predicts the muitiqpapower threshold by sta-
tistically analysing the electron density after a certamet A functional block diagram of
the tool can be found in Fig. 3.8. The blue-dashed rectargjless the main four modules
of the tool, numbered in order of execution. The inputs nddxjethe different elements are
highlighted in orange, whereas the generated outputs atkeethan green.

The basic version of the tool accepts as input structure ectangular or wedge-shaped
infinite waveguide, as defined in Chapter 1.2, with metalladisvof a specific material. The
materials are assumed lossless, but the tool could be eeddndossy conductors by apply-
ing the formulation presented in Appendix B. With the stunetdimensions and the working
frequency information, the first two modules can be executdr first one is the “Launch
Position Prediction Module”, which suggests an initial ifoa from which the simulation
electrons should be launched. This will be explained in na@til in Chapter 3.2.4. The
EM fields are calculated in the module 2, as described in @&pt and Appendix A. The
normalisation and interpolation procedure describectthbows performing the calculations
outside of the main program loops, which considerably sewagputation time.

Once the first two modules have been executed, the modulee8ttBh Tracking Mod-
ule” is executed multiple times within three embedded loddse objective of this module
is to track the trajectory over time of an effective electtocated within the waveguide un-
der the influence of the harmonic EM fields, by means of a FiDiteerence Time-Domain
(FDTD) method that will presented in Chapter 3.2.2. Thekirag of the electron has been
implemented in 3-D, in order to enable the extension of thétstepped waveguides with
standing waves, in contrast with most of the contributiohthe literature. Potential colli-
sions against the walls are recorded, and the correspofdiivgcurves are calculated using
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the models of Chapter 3.1. After a certain number of coltisiothe accumulated SEEC
values (called multiplicity functiom in Fig. 3.8) give a statistical indication of the electron
density in the device.

These variables storing statistical electron densityrmétdion are precisely defined in
Chapter 3.2.3, and will serve as multipactor risk indicatorhe tracking of each effective
electron concludes when one of the following criteria idifield: maximum electron life
time reachedyt(,.,, usually chosen in the order of thousands of RF cycles), maxi num-
ber of collisions reached’{oll,,..., usually20, 30, or even50), SEEC of a collision below
the minimum §,,.;,,, usually in the order ot0~3) or accumulated multiplicity function be-
low the minimum ¢,,.;,, usually in the order of0~3). The first loop that iteratively calls
module 3 ensures that a considerable number of phases w&ithRt- cycle are covered by
the simulation.M effective electrons are launched instead of 1, each ontngtéo interact
with the EM fields at a different instant. Usually, thé launch instants/phases are equally
distributed over a complete RF cycle. The consequent riskudfipactor discharge at the
selected frequency and input power results from a summafidime multiplicity functions
of theseM electrons (enhanced counter function or secondary sungir8/8). The second
loop repeats the analysis fof... different input power steps, in increasing order, but not
necessarily uniformly distributed. A coarse estimatiothefexpected threshold is useful for
properly defining the input power array and reducing the nemobiterations. An additional
criterion for ending the simulation can be defined here, seaae would only be interested
in the lower multipactor boundary of a device. In this casmaximum secondary sum pa-
rameter F...) can be defined, which would interrupt the input power looa gufficiently
high secondary sum value is reached. Finally, a third loowic®rsiV; ..., different launch
positions for the initial electron. This is especially regd by wedge-shaped waveguides,
for which there is no unique optimal launching position, tlméhe instability of the trapped
trajectories in this kind of topology (cf. Chapter 3.2.4)otule 1 offers a good approxima-
tion to this value, but it is still necessary to execute tmautation from a range of starting
electron positions around the suggested value.

Once the embedded loops have finished, the useful outputniat@mn is stored in text
files. Interesting reports and graphic representationgtoam be generated with the “Post-
processing Module”. The overall simulation time of the tsahainly determined by the du-
ration of one run of module 3, multiplied b\ - Npgwer - NLauneh- The Simulation duration of
the rest of the modules can be neglected in comparison. Thahamost no difference in the
simulation duration of module 3 between the rectangulartbadvedge-shaped waveguide
case, thanks to the pre-calculation of the EM fields in mo@uleowever, SinCéVy .unen 1S
usually equal 1 for the rectangular case (optimal electaond¢h position is known, namely
the centre of the waveguide), the overall simulation durailsi;NﬁZ‘ffcf) times shorter for the
rectangular case.

An important difference with respect to existing predinttools is the specific adaptation
to wedge-shaped waveguides. The functionalities of thas have been implemented in
FEST3P, including its extension to deal with more complex steppadeguide structures, as
will be explained in Chapter 4. The following sub-chapterxegnore details on the electron



3.2 Multipactor Prediction Tool a7

dynamics and on the algorithm for the detection of the madipr threshold, including the
determination of the ideal launch position for the simulagéectrons for the wedge-shaped
waveguide.

3.2.2 Electron Dynamics

The key for understanding the mechanism of the multipadswhadrge is to study the be-
haviour of the electrons within a harmonically excited wgwee. A significant growth in
the electron density in the device can only happen if theteles hit the top and bottom
walls with the appropriate energy and at periodically sal@anstants. Furthermore, stable
trajectories of the electrons have to be found in order tdicarihe potential existence of re-
sonance paths. These would prevent the electrons fronmdrétvay towards regions of the
cross section with lower fields, and would enable sustametareases of electron density.
The collisions against the walls can be predicted if thetedas are properly tracked within
the EM field.

The electron dynamics are governed by the equation of métiorentz force equation,
at the left-hand side of (3.21)). This force has to fulfil theedry of Special Relativity [65]
(right-hand side of (3.21)), resulting in the following edion:

FL=qE+7xB)= % (3.21)

: = — . . :
whereq = —e is the electron chargek. and B are, respectively, the instantaneous electric
and magnetic field vectors interacting with the electrord@fined in Appendix A.1), and’
is the velocity vector of the electron. The relativisticdar momentum is defined as:

T =mn T (3.22)

wheremy, is the electron mass at rest= 1/./1 — (v/c)? is the relativistic factory being
the magnitude of the velocity vecter—= 1/, /1o is the free-space light velocity (wherg
is the free-space magnetic permeability apds the free-space electric permittivity) angs
the time.

The proposed algorithm launches an electron &t tiyiial phase from the bottom wave-
guide plate with a configurable initial velocity perpendicular to the wall. For determining
the position of the electron at the instant At¢, (3.21) can be solved numerically by means
of the Velocity-Verlet algorithm (see [66] and [67]). Uslyalwhenv < c¢), the relativistic
term is discardedh(— 1). Expanding then (3.21), (3.23) is obtained:

"E-TxB=Ayad+ 0—1273(7 DT~ AT (3.23)

where @ is the acceleration vector antl= m,/e. The acceleration vector is the derivative
over time of the velocity vector/, which in turn is the derivative over time of the position
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vector7: @ = o = 7, where the dot represents the time derivative. The diftéakn
equation system to solve becomes then (3.24):

Ty = (szy -7r,B, — Ey) /A
T, = (fyBX — 7<By — E,) /A

with the initial position7, and speed , of the electron as initial conditions.

Although the relativistic component of this equation candigcarded for the typical
power ranges of most space waveguide devices, it shouldrmdared in cases when ex-
treme speeds are reachedd = 0.1), like for plasma physics applications or high-power
multipactor testing simulations. The differential prabléo be solved in this case would be
(3.25):

. . . . =

7 = (7,By — 7B, — Ex + 7y - 7 E/c?) /(Av)
N o=

7y = (7xB, — 7By —Ey + 7y - 7 - E/c®) /(A7) (3.25)
o=

i, = (7By— ixBy ~E,+7, 7 - E /) /(A7)

The Velocity-Verlet resolution of (3.25) will be proposedrh, since the relativistic pro-
blem is the more general case. The algorithm is a FDTD methioitie time instant + At
(iteration step), the position and velocities can be derived from the ondsegbrevious time
stept (iterationi — 1). These are the approximations applied for their compaati

(3.26)

a) T(t+ A =T () + AT (t) + 22T (1)
b)) T(t+At)=TV(t)+ 4L (T ({) + d(t+ At))

The update procedure of the position and velocity valuemduhei-th iteration is shown
here:

1. Equation a) of (3.26) is applied to obtain the new positibtine electron?(t+At) =
7., based on the previous position and velocity.

_>
2. The EM fields are calculated at this new position and attinent time steB (7 (¢ +
- - =
At)), E(7(t+ At)) = B, E,.

3. The current acceleratioﬁ(t At) = "d; is calculated according to (3.25) by substi-
. - = .
tuting the new values oB ;, E ;. The result will depend on the unknovﬁ(tJr At) =

7.

4. The past speedy() and the past{) and current ¢;) acceleration are substituted in
Equation b) of (3.26). The final result is an equation wheeeahly unknown ist’;.
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An expanded formulation of this last step is included her2{B wherer - E>/c2 has been
substituted by the constaft.;:

Ui = U+ i (0,By = 0B, — Ex + 0xCra + 0By i — vy B, — Exi 4 05 iCra)

Vyi = Uy + Zﬁt (0B, — v,Bx — Ey + vyCral + 5B, — v,,Bxi — Ey i + vy,,Cral)

Vg = Uy + ﬁt (vyBx — 0By — E, + v,Crel + vy,;Bx; — v4iByi — Eji + v,,Cral)
(3.27)
Note thatC,; ; has been apprOX|mated @s.. The error is negligible, sinc€ is still much

higher thari7” - Eor7,-E, The system to be solved is (3.28):
vy + 2617 (vxCral + v,By — vyB, — Ex — Ex ;)
vy + ﬁxt (vxB; + vyCra —v,Bx — By — Eyj) | =
v, + ﬁt (vy By UXB +v,Cra — E, — E,;)
At C At B At B

A2A'y re A gAy Ux,i

- t t t

- %ﬁ 599 5 o] G2
2A'y B B 2A'y Cr UZ,i

The analytical expression of the future velocities is:

aut

P = (3.29)
(247 — CraAt) ((247)% — 4A7CraAt + A2(BY, + B, + B, 4+ C2)))
whereau is:
aury, = (2A7)%v+
247 (v,(By + Byi) — vy(B, + B,;) — Ex — Exi — Craity) +
+ 2AyAt +AtBy i (vy(Bx + Bxi) —uxBy —E, — ) + N

+AtB,; (v,(Bx + Byx;) — vB, + E;, + Ey ;) +
+At (v(BY; — C2) + 2Cra(vyB, — v,By + Ex + Ey;))
(B2, + C2,) (1B, — 0,B, + Crar, — B — E, )+
+ Ats +(BX,iBy,z’ + Crole,Z><UxBZ - UZBX + CYCIUY - Ey - EY7i>+ (330)
_'_(BX,Z'BZ,i — CrclBy,i><UyBX — UXBy _'_ Crclvz — EZ - Ez,i)

auzy = (247)3v,+

2A7v (vx(B, + B,;) — v,(Bx + Bx;) — Ey — Ey; — Cravy) +
+AtBy; (vx(By +By,;) —vyBx+ E, + E,;) +
+ALB,, (v,(By + By,;) —vyB, — Ex — Eyi) +

+At (’Uy( — C2%) + 2Ca(v,By — viB, + E; + Ey,z'))

(B}%,z + Crel)<UX z UZBX + CrCIUy - Ey o EY7i)+
+ Atg +(By,iBz,i + Crele,i)('UyBx - UxBy + Crelvz - Ez - Ez,i)+ (331)
_'_(Bx,iBy,i — Crele,i><Usz — Usz + C’relvx — Ex — Ex,i)

+ 2AyAt
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aux, = (2A7)3UZ+
2A7 (vy(Bx + Byi) — vx(By + Byi) — E, — E,i — Crav,) +
+AtBy; (vx(B,+B,;) —v,Bx —E; —E; ;) +
_'_AtBy,i (Uy(Bz + Bz,i) - Usz + EX + Ex,i) +
+At (UZ(BEJ - Crzel) + 2Cra(vxBy — vyBx + E, + Ez,z‘))

(B2, + C2)(vyBx — 0By + Crav, —E, — E, )+

+ A | +(ByiB,i — CeaByi) (v<B, — v,By + Crqvy — Ey — Ey )+ (3.32)
+(Bx,iBz,i + CrclBy,i>(Usz - Usz + Crclvx - Ex - Ex,i)

+ 2AyAt

In each iteration stefy once; is obtained in “step 1” of this procedure, it is checked
whether the new position is within the boundaries of the \gaide. If this is not the case,
it means that a collision has taken place t.nison < t + At. Then, the normal flow of
the algorithm is interrupted to deal with the collision etveéhhe collision instant and posi-
tion are estimated by projecting the previous position agldaity and assuming a constant
velocity until the electron reaches the waveguide boundging following iteration will be
performed at..ision + At, With the estimated collision position and the emissioroeiy
as initial conditions. The determination of the emissiologity vector depends on the type
of collision (elastic or generating a secondary electrorssion), as it has been described in
Chapter 3.1.2.

To illustrate a simulation example of this algorithm, th® 3rajectories of two electrons
inside a wedge-shaped waveguide have been computed amedpilotFig. 3.9. The one
on the left shows an electron that drifts towards one of tde-sialls, losing most of its
energy, after colliding several times against the top antbboand against the side-wall
itself (collision locations marked with a dark red star). tBa right, the electron seems to be
trapped in a resonant path and to follow curved trajectdret®veen top and bottom walls.
These curved lines are, as expected, very similar to the fumesed by the electric field
vectors of wedge-shaped waveguides (cf. Fig. 2.4). Pleasethat, although secondary
emission collisions take place, the plots of Fig. 3.9 onlgvglthe trajectory of one of the
emitted electrons after each collision.

The implemented version of the algorithm can follow sevetattrons, but not simulta-
neously. Thel/ effective electrons in the simulation are sequentiallynthed and tracked.
As it is shown in [21], the Velocity Verlet algorithm ensurascuracy and reasonable nu-
merical efficiency provided that the time steps are fine ehdegy. ~ 750 steps per RF
cycle).

3.2.3 Algorithm for the Prediction of the Multipactor Disch arge

In Fig. 3.8, the different loops of the multipactor predictisoftware workflow are shown.
Assuming a single launch positioV{..... = 1), for each input power step\/ electrons
are launched at uniformly separated initial RF cycle pha3ée SEEC values obtained in
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Figure 3.9: Two examples of simulated electron trajectoitiea wedge-shaped waveguide
and its collisions against the wallX'Y -plane is perpendicular to the propagation direction.

the wall collisions of thes@/ electrons will determine the risk of multipactor discharge
The compilation of this information is the responsibiliti/tbe collision event chain in the
“Electron Tracking Module”, whose prediction algorithmlMie detailed here.

To record the generation of secondary electrons in the wdlsmns, we have followed
a traditional effective electron model [68], but modifieccading to [69]. Concentrating
on a single electron (called effective electron), when disioh happens, the SEEGQ)(is
computed, which decides if the electron is elastically otéld ¢ = 1) or has produced true
secondary one9 ( 1). The actual SEEC value represents the average numberarfdsey
electrons emitted by this incident particle [62, 64, 70]eTrobability can also be less than
1, which infers that the electron might have been absorbegjaRiless of thé-value, the
only the effective electron is tracked after the collisiangs is stored in a common variable
and accumulated with the values of consequent wall cofisiuring its whole simulation
lifetime. The tracking of the effective electron finishesemtone of the following conditions
is fulfilled: maximal RF signal simulation cycles, maximummber of collisions, minimum
SEEC in one collision, or minimum accumulated SEEC.

The accumulated SEEC for each effective electias called the multiplicity function
(formulated in [68]), and is calculated as follows (3.33):

e = T o (3.33)

wheren is the selected total number of impacts and the impact index. The multiplicity
factors from theM launched electrons can be added together to compute tharfeet
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counter function” [68] or secondary sum (3.34):
M
Secondary Sum = Z el (3.34)

When Secondary Sum becomes higher thaf/, it indicates a statistical electron growth,
and therefore a risk of multipactor. Some authors also us@dhhmalised version of (3.34),
where the threshold is set tandependently of\/.

The lowest power value at which the RF multipactor breakd@nikely to happen is
hence the multipactor power threshold of the wavegutde The corresponding voltage
value at this power threshold i§,.. As explained in Chapter 3.1.3, there are ranges of input
power with multipactor risk, called multipactor “windowshterleaved with inactive power
ranges. These windows are the result of multipactor phenarokdifferent order [2, 11].

3.2.4 Trapped Trajectories and Launch Position Prediction

In multipactor prediction simulations, electrons shoutddeally launched into trapped tra-
jectories, since they provide stable resonant paths, whight result in the highest break-
down probability. In rectangular waveguides, a trappedted@ trajectory exists in the centre
of the cross section (i.e: = 0 in Fig. 2.1). Electrons launched at such poing/tdirection
(v = vyy) do not drift towards the side-walls, as long as the reboumdse collisions are
specular (as it is assumed in earlier studies [42]). Thisbeasimply deduced from (3.21):
the electric field of th8'E;, mode has no componentindirection, nor has the cross product
of ¥ x § since the magnetic field has naa&component at the = 0 plane (see Appendix A,
or Y Z-cut of Fig. 3.10 for a graphical verification). Thereforee telectron will remain in
this trapped trajectory, where in addition the electriaffiehs a maximum, which constitutes
a worst case for multipactor breakdown risk. Even consideai spread in the launch angle
after a collision (see Chapter 3.1.2), the electrons $itzlly tend to stay in this trapped
electron trajectory, which indicates its high stability faimulation purposes.

A first glance at the magnetic field simulation in Fig. 3.11wha@ different scenario
in wedge-shaped waveguides. THe -cut shows a real part of the magnetic field with
z-components different from. This means that electrons launchedyhdirection would
experience shifts towards the side-walls, unlike in théamegular case. This suggests that a
potential trapped trajectory might be more unstable thanghtangular one. Moreover, this
trajectory might not lie at = 0.

Due to the fact that the electromagnetic fields in wedge-athapaveguides are ex-
pressed as summation of weighted rectangular waveguidesnad analytical investigation
of whether there are trapped trajectories in wedge-shapeeguides would be extremely
complicated. Therefore, an analogy is established betwesn and annular section wave-
guides [42,46]. The latter have a cross section formed bycaler section delimited by an
inner and an outer arc with radi; andR,, respectively, as shown with a red dash-dotted line
in Fig. 3.12. Due to this particular shape, they are also knaw/coaxial section wavegui-
des. By convention, the equivalent wedge-shaped waveguiideave the same inclination
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Figure 3.10: Magnetic field of the fundamental mod#:(,) in a rectangular waveguide.
XY-plane shows the rectangular cross section. Vectors in dhiedntal plane X 72) re-
present the absolute value of the magnetic field. FHvemponent of the real part of the
magnetic field is colour-coded in théZ- and X'Y-cuts.

Figure 3.11: Magnetic field of the fundamental mode in a weslypgped waveguideX'Y -
plane shows the wedge-shaped cross section. Vectors iotizehtal plane ¥ 7) represent
the absolute value of the magnetic field. Theomponent of the real part of the magnetic
field is colour-coded in th& Z- and X'Y-cuts.
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Figure 3.12: Definition of the dimensions of an annular secivaveguide and its correspon-
ding wedge-shaped waveguide (conventidy) and R, are the internal and external radii of
the annular section, an@.,;; is a critical radius with a trapped electron trajectory.

between top and bottom wallsand a widthaw.q,e = R2 — R;. Its side-walls tangentially
touch the ones of the annular sectionyat 0.

Based on the analytical expression of the RF fields, the engst of electron trapped
trajectories in such waveguides was theoretically dennatest by [46]. The formulation of
the electric field in [46] is reproduced here:

E = —%A(T) sin(wt)é (3.35)

wherez is the vector potential of the fundamental mode of the edecagnetic field &
the unitary vector in azimuthal direction ands the light velocity in vacuum. The vector
potential depends only on the radial positigras can be deduced from (3.36):

Jl(kt‘r) Nl(]{ft'r)

A(r) = Ay Tk R Nk R (3.36)

whereA, is a constant that depends on the transmitted input polvemd N, are the first-
order Bessel and Neumann functions, respectively, land the transverse wavenumber,
which can be determined as the smallest positive root ofrtmstendental equation shown
in (3.37):
Ji(ky - Ro) B Ni(ky - Ro)
Ji(ky - R1)  Ni(ky- Ry)
For certain radiir, the centrifugal effect experimented by the electrons megimpen-
sate the Miller force. These radii correspond to trappgeédtaries, whose location can be
estimated by solving (3.38) [46]:
dA(Ro) _ ,A(Ro)
dRy, = Ry

=0 (3.37)

(cos ¢p)? (3.38)
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Figure 3.13: Launch radii with trapped electron traje@sf the annular section waveguide
with dimensionsRk; = 216 mm, R, = 648 mm anda = 0.23 rad, depending on the initial
launch phase of the electron within the RF signal cycle. Tiitél velocity of the electron
IS assumed to be zero.

whereg, is the phase of the RF signal at which the electron startstéoaaot, andR, is the
radius of the trajectory within the waveguide. By numeticablving (3.38), critical radii
Ry = Rait(¢o) that might lead to resonant paths can be found. Since théicolof the
equation depends apy, several trapped trajectories might exist. Although, theght be
more unstable than the one in rectangular waveguides, wdiodependent of,.

As discussed before, an equivalent annular section wagtegran be found for any
wedge-shaped waveguide. Hence, (3.38) can also give a gpooxamation of the wedge-
shaped resonant paths. The strategy for the multipactariaiion is to launch the initial
electrons from the bottom wall of the wedge-shaped wavegintb one of those critical
radii R..;; by setting an initial velocity vector tangential to them.el¢orresponding critical
launching locations in th& Y -plane can be easily computed as follows:

(6% R1 +R2

crit — Rcri . = 3.39
Terit ¢+ COS 5 5 ( )
hi+h hi —h
Yerit = — L 2 + ! 2. Lerit (340)
4 2 A Wedge

whereh,; andh, have been defined in Fig. 2.1 of Chapter 2.1.1.

In [46], anR..;; = 320.7 mm was chosen for a wedge-shaped waveguide with dimensions
R; = 216 mm, R, = 648 mm, a = 0.23 rad andf = 500 MHz, for ¢ = 0. However,
(3.38) provides a whole range of critical radii, fr&320.7 mm to412.1 mm, if all possible
initial phases are considered, as shown in Fig. 3.13. Itdvae ihoted that the derivation of
(3.38) is done assuming a zero initial velocity of the elattwhich is not the case in our
simulations. A non-zero velocity complicates the caldolabf the stable trajectory of the
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electrons and does not lead to such a simple closed expnessi(8.38). Hence, it should
only be interpreted as a first approximation.

Nevertheless, it is not likely that all trapped trajectefwitical radii have the same im-
pact on the multipactor behaviour of the geometry. The imibgeof other issues, like the
voltage distribution along the waveguide cross sectios,deen considered for establishing
additional criteria to identify an eventual “optimal” radi (highest likelihood of MP break-
down) within the predicted critical range. The concept dgjufiwalent voltage” in wedge-
shaped waveguides is not obvious. We define it as the lingraltef the electric field in a
waveguide arc (3.41), thus depending on the radius whese#lculated.

V(R) = / E.-dl (3.41)

whereﬁ is the RF electric field an(ﬁ = dl - @. This integrating path correspond to a
potential trapped trajectory in wedge-shaped waveguigligh tends to follow the electric
field vectors, approximately arranged in an arc geometry [8g. 3.9 and Fig. 2.4). The
integral is calculated numerically with the Simpson metfad.

The equivalent voltage of the wedge-shaped waveguide peapio [46] has been calcu-
lated for all radii with (3.41) (see Fig. 3.14). By overlapgithe equivalent voltage (red-solid
line) with the critical radii range presented in Fig. 3.18e@n-shadowed region with dashed
bounds in Fig. 3.14), the relations between them can beeterivhe fact that the maximum
equivalent voltage is located outside the trapped trajgategion evidences the effective-
ness of wedge-shaped waveguides in increasing the mutiipceshold. The mismatch
between maximum equivalent voltage and location of thepedgrajectory contrasts with
the rectangular waveguide case, where they are both in tiiealdine in the centre of the
geometry.

Since the multipactor behaviour of a structure is closelidd with the voltage, we can
make the assumption that, among the critical radii of a westgged cross section, the opti-
mal one for multipactor prediction should be around the oitl the highest equivalent vol-
tage, therefore close to the one which crossestaeis atr = —19.9 mm (R..;; ~ 400 mm)
in Fig. 3.14. This is the limit of the trapped trajectory mgiclosest to the broader side-
wall. The “Launch Position Prediction Module” of the mubigtor prediction software (cf.
Fig. 3.8) provides, for a given wedge-shaped waveguiddirthies of the trapped trajectories
region and the estimated position of the maximum equivaleltage arc. The user can then
select a launch position array withi,..... €lements, typically betweehand10. Experi-
ence shows that the most efficient method is to uniformly cavieaction of the complete
trapped electron region, which should be the one closerdonéximum equivalent voltage
arc, plus a certain margin to cover for the differences betweedge-shaped and annular
section waveguides.

The methods for the prediction of the launch position of thil electron proposed here
and the additional influence of the equivalent voltage indheice of the optimal trapped
trajectory will be verified by means of appropriate simwas, which are included in the
following Chapters 3.3 and 3.4.
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Figure 3.14: Cross section of the wedge-shaped wavegutigling the region with trapped
electron radii and the equivalent voltage amplitude dstion. Qualitative (unitless) distri-
bution of the equivalent voltage for the whole radii rangadRs with maximum equivalent
voltageR .y = 454.4 MM (X,av = 22.4 mm aty = 0).

3.3 Validation of the Formulation

3.3.1 Example of Chojnacki

The first analysis of annular section waveguides from a ipadtior point of view can be
found in [42]. Its multipactor prediction results will bekin here as reference for the vali-
dation of our prediction tool.

The two structures proposed in [42] are a rectangular wasdegwith dimensions =
432 mm andb = 102 mm, and on the other hand, an annular section waveguide vwatérd
sionsRk; = 216 mm, R, = 648 mm anda = 13.2°. Both are excited by a harmonic signal
at f = 500 MHz. The material of the waveguide walls is niobium, and i&am@cteristic
SEEC curve can be expressed with the simple model propog@&dl; Chapter 3.1.1. The
material-characteristic constants applied here arg: = 1.6, Wy« = 200 eV, A = 1.55,
B=0.9C=0."79andD = 0.35.

Our simulations try to reproduce the same conditions, waidegdimensions and mate-
rial properties. For our convenience, the annular sectaanldeen converted into an equiva-
lent wedge-shaped waveguide (see Chapter 3.2.4) withlloe/fog characteristicSawedge =
432 mm, h; = 49.9841 mm, he = 149.952 mm, anda = 13.2°. It has to be noted that the
widths of the rectangular and the wedge-shaped wavegua&entical, which allows si-
milar simulation conditions and a comparison between beghlts. To emulate the electron
rebound algorithm of the simulator in [42], the initial ele@ms and all secondary ones gene-
rated after a collision are launched with an energg eV normal to the impacting surface.
To achieve this, the rebound energy model of the “ElectraacRing Module” has been
accordingly adapted (cf. Chapter 3.1.2 and Fig. 3.8). Sihegower range in all cases is
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Figure 3.15: Comparison of our simulation results (blued aed-dotted lines) with the
results of Chojnacki (black-solid lines). Top: rectangweaveguide with dimensions
a = 432 mm, b = 102 mm and the launch position of the initial electronzat= 0. Bo-
ttom: wedge-shaped waveguide with dimensiafss,. = 432 mm, by = 49.9841 mm,
ho = 149.952 mm, o = 13.2° and the launch radius @& = 290 mm.

relatively high in all cases, the relativistic effect is satered when calculating the electron
motion.

In both casesM = 42 is the number of initial electrons launched at equidistait R
cycle phases and also the secondary sum threshold value muitiglicity functions are
calculated after a maximum @foll,,., = 20 impacts of the effective electron against the
walls. The maximum simulation lifetime of each effectiveaton ist,,,., = 1000 RF cycles,
the minimum impact energy i1 eV and the minimum accumulated SEEG;s, = 1073.

In Fig. 3.15, the results of our code (dotted lines) are ayerd with the reference curves in
[42] (solid lines). The number of launched electrond4s= 42, hence this is the secondary
sum (enhanced counter function) value that indicates tresiiold of the multipactor risk
region (green-dashed line in Fig. 3.15).

The top plot of Fig. 3.15 contains the results of the rectéargwaveguide, with some
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high-risk multipactor power regions. Both curves show a/\g@wod agreement in the shape
and location of these multipactor windows. The wedge-stiaysveguide results are shown
in the bottom plot of Fig. 3.15. Here, both simulation ancerefice curves confirm that
no multipactor risk is expected in this case. To stay in tife sale, this simulation was

repeated with different initial electron launching pasits around the one chosen in [42],
290 mm, coming to the same conclusion of no multipactor risk.

3.3.2 Example of Semenov

A second validation example has been selected, where ttaglpetron trajectories were
found in a wedge-shaped waveguide [46]. A very similar geloyrie the annular section
considered in [42] is studied. However, there is a slight ification in the dimensions of the
corresponding rectangular waveguide, nameky 414.9 mm andb = 103.6 mm, in order
to maintain the same cutoff frequency of the fundamentalerasithe one of the annular
section.

Instead of niobium, the material of the waveguide walls geetof silver. Its SEY curve
is described with a very similar model to (3.2) in Chapter.B. but without the dependence
from the electron impact incidence angle. The exact modatisided here (3.42):

S(W) = Gmae (€17)" (3.42)

whered, . = 2.22, 7 = 22—, W, = 519 eV, andx =

max

062 v<1
025 v>1

Furthermore, a spread of the emission velocity and emissighe after a collision is
considered [46], since this is a more reliable method tharsidering a fix rebound of [42]
for detecting a multipactor risk. The spread in the emisaiogles and energy of the electron
after the rebound follows the statistical distribution$irmed in (3.18), (3.17) and (3.19) of
Chapter 3.1.2. The average emission energy/is = 2.92 eV, with a spread ofV; =
1.2 eV. The initial electrons are still launched with a velocitgctor normal to the wall.
In both casesM = 1000 is the number of initial electrons launched at equidistait R
cycle phases, and also the secondary sum threshold vaken(gashed line in Fig. 3.16).
The multiplicity functions are calculated after a maximutm®ll,,., = 20 impacts of the
effective electron against the walls. The maximum simafatifetime of each effective
electron ist,,,,x = 1000 RF cycles, the minimum impact energydid eV, and the minimum
accumulated SEEC is,;, = 102, The results for both waveguides (the rectangular and the
wedge-shaped ones) at the given power radg@aMW to 1.8 MW) are included in Fig. 3.16.
On the one hand, a very good match can be observed in the gatdamaveguide curves in
the top of Fig. 3.16. Our secondary sum curves seems howiyketi\s scales with respect
to the one of [46]. This is probably motivated by a discreyanthe Coll,,..-value between
both algorithms. It is likely that [46] has used’&ll,,., > 20, since this increase results
in an amplification of theSecondary Sum-value in multipactor-sensitive regions, and an
attenuation in multipactor-free ones, as certified by Figg30n the other hand, the wedge-
shaped waveguide simulation in the bottom of Fig. 3.16 sheaweatively different shape
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Figure 3.16: Comparison of our simulation results (blued aed-dotted lines) with the
results of Semenov (black-solid lines). Top: rectangulaveguide with dimensions
a = 414.9 mm, b = 103.6 mm and the launch position of the initial electronaat= 0.
Bottom: wedge-shaped waveguide with dimensiofgi,e = 432 mm, by = 49.9 mm,
hs = 149.7 mm,a = 0.23 rad and the launch radius Bt= 390.1 mm.
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than the reference curve of [46]. However, the lower and uppdtipactor power limits
(= 0.5 MW and= 1.6 MW, respectively) fit reasonably well. Next, we explain tleasons
for this discrepancy and the implications of these simatatesults.

According to Chapter 3.2.4, the optimal electron initiakpion for the wedge-shaped
waveguide multipactor simulation should lie around thgéast radius within the trapped
range R.i; ~ 400 mm), since the voltage is higher there (see Fig. 3.13 and).3.THis
differs from the strategy of [46], where the simulation wasd at320.7 mm, the lowest
radius of the trapped range. Looking back at the same simalat [42], an even lower
electron launch radius @0 mm is used.

In order to verify the best approach ..... was set td, so that a broader range of
initial electron positions was covered. With a launchingipon corresponding to the radius
considered in [46]320.7 mm), no secondary sum value exceeding the threshold was foun
along the whole defined input power range. In fact, only timeugations with initial radii
between354 mm and415 mm show multipactor risks for at least one of the input power
steps. Nevertheless, this proves the existence of a rartggppied electron trajectories.

Concerning the electron initial phase loop (cf. Fig. 3.8hick is the instant when the
electron starts to interact with the electromagnetic figldsas observed that the phase ele-
ment at which the multipactor resonances were strongeralasst the same for all launch
positions and power steps. This seems to contradict theytlepressed in [46] (see also
Fig. 3.13), which states that, for each phase of the initedteon, a different launch radius
should contain the trapped trajectory. The fact that in annutations, as well as in [42]
and [46], the initial velocity of the electron is differembf zero £.92 eV), which is needed
in order to avoid too long simulation times, disturbs thipeledency. As already suggested
in Chapter 3.2.4, just the trapped trajectories with thénégg voltage will determine the
highest multipactor resonances. The non-zero initialaigl®f the electron and the random
direction of the electrons after a collision motivate tHat&ons end up in this more sensitive
trapped trajectories, even if originally launched fromesthadii. Thus, if the initial speed
vector remains constant, all simulation iterations witideo have similar phase values of
the initial electron that result in the strongest multigacesonances.

The optimal (critical) initial radius has been identifiecaadund390.1 mm (the one used
for the simulation of the wedge-shape case of Fig. 3.16)ré&,iee amount of power values
with multipactor risks are the biggest ones, the lowest paweeshold is found, and the
peaks of the enhanced counter function curve are maximumchvwheans that the resonant
mechanism of the electrons is the strongest there.

These simulation results indicate a good agreement witlptediction of400 mm of
Chapter 3.2.4, which combines the information of the trajpglectron trajectory range pre-
diction with the voltage calculations. In the following Gitar 3.4, it will be analysed if this
initial position prediction strategy is generally appbt&ato any wedge-shaped waveguide
with arbitrary inclination angles.

The fact that no multipactor risk was detected at the ing@dition 0f320.7 mm, which
contradicts the result of [46], and the different curve gsap the bottom of Fig. 3.16, might
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be due to several facts. As explained before, we are dealthd'@quivalent” but not identi-
cal waveguide cross sections: i.e. annular section andevebgped ones. In addition, both
software codes implement completely different algorithmsalculate the electromagnetic
fields. Small discrepancies in the distribution of the funeatal mode in the cross section
might motivate displacements of the critical radii and tlotage distribution. Another ex-
planation might be a difference in the way the electronsawadhed in both algorithms, or
inaccuracies regarding the description of the selectenclaposition in [46]. Nevertheless,
the agreement between both secondary sum curves is sgeiptadite, mainly in the location
of the limits of the multipactor risk windows.

3.4 Study of the Optimal Inclination Angle

3.4.1 Introduction to the Angle Sweep Analysis

In this chapter, the optimal inclination anglebetween the top and bottom plates of the
wedge-shaped waveguide is discussed, by analysing thegmoaind value of the multi-
pactor discharges that take place at the lowest input paepriis each case. The simulation
parameters and waveguide material properties are the sa@saused in Chapter 3.3.2. The
rectangular waveguide withh = 414.9 mm andb = 103.6 mm has been used as reference,
and then several wedge-shaped waveguides (identified bgdkg (7)) with inclination an-
glesa® betweenl® and60° have been simulated (all gt= 500 MHz), including the one

of [42,46] witha = 13.2°. Theaifv)odgC values of each inclination example have been adjusted
in order to fit the samé: value of the fundamental mode of the rectangular wavegdide.
mean height of the wedge-shaped waveguides is kept equaétorte of the rectangular
waveguide M = b), as long as possible. When the minimum length is reachethéor
narrow side-wall &, ,in = 1 mm), the main heights are forced to exceed the rectangular
heightb.

3.4.2 Results and Interpretation

The results are summarised in Table 3.1.
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Figure 3.17: Schematic overview of the cross sections ofatéreeguides applied in this
analysis. The cutoff frequencl is constant.

Fig. 3.17 gives an overview of the cross sections of the waides involved in this sweep
analysis. Each row of Table 3.1 contains the inclination@agd dimensions of the wedge-
shaped waveguide, the launch positions of the initial ed@stwith trapped trajectories, the
computed voltage, and the obtained multipactor power ktuleds The predicted start/end
of the launch positions are calculated applying (3.38) aiecsing the extreme limits (see
Fig. 3.13), whereas the simulated start/end values cameso the range of initial elec-
tron launch positions where the multipactor simulationvet at least one power step with
multipactor risk. The initial launch position with maximumultipactor threshold (higher
enhanced counter function values and lower power threshaldl therefore the optimal for
multipactor prediction) and the maximum voltage were datilike in Chapter 3.3.2. The
position of the initial electron located in this arc is alsoluded. The voltage value for maxi-
mum multipactor corresponds to the voltage along the atctirstains the simulated launch
position with maximum multipactor. It has to be noted that,the wedge-shaped wavegui-
des with inclination angles betwedf® and60°, the working frequency 0500 MHz also
allows the second mode to propagate. However, in this wormeconsider the excitation
of the waveguide through its fundamental mode. The sameteffas already observed in
the examples of Table 2.4 in Chapter 2.2.3.

Several conclusions can be extracted from Table 3.1. ith# predicted start/end initial
positions of the electrons are similar to the simulated offé® simulated position ranges
are larger than the predicted ones for small inclinationlesg This might be due to the
random rebound angles after a wall collision, which migtdtpback the electrons to trapped
trajectories, even if the initial launch position is outsf them. With increasing inclination
angles { > 20°), the predicted start position gets closer to the “narroart pf the wedge-
shape, whereas the simulated position stays closer to tinedaoy next to the waveguide
centre. The justification is that, although resonant ttajges may theoretically exist close
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Figure 3.18: Multipactor thresholds and voltage valuesatrultipactor critical locations
for multiple inclination angles.

to the “narrow” side-wall, the voltage there is too low to geate detectable resonances
that would lead to a discharge. Finally, we can see that titi@liposition with maximum
multipactor risk is always located close to the simulatedigpsition. We can understand this
if we realise that the maximum voltage arc is systematiaathger to the “broad” side-wall
of the wedge, and therefore the voltage along the critiaéiblrpositions range increases
with the radius (see also Fig. 3.14). The multipactor enbdroaounter function curves do
not change much when modifying the initial launch positiar@uind the optimal, but quickly
fade when getting closer to the start/end positions, whered¢sonances are lost.

These results prove that the approach suggested in Chapiéican be successfully ap-
plied to limit the computational effort of the multipactoraglictions for any wedge-shaped
waveguide type, since only the identified limited range dfiahpositions has to be simu-
lated.

Concerning the maximum voltage values, they remain verylairo the one of the rec-
tangular waveguide, as long as the average height of theguales keeps constant. Once
the average height starts to increas€) (> 25°), the maximum voltage logically increases
for the same input power. However, the radius where the gastrmultipactor risk was sim-
ulated does not correspond to the position of maximum veltag fact, we can see that the
voltage at the position of strongest multipactor risk comtiusly decreases with increasing
inclination angles with equal average height. Fig. 3.18nghthe voltages and multipactor
thresholds over the different inclination angles. The sation prediction for the rectangular
waveguide shows a constant threshold df kW. The multipactor thresholds of the wedge-
shaped waveguides quickly rise with increasingnd stabilise aroun2B0 kW, around40%
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higher than the one of the equivalent rectangular wavegdikis proves the assumption that
wedge-shaped waveguides have a better multipactor-frgergpange than rectangular ones.
Even small inclination angles present this increment intipattor threshold with respect to
the rectangular case.

We can observe that the multipactor threshold quickly naésrespect to the rectangular
waveguide case, even for minimal inclination angles. Betwié and20°, it remains almost
constant, and from5° on, it rises continuously. However, it has to be noted thistlditer
rise in the threshold corresponds with the mentioned irseréa the mean height of the
waveguides.

Concentrating on the voltage curve of Fig. 3.18, the firstask@ble fact is that there is a
minimum around5°. In other simulated waveguides, where inclination angfet)o could
be designed without increasing the average height, a a@tton in the decreasing tendency
of the voltages was observed. This suggests to use indmatigles around these values,
or the biggest angle possible below them with equal wavegmdan height. Inclinations
betweerb® and30° are also a good design compromise, as they have multipdctstiold
values very similar to the optimum case, offering approxetyat0% higher power threshold
than the equivalent rectangular waveguide.

3.5 Susceptibility Maps

3.5.1 Definition

The multipactor susceptibility maps for a parallel plated®loare defined as follows: the
abscissa corresponds to the frequency gap produgtd), whered is the distance between
the top and bottom plates, and the ordinate represents ttagemr the power of the input

signal. Regions with risk of multipactor are highlightedeating the well-known suscepti-
bility curves [14] that indicate the multipactor phenomerall possible orders, as already
introduced in Chapter 3.1.3. These curves help in the dedigmultipactor-free waveguide

structures, usually in rectangular waveguide devicesgdacs applications.

In order to provide a similar reference for the design of weedgaped waveguides, the
following susceptibility map is proposed: the frequency gaoduct is obtained by multi-
plying the working frequency by the mean height of the wav@guHence, a different curve
will be obtained per inclination angle of the wedge-shapeaingetry.

By simulating a considerable number of wedge-shaped wadegat different frequen-
cies, with different gap sizes and inclination angles, tikwing susceptibility maps were
generated. The curves (see Fig. 3.19) show the multipaottage threshold,, of the de-
vices (first voltage at which a multipactor risk is detectaal can be compared with the ones
of the corresponding rectangular waveguide. The same atraanlconditions and waveguide
materials as in Chapter 3.4 are used here.
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The susceptibility curves for all angles verify the resaliained in the previous sections.
The Vi, values are always higher than in the rectangular waveguide, avhich coincides
with the casex = 0°. The improvement in th&}, reaches a factor af.35, depending on
the inclination angle. Small angles up 16 are fairly close to the rectangular threshold.
The V4, usually increases with the angle until arousid, falling slightly again for higher
angles. Thé/j, at 30° seems to be the optimum for many of the cases considered in the
simulation range, however the improvement with respediécther angles is not dramatic.
For the lowerf x d values (beingl the mean height), no results are available for large
inclination angles. No wedge-shaped geometries with sarge langles were possible, since
the mean height was too low and the “narrow” side of the cresian reached its minimum
design limit of 1 mm. When travelling towards higher abscissa values, thedaation
angles become gradually feasible, like in the casgbdfat f x d = 56 GHz.mm, or35° at
fxd=179GHz.mm.

3.6 Summary

The software tool has been verified by comparisons with sitians available in the lite-
rature, and then it has been used to analyse the multipaet@vibur depending on the
inclination angle between top and bottom walls. This all@@afirming the advantage of
wedge-shaped waveguides with respect to rectangular walesgyin terms of multipactor
breakdown resistance, since they are able to handle tjypad)% higher power.

The improvement of the thresholds with respect to the regtiam waveguide case has to
do with the fact that the voltage values in the trapped ebedirajectories are lower than the
absolute voltage maxima in the cross section. This depemdseoinclination angle, which
should lie betweer® and30°.

Finally, susceptibility curves have been derived for thislkof waveguides. This will al-
low the application of these innovative geometries to moraglex microwave devices, like
irises, impedance adaptors, lowpass filters, bandpass bitenultiplexers, which can attract
the interest of the telecommunications and space industtiie plasma physics community.

The following step forward is to extend the multipactor #ireld predictions to these
more complex structures. Furthermore, an experimentaficagion of these theoretical
models is required. All these issues will be dealt with infillowing chapters.



Chapter 4

Design of a Wedge-shaped Bandpass
Filter

4.1 From Waveguide to Filter

4.1.1 Searching an Implementation

Once the properties of wedge-shaped waveguides have besstigated, the logical way-

forward is to search a potential application in the field cdicg hardware. It should be a
device like an antenna feed, a multiplexer output or a filgestructure with narrow gaps or
resonators, whose power handling capacity is constraiggtidomultipactor effect. Here,

the introduction of the new topology could offer an advaetagth respect to conventional
technologies. The multipactor discharge that determihespbwer threshold of a device
is the one that happens at the lowest input power values,hwisaally takes place in the
region with the maximum electric field. In fact, in order taain the desired effect, it might
be sufficient just to substitute the specific part excitedtbyng electric fields.

Thea-sweeps from previous chapters indicate that rectangdaeguides can be substi-
tuted by equivalent wedge-shaped waveguides up to a céemtdination angle, where their
average height cannot meet the equivalent rectangularmgnmare. This maximum angle
decreases when the height-to-width ratio of the rectamgutess section is smaller, which is
a limiting factor if it is required that both structures kempnparable dimensions. Therefore,
this technology is not suitable for substituting rectaagstructures in capacitive (constant
width and varying heights) lowpass filters, where the risknaitipactor discharge concen-
trates in the small gaps. Instead, we can consider an iméu@onstant height and varying
widths) bandpass filter, which is a coupled resonator stradike the one shown in Fig. 4.1.
The wedge-shape geometry can be applied to the cross settiom resonators, or even to
the whole device.

Consequently, the challenge is to develop or adapt an egidisign method to be able
to cope with wedge-shaped waveguides, and to provide thetste dimensions for a parti-
cular set of standard requirements. A final task is to exteednultipactor prediction tool
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Figure 4.1: Sketch and dimensions of a conventional indetiandpass filter with its hollow
resonators and irises.

presented in Chapter 3 to waveguide devices of finite lengtiese devices, like the one
in Fig. 4.1, are composed of a series concatenation of hallaveguides of different sizes,
with discontinuities perpendicular to the propagatiorediion involving planar junctions.
The following sections will describe how this can be donel @il provide two equivalent
designs in rectangular and in wedge-shaped waveguidediaties. Moreover, both de-
signs will be manufactured and tested in the laboratoryrdeto experimentally verify the
improvement in terms of the multipactor threshold for thedgeshaped case, as foreseen
with the prediction tools.

4.1.2 Filter Requirements

A bandpass filter aims to fulfil a set of requirements, e.g.ctv@re frequency,, the band-
width of the pass-band and the return loss threshold. Ited#ions are conditioned by these
parameters, although several solutions are often possiblerder to choose a particular
configuration, additional design criteria can be considgike the total size of the filter, the
out-of-band response, determining the order of the filtam(er of resonators), or the ma-
nufacturing constraints. Fig. 4.2 gives a visual definitoérthe typical requirements. Note
that the bandwidth of the filter is defined by the crossing {soai theS;; curve (filter re-
flection) with the return loss ripple or threshold. Othereamtions prefer to describe the
requirements in terms of ttiedB-bandwidth, whose limits are defined by thdB decay of
the transmitted frequency resporise with respect to th&,;-value at the centre frequency.

In this chapter, typical filter requirements for space aggtions in X-band have been
chosen. They are listed in Table 4.1. To facilitate the cdanectivity of the device with
standard measuring equipment, WR90 waveguides (22.86 mm, b = 10.16 mm) have
been chosen as input and output interfaces.
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defined here.

Table 4.1: Bandpass filter requirements.

Parameter Value
Centre frequency [GHz] 9.5
Bandwidth [MHZ] 100
Return loss [dB] 25
Order of the filter 4
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Figure 4.3: 3-D plot of the electric field magnitude disttiba perpendicular to the metallic
surfaces of a rectangular waveguide (left) and a wedgeesha@veguide (right) bandpass
filter, calculated withFEST3P. Colour table ranges from dark blue (minimum) to dark red
(maximum).

4.1.3 Filter Topology and Cross Section

Rectangular waveguide inductive filters, like the one shim#ng. 4.1, are usually symmetric
two-port structures composed of inductive steps (iriseb agual height and less width than
its input and output stages) and resonators (with a lengéiofit half a wavelength). They
are tuned to reject out-of-band frequencies and only letin the pass-band signals. There
Is a concentration of the electromagnetic fields in the eeafrthe resonator cavities, as
can be seen in the electric field simulation plotted in Fi§. &or a given RF input power,
the electric-field values are higher in the central resasdttan in the external ones, or at
the input and output waveguides. Therefore, it is likelyt tihe RF multipactor breakdown
threshold, which is defined by the discharge happening abthest input power value, takes
place in the central resonators.

These central resonators could be substituted by wedgedhanes, as shown in the
left-hand side of Fig. 4.4. Note that the iris has also theesarolination as the resonators,
since this simplifies the manufacturing process. Also, duednufacturing simplicity, it was
decided to keep the inclination between the top and bottateplof the filter for the whole
structure between the first and last irises, as also showmeimight-hand side of Fig. 4.3.
The interface with the input and output WR90 waveguides ok like the one depicted in
the right-hand side of Fig. 4.4.

Based on an existing rectangular waveguide filter, a wetigpexd one will be designed
with the same performance goals. For enabling a rigorougpeason, the resonators of
both filters will have the same average height and crosseseatea, and the same constant
width @ = aweqge. The rectangular waveguide filter was designed and manutatty
Tesat-Spacecom (Germany) under an ESA-ESTEC contractdiegdo the criteria listed
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Figure 4.4: 3-D view of the wedge-shaped waveguide cergsamator stages (left) and the
input waveguide and the first resonator (right) of the weslggped waveguide filter.

a=22.86 mm

. T
:Rectangular filter —]

Input standard wavegquide (WR 90)

\

h,=7.8 mm

o= mm mm mm == == S

| Symmetry plane

[ ’ 11N %
:  Wedge-shaped filter —~ X

Figure 4.5: Overlapped cross-sectional schematic vienhefwedge-shaped waveguide
(black-solid lines) and rectangular waveguide (red-ddsimes) filters. Vertical black lines
correspond to the irises walls, as seen from the front of ttes.finput waveguides (green-
dotted rectangle) are standard WR90 for both filters. Thiniatton angle isx = 19°.

in Table 4.1. In the cross-sectional schematic view showhign 4.5, it can be seen that
the resonator and iris stages have artificially reducedyaeights (... = 4 mm) instead

of the standard WR90 heigldtof conventional filters (e.g. the one shown in Fig. 4.1).
This change is necessary in order to reduce the expectegauttir threshold value, which
otherwise would have been above the measurable power raaigde at the laboratory test
bed.

In order to have comparable filters, the wedge-shaped ceati®s will have an average
height equal tdh,,..,. In this way, we expect to obtain similar maximum voltageuesl
and, therefore, comparable discharge thresholds. Cangidihat the minimum height of
the smallest side-wall i5; = 0.2 mm due to manufacturing constraints, inclination angles
betweena = 0° anda = 19° are possible. Among thes&9° is the one offering better
multipactor performance according to the predictions ofitar 3.4. With this inclination,
the height of the largest side-wall beconigs= 7.8 mm, as can be seen in Fig. 4.5. Once
the wedge-shaped cross section has been defined, the symteeess of the whole filter
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Figure 4.6: Circuit models used for the design procedurernicaowave waveguide filter.

can start.

4.1.4 Design Procedure

The basics of the design procedure of microwave filters widsysg2]. It provided the basis
to translate the requirements into an equivalent circuitqiype with lumped elements. The
prototype can be then converted into a model with invertas teansmission lines, from
which the final dimensions of a coupled resonator structansbe derived (see schematic of
the different prototype models in Fig. 4.6). The design atm has been further improved
through the years in order to correct inaccuracies, avadéed of a final optimisation step,
and extend its validity to wide-band designs [53,54,73, 74]

Given the frequency response requirements, several typigieotransfer function sche-
mes can be realised, like Chebyshev, Butterworth or Etightones. Chebyshev is typically
chosen due to its out-of-band rejection performance. Tkedtep in the design procedure
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A[dB]
N

ART 7S~

Figure 4.7: Attenuation function of a Chebyshev normaligsdpass filter. It can be then
transformed to a bandpass filter by means of proper frequear@ble substitutions.

is to determine the order of an analogous lowpass prototype. The Chebyshev attemuati
function is defined in (4.1):

2 ! / /
10log |1 + ecos (n arccos 57) w' < wj

A[dB)(w') = (4.1)

101og |1 + € cosh?® (n cosh™! :’—,/ } W > wi
1

beingw’/w! the normalised angular frequency, with typically being the normalised an-

gular cutoff frequency of the filter, anda coefficient related to the insertion loss ripplg

(see Fig. 4.7), as defined in (4.2):

AR[dB]
e=10"0 —1 (4.2)
In the case of bandpass filters, the insertion loss rigplean be calculated from the return
lossRL value:

P
Ag[dB] = —101log (1 - 10%> = —10log (1 - P—> (4.3)
being P, and P,, the reflected and the incident power, respectively. Byrsgtin additional
rejection requirement at an angular frequengy> wi, (4.1) can be used to derive The
lowest order that achieves the desired rejection is ussalicted for simplicity.

Then, the coefficientg; of the lumped-element prototype (see upper model of Fig, 4.6
composed of series inductors and lumped capacitors, caarbed [72]. First, some auxil-
iary coefficients are calculated:

B Ag|dB]
B =1In (coth 17 37 ) (4.4)
~ = sinh ﬂ (4.5)
2n
a; = sin M (4.6)
2n

b; = v* + sin® % (4.7)
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beingi thei-th resonator (see the numeration of the resonators intver imodel of Fig. 4.6).
The prototype coefficients are then obtained as:

2a1
st
S =2

gi = bi—19i—1 . ’ (48)
1 i=n-+1 nodd

cothzg i=n+1 neven

1=

Although the lumped-element model corresponds to a lowfiléess it can be converted
into a bandpass filter by means of appropriate frequencgfitamations. In the same pro-
cess, the circuit model can be substituted by an equivatetbiype based on inverters and
transmission lines, which has a closer behaviour to the drtbeofinal waveguide filter
than the circuit model. It is a single-mode model, since thepting of higher order modes
between the filter elements is neglected at this stage ofeékul process. The coupling
coefficientsk; ;, represent the fraction of energy transmitted between adjaesonators.
They can be derived from the lumped-element model coeftEiE3]:

kiiv1 = 1/\/9igit1 (4.9)

The inverters, which will later become irises, are chargxe by the inverter coefficients
K ;+1 (valid for narrow-band filters) [53]:

NEk; i
Kij = — 20— 4.10
1 = (Nkig)? (4-10)
whereN is defined as follows [53]:
Act — Aa2
N=7Js r—= 4.11
© TNt + ez (4.11)

whereZ is the characteristic impedance of a waveguide (see (2n1Ghapter 2.1.4) and
Aa1, Age are the guided-wavelength limits correspondingitofs in Fig. 4.2.

In a final step, the inverters are modelled by inductive gjised the transmission lines
by means of half-wavelength resonators. The theoretidakwvaf theS,, parameters of the
irises can be derived from the inverter coefficients:

27¢
K41+ Z(%/Km'ﬂ
An EM-analysis tool likeFEST?P can be used to iteratively search the width of each iris
aiis, SUCh that it has a transmission coefficienffaequal to theS,;-value calculated with
(4.12). The length of the iriselg;; is fixed by the designer in the filter specification, and

is kept constant for all irises in the structure. Here, fa finst time it has to be taken into
account whether the waveguide topology of the filter is megtdar or wedge-shaped.

A half-wavelength resonator has initially the followingntgh:

Ihat = A\ /2 (4.13)

(4.12)

‘S2l|i,i+1 =
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Figure 4.8: Reflection coefficients of the input and outpises of a resonator.

where )\ is the guided wavelength at the operating frequency (indhge the centre fre-
quencyf, = 9.5 GHz), with the expression (4.14):

Moo= 20 (4.14)

- ()

In (4.14),\q = ¢/ fy is the free-space wavelengthjat ¢ being the speed of light in vacuum.
Ac = 2a is the cutoff wavelength of the fundamental mod#:(,) of a rectangular wave-

guide of widtha. However, the irises do not behave as ideal inverters, wiieans that an

additional adjustment is required to retrieve a properrfiksponse.

The information to do this is extracted from the simulatedgehatf, of the reflection
coefficientS;; of the input and output irises of each resonator (see examptey. 4.8).
The values of these phases are usually around, but not yeagtllr (which would be the
nominal value for an inverter). The compensation is impletee by modifying the lengths
I; of the adjacent resonators, as indicated next:

_ e

l;
47

(ZSII,input,i + 4511,0utput,i> (415)

where Z511 input.i» £S11.0utput,i COrrespond to the phases of thg parameter of the input
and output irises, respectively, of th¢h resonator.

The design algorithm generates symmetric structureshieedimensions of the resonator
with index: is equal to the one with index— i + 1, and the dimensions of the iriss equal
to the one with indexx — 7. This method can be easily applied to rectangular waveguide
filters, since it is already implemented FEST3P. However, new software modules had to
be developed in order to calculate the S-parameters ofngalar-to-wedge and wedge-to-
wedge waveguide transitions based on the BI-RME methodGkaeter 2.1 and [56]).

Applying the described procedure, a wedge-shaped filterdeagyned at ESA-ESTEC
(see the right-hand side of Fig. 4.9). The obtained dimerssior the wedge-shaped band-
pass filter are summarised in Table 4.2. Considering theiored filter symmetry, only the
dimensions of half of the structure are listed.

The dimensions of the equivalent rectangular waveguider fite also included in Ta-
ble 4.3.
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Table 4.2: Dimensions of the wedge-shaped bandpass filter.

Cavity 1| 22.860

Iris 2 8.086
Cavity 2| 22.860
Iris 3 7.423

WG a[mm] b [mm] | [mm]

Input | 22.860 10.160 10.000
h2 hl

Iris1 | 13.038| 6.167| 1.833| 3.000

7.800| 0.200| 21.970
5.344| 2.656| 3.000
7.800| 0.200| 25.455
5.234| 2.766| 3.000

Figure 4.9: 3-D view of a standard inductive filter (left) dam filter with the novel topology
based on wedge-shaped waveguides (right).

Table 4.3: Dimensions of the rectangular bandpass filter.

b [mm] | | [mm]

WG a[mm]
Input | 22.860
Iris1 | 11.830
Cavity 1| 22.860
Iris 2 6.780
Cavity 2| 22.860
Iris 3 6.220

10.160| 10.000
4.000 | 3.000
4.000 | 17.825
4.000 | 3.000
4.000 | 20.470
4.000 | 3.000
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4.1.5 Simulation Results

High-Frequency Structure Simulator (HFSS) [48] &id5T3P [50] have been used to vali-
date the two filter design solutions. The rectangular wankgfilter simulation (top plot of
Fig. 4.10) shows that the design perfectly complies withréggiirements. Both numerical
simulation tools, HFSS andEST?3P, offer very similar S-parameters. However, the required
CPU time is one order of magnitude less FiEST3P.

In the wedge-shaped filter simulation, in the bottom plotigf B.10,FEST?P indicates
a bandwidthb% broader than the one for the rectangular filter. Due to thedrigomplexity
of the wedge-shaped filter in comparison with the rectangari@, complete convergence of
the results could not be reached with any of the considerald toithin a reasonable time
frame and considering the available computational caigsil However, this discrepancy is
still acceptable for the experiment purposes. Nevertseths slight increase has been taken
into account for the multipactor threshold prediction inapter 4.4.2, since it is based on
the FEST3P EM-fields. Some differences can also be detected betweemthsimulation
results in the location of th§;; poles, which is also caused by the mentioned convergence
problem. In this case, thEEST?P simulation effort is around 8 times faster than the one
with HFSS. In Chapter 4.2.4, these simulation data will Heladed with real measurements.

4.2 Hardware and S-parameters Measurement

4.2.1 Preparation of the Manufacturing Models

An assessment of the manufacturing tolerances requirelddsg ffilters was performed with
the help of FEST?P. For a four pole bandpass filter with the required charasties of this
design, a value of.78 um comes out as the dimension tolerance requested to guarante
around20 dB of return loss. The maximum acceptable error could bE)gim. Manufac-
turing methods like mechanical machining have a typicaraoice of20 um (left picture

of Fig 4.11), which should be avoided in our design. Furtl@enrounded corners would
appear in the waveguide cavities, and the milling tool wawdtibe able to carve the narrow
side-walls.

Therefore, electroerosion will be applied. In the eledizahscharge machining (EDM)
method, high-voltage is used to melt away the metal and tudldvaveguide structure. There
are two types of electronic discharge machining: plunge EpD#&htre picture of Fig 4.11)
and wire EDM (right picture of Fig 4.11). Wire EDM uses a vemntwire, energised with
high voltage, that travels from one spool to another. Thewgiput in contact with the part
being machined to make a linear cut by blasting away materia part being machined is
typically held stationary, while the two spool feeds are ewto steer the saw. This allows
to machine more complex shapes, like cones or sharp corfibespart being machined is
suspended in an oil solution, which is used to carry away asgend the machining dust.
Plunge EDM uses carbon elements, energised with high @ttt are pushed into the



80 Design of a Wedge-shaped Bandpass Filter

: fune=956GHZ [ \
20 ¢ | BW= 100 MHz / \
Nt ' Return Loss = 25dB [
— ; ——— I
3 | i
—=-30 | ]
2 X !
'] '
40 - .
——>511 rectangular HFSS \
-50 - =+« 521 rectangular HFSS i
S11 rectangular FEST3D i
S21 rectangular FEST3D
-60
9.3 94 9,5 96 9,7

Frequency [GHZz]

foerter™ 9,5 GHz2

BW = 100 MHz

Return Loss = 25dB
——

¢ i /\ 2

—S11 wedge HFSS

-50 - <<+ S21wedge HFSS
S11 wedge FEST3D
5§21 wedge FEST3D

IS| [dB]
8

-40 &~

-

93 94 95 9.6 9,7
Frequency [GHz]

Figure 4.10: Simulated S-parameters of the rectangulp) &od the wedge-shaped (bottom)
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P tool rotation

width of cut <= tool diameter,
~0.75 tool dia. in most cases

workpiece

depth of cut

‘v

feed ——» chips
(workpiece moves and
tool is stationary.)

Figure 4.11: Examples of waveguide filter manufacturingcpsses. Milling (left), plunge
EDM (centre) and wire EDM (right).

part being machined to blast away unwanted material. Thegellucan be a complex shape
and can be moved in-, y- andz-direction, as well as rotated, enabling even more complex
shapes than wire EDM. The typical tolerance of electroeros around ym, which may
give us an accurate filter responses quite close to the siomliesults. Together with the
silver plating, the manufacturer guarantees a toleran¢é pm.

Another important point is the material used for manufaotythe filter. In order to
remain as close as possible to the original rectangular guagte design, the material of the
filter should be aluminium, and it should have a silver plgiif around10 m thickness in
order to ensure the correct electrical behaviour of thecaire. This has also to be taken
into account from a multipactor point of view, since the siihas its own characteristic
Secondary Emission Yield (SEY). To be able to compare théopaance of both filters
properly, and to prove the validity of the measurements strae material should be used
for both cases.

According to the synthesised filter dimensions, technicalwhgs were generated for
both structures, as can be seen in Fig 4.12 and Fig. 4.13.
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Figure 4.13: Autocad model of the wedge-shaped bandpassdithensions.
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Figure 4.14: Standard rectangular waveguide flange fomietiand output interfaces.

Apart from the inner dimensions of the filters, the hardwaesigh needs to specify the
full geometry of all hardware pieces, including thicknesthe metallic walls, venting holes,
junction planes, number and position of screws, etc.

A main element is the input and output interface, which issadgard WR90 waveguide
flange. The shape and dimensions of the flange are defined.id.Egand Table 4.4.

Another important part of the preparation of the manufasgumodel is the venting
analysis. The venting holes are cylindrical tubes drillethie filter hardware walls to allow
the transfer of air between the exterior and the hollow pitti@waveguide filter during the
outgassing process. The calculation of the venting holgsired by this device was done
with the ECSS Multipactor Tool [51] (see Appendix C.1 andI&€ah5). In total, 16 venting
holes are required to outgas the filter hardware in the vacthamber withinl8 hours (in
practice, usually aroun2it hours are invested in this process).

4.2.2 Manufactured Bandpass Filters

The rectangular filter, which already existed when startimg investigation, was manufac-
tured with a milling machine procedure in two identical systrit vertical halves by Tesat-
Spacecom, Germany. This procedure offers dimension adegraf20 yum. The left photo

Table 4.4: Dimensions of a WR90 standard flange.

Dimension | Length [mm]

A 41.400
E 16.260
F 15.490

Hole diameter 4.255
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Table 4.5: Input parameters and outputs of the venting arsadf the bandpass filters.

Design parameter Value
Area inner cavities 76.33 cm?
Volume inner cavities 13.914 ml
Length venting hole 1 mm
Diameter venting hole 9 mm
Requireed amount venting holes 16

of Fig. 4.15 shows a front view of the input interface. On tlght-hand side of Fig. 4.15,
the whole rectangular waveguide filter device can be segether with a reference coin in
order to appreciate the real size. The junction plane betwehalves was set in the verti-
cal symmetry plane (see left-hand side of Fig. 4.15). Siheéneight of the filter is constant
(except for the input and output waveguides), this juncgitame has almost no jumps in the
metallic contact surface, which is convenient for the pragdectric contact and performance
of the filter.

A different approach was adopted for the wedge-shaped fiteich was manufactured
by Alcatel Espacio (now Thales Alenia Espacio), Spain. Bid@6 includes a front and a
general photo of this filter. Due to its unconventional shagbectroforming was chosen as
manufacturing method. This technique improves the acgusémilling (10 um), since its
electrodes shape the metal through electrical dischaagbsgving a finer precision than a
milling needle with a finite curvature radius. Its drawbaskts related high cost. However,
a way was found to almost reduce to by a half the manufactuwasg, namely to apply the
electroforming to only one of both filter pieces. This can loael by setting the junction
plane on the upper inclined wall of the filter (see left-hart® ©f Fig. 4.16). Hence, one of
the hardware pieces is merely a flat lid, whereas the othecamiins the cavities and irises
of the designed filter. Fig. 4.17, Fig. 4.18 and Fig. 4.19 shaove detailed photos of the
interior of the wedge-shaped filter, in order to apprecis@eculiar geometry.

Both filters are silver plated with a similar material, andién@a total length of around
100 mm, without considering the input and output standard regikar waveguides.

4.2.3 Contact Problems and Workaround

The first measurements of the S-parameters of the wedgedfitipr offered disappointing
results (see Fig. 4.20), with very few resemblance with geesied and simulated frequency
response. After verifying the faithful implementation dfetdesigned dimensions in the
metrology laboratory, the possibility of having a contamigem between the filter parts
became the most plausible explanation. The most commoragpmwhen facing such a
problem in waveguide filters is to use a conducting foil in jinection plane of the filter
(namely the contact surface of the lid piece in Fig. 4.16)npriove the electrical contact
in potential gaps caused by a mechanical inaccuracy. Incdss, the material of the foll
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Figure 4.15: Photo of the rectangular waveguide bandpé#es firont view (left) and overall
view (right). Manufactured by Tesat-Spacecom, Germany.

Figure 4.16: Photo of the wedge-shaped waveguide bandfiassHront view (left) and in-
ner view of cavities and irises (right). Manufactured by @kl Espacio (now Thales Alenia
Espacio), Spain.
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Figure 4.17: Photo of the inner part of the manufactured westtaped filter. Lid has been
removed to better visualise the structure.

Figure 4.18: Photo of the inner part of the manufactured westtpped filter. Lid has been
removed to better visualise the structure.
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Figure 4.19: Photo with a close zoom on the wedge-shapediesaf the manufactured
filter.

was an alloy composed of indiuriQ%) and lead 40%). Its melting point is at 80°C, and

it has a thickness 030 um. The softness of this foil allows the metal to fill up potahti

physical gaps when screwing the filter back together, affhauslight modification in the

height of the cavities cannot be avoided. In fact, the uskefdil allowed recovering a filter

response that was comparable with the expected one. Afteraddries, we could narrow

down the origin of the bad contact to the location where tise$ (except for the central
one) touch the lid corresponding to the upper broadsideafaie wedge-shaped filter (see
Fig. 4.21). In this way, the number and area of the indiurhdtips could be minimised,

without unnecessarily invading the filter cavities (seayes taken with an optical-fibre

camera of the foils solving the lack of electrical contacFig. 4.22).

Since the filter itself had to be manipulated by introducingeaternal metallic material
to solve the contact problem, it was decided to test the thkestability of the corrected fre-
guency response before entering in the multipactor teptiiage. The thermal stability can be
checked in a thermal cycling sequence in the thermal chgragédescribed in Appendix C.1.
The results of the wedge-shaped filter after and before #érenthl cycle have been compa-
red in Fig. 4.23, showing very similar results. This plotaiscludes the frequency response
measured before correcting the contact problem, whichctsftbe enormous sensibility to
mechanical misalignments of the electrical response ofiévice.

4.2.4 Comparison Between Measured and Simulated Filter Rpsnses

Once the contact problems have been solved, the measurad@gters of both filters are
compared with the expected theoretical performance in&£RyA. In the rectangular-filter
case (top of Fig. 4.24), electromagnetic simulation andsuesanent match well, with the
exception of the return loss, which is arounrd9 dB instead of—25dB. This difference is

quite normal when transforming an ideal design into reativare, considering the manu-
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Figure 4.20: Comparison between the measured S-paranoétdie wedge-shaped filter
with electrical contact problems, and the expected siradlegsults.

Figure 4.21: Roll of indium foil (left) and indium strips lad on the contact surface between
the top filter lid and the filter iris walls (right).
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Figure 4.22: Check of the correct placement of the indiurhdontact patches to improve
the filter conductivity in the junction plane of the tow filtearts. Pictures were taken with an
optical-fibre camera, introduced inside the device thrahgholes of the waveguide filter.

——3S511 before cycling \!"*\

— 521 before cycling
— S11 after cycling
---821 after cycling
------ S11 bad contact

9,3 9,4 9,6 9,6 9,7
Frequency [GHZz]

Figure 4.23: Comparison between the S-parameters of thgewvslthped filter with and
without contact problems. Once solved the connection prablthe S-parameters before
and after the thermal cycling process can be compared.
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facturing tolerances.

The measured S-parameter curves of the wedge-shapedfdtgiessmall frequency shift
of 50 MHz towards lower frequencies (bottom of Fig. 4.24), andehawsimilar bandwidth
and rejection slope to the original design. This is confirrbgda full-wave re-simulation
of the design (grey-dashed and yellow-long-dashed curvése bottom plot of Fig. 4.24),
considering a constant increase>0fum in the heights of the filter cavities and irises. The
measurements (blue-solid and purple-dotted curves in dti@rio plot of Fig. 4.24) also
confirm this tendency. To account for the frequency shifthaf wedge-shaped filter with
contact foils, the multipactor test is accordingly perfedrato.45 GHz, and not a9.5 GHz,
as it was first planned. Since the indium strips are locatednon-critical region, the filter
was accepted for testing. Naturally, this slight frequedisgrepancy has to be kept in mind
when interpreting the comparison of the multipactor breakd level with the one of the
rectangular filter.

4.2.5 Out-of-band Frequency Response

Another interesting aspect, also confirmed by simulati@ysinted out by the S-parameters
measurements. Although both filters have a comparabledrexyuresponse around the cen-
tre frequency 0.5 GHz, this is not the case for higher frequenciesl( GHz), as demons-
trated by the broadband response measurement shown in.B&y. Zhe filter frequency
repetition appears much closer to the pass-band in the watlqeed case than in the rec-
tangular case. This can be easily explained consideringitigal behaviour of a waveguide
resonator [75], expressed as follows:

I\
erCS,l = ]{%,wavoguido + (g) (416)

wherek,., is thel-th order resonant wavenumbébeing an integekc waveguide IS the cutoff
wavenumber of the fundamental mode of the filter waveguelddngular or wedge-shaped),
andd = \g/2 is the resonator length, as introduced in Chapter 4.1.4.

It is simple to obtain the cutoff wavenumber of the rectaagwaveguide:
kTR rect = T/a = 137.428rad/m (4.17)

The BI-RME method provides the value for the wedge-shapegguide, namelyc 1 wedge =
162.9 rad/m. The consequence is that each of the two filters haareliff resonator lengths,
in order to match the first order resonant wavenumbgg; = 21.806 mm anddyeqge =
27.442 mm. Thereafter, if the second order mode of the resonafors Q) is consid-
ered, which will determine the first filter repetition respen(4.16) provides the following
wavenumbersk e o rect = 319.232 rad/m andk,es 2 weage = 280.997 rad/m. The correspon-
ding frequencies arg..s 2 et = 15.232 GHz and fyes 2 wedge = 13.407 GHz, which agrees
very well with the measured broadband curves of Fig. 4.25.
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Figure 4.24: Measured S-parameters of the rectangulardtapthe wedge-shaped (bottom)
waveguide filter. Each plot includes the simulated resfliSES T3P for comparison. In the
bottom plot, the simulated response with (simplified appr@tion) and without (original)
contact foils is presented.
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Figure 4.25: Broadband comparison of the S-parametersiéoivto considered filter struc-
tures. The effect of the higher-order modes of the resorratults in filter repetitions at
different frequencies placed above the pass-band.

4.3 Multipactor Prediction

4.3.1 Extension of Multipactor Prediction Tool

The multipactor prediction algorithm presented in Chaftdrased on the Monte-Carlo tech-
nique, has been extended witHiitST3P to be able to cope with finite stepped structures.
Since the tracking of the electron has already been implesden 3-D, the only required
adaptation of the software was in the EM-field calculatiordme and in the collision de-
tection module. The calculation of the EM-fields of a filteslteeen implemented according
to [59], and the procedure is the same for wedge-shaped anmeédtangular waveguides.
The collision detection module has now to take into accolst the z-component of the
electron location and the front walls in the discontintidhe accumulation of the SEEC
coefficient, the rebound speed and direction of the effealectrons, and the statistical ana-
lysis and interpretation of the results work identicallyf@asthe infinite waveguide case (see
Chapter 3.2).

Concerning the optimal launch position of the effectivecelens in the simulation, the
voltage maxima must be first identified. For both the rectéargand the wedge-shaped
waveguide bandpass filters, the electric field has been atediland plotted in Fig. 4.26.
The maxima of the electric field appear in the mid cross-seatiplanes of the two centre
cavities (i.e. the second and the third ones consideringldss conductors). In case of
the wedge-shaped filter, within this plane perpendiculah®propagation direction (e.g.
the centre of the second resonator), the trapped trajedadiyen identified as explained
in Chapter 3.2.4 for single infinite waveguides. For theaegtlar filter, and considering
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Figure 4.26: Magnitude of the electric field and field vectmnghe horizontal plane for the
rectangular (top) and the wedge-shaped waveguide banfipasgbottom). The maximum
values of the fields concentrate in the second and third e#sm

the same cut perpendicular to the propagation directi@agdometrical centre of the cross
section is the ideal launch position.

The probability of generation of secondary electrons isegogd by the characteristic
SEY curve of each wall material, and depends on the kinefidseompact, as explained in
Chapter 3.1.1. The two manufactured filters have silvetembavalls, and their SEEC can be
fitted according to (3.8), but with... = 0.5. The rest of the parameters of this model have
been set as indicated in Table 4.6. The rest of simulatioarpaters are derived in the same
as the ones used in the prediction examples of Chapter 3.

4.3.2 Traditional Multipactor Prediction Tools

For comparison purposes, the input RF power threshold saltithe filters have been also
predicted with a tool based on the traditional paralletglamodel [3, 11, 14], such as the
ECSS Multipactor Tool [51]. The strategy consists of catinlg the voltage values over the
cross section at the centre of the second resonator of theedeee Fig. 4.26). This is done
for the fundamental mode atW and at the centre frequenéys GHz. For the rectangu-

lar waveguide filter, the maximum voltage from this curve sedito derive the RF voltage
multipactor threshold. In the wedge-shaped filter, we cayapur voltage definition along
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Table 4.6: Values of the characteristic SEY parametersilfoars

Parameter Variable Value
Starting SEEC Ostart 0.5
Maximum SEEC normal impagt 6,0, (0) 2.22
Fitting constant r 1.125
Fitting constant S 0.35
Fitting constant ks = kw 1
Reference energy WyleV] 16.3993
Energy awy,..(0) Wiax(0)[eV] | 165
Fitting constant K1 0.56
Fitting constant Ko 0.25

wedge arcs (see (3.41) in Chapter 3.2.4). To analogousiyediére wedge-shaped filter RF
voltage multipactor threshold, the voltage values in theped trajectory region have to be
used as reference. These are not the positions where the isumnvaximum, unlike in the
rectangular case. Although ECSS Multipactor Tool is corextifor parallel-plate geome-
tries, we introduce the voltage values as if it would be fropaeallel-plate geometry with a
gap of the same length as a given trajectory arc. The resultedine integrals are shown
in Fig. 4.27 together with corresponding ones of the reatlargcase. The maximum of the
electric field in the rectangular filter (left-hand side o F4.27) lies exactly in the centre ver-
tical line of this cross section®|(x = 0 mm) = 314.4 V/cm andV (z = 0 mm) = 125.7 V.
The results for the wedge-shaped filter, on the right-hade, shdicate different maximum
positions for the electric field and the voltage, as alreduaseoved in Chapter 3.4.1, which
determines the difference between the multipactor thidshaf both filters. The maximum
electric field is located at = —0.7 mm (closer to the smaller side-wall), whereas the arc
with maximum voltage crosses the x axiszat= 2.8 mm. The values of the maxima are:
|E|(z = —0.7mm) = 284 V/cm andV (z = 2.8 mm) = 124.6 V.

In order to determine which exact voltage value should be frsiethe multipactor pre-
diction when applying traditional tools, the location o&ttrapped trajectory has to be es-
timated (this should correspond with the launch positionhef effective electrons of our
novel multipactor prediction tool). The limits of the tragabtrajectory region for the wedge-
shaped geometry of our filter are: from= —11 mm tox = —0.7 mm (see right-hand
side of Fig. 4.27). Considering that the voltage increas#ls w the electrons for the mul-
tipactor simulation should be optimally launched closehi® arc that crosses theaxis at
x = —0.7 mm. It has to be noted that the voltage inside the wedge-shfdper is slightly
smaller than in the rectangular filter due to the wider baxtwshown by the S-parameters
in Fig. 4.24. This has an effect on the multipactor threshatdexplained in the following
subchapters.

According to the described approach, the matching voltageewvithin the trapped elec-
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in the centre plane of the second cavity of the rectanguét) (hnd of the wedge-shaped
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tron trajectory regions can be extracted (the plot of Fig74ndicated 12 V), and then it can
be introduced in the parallel-plate-based multipactodioteon tool. In the next subchapters,
we verify the quantitative usefulness of this approach thasetraditional prediction tools.

4.4 Measured Multipactor Thresholds

4.4.1 Multipactor Test Report

Once the different prediction tools have been presentat, #itcuracy has to be assessed
by comparing their results with the measured thresholdfi@fréal manufactured filters.
Both filters were measured and tested under the same corgdétial procedures (see details
in [76]) in the Payload Systems Laboratory at ESA-ESTECstFithe device under test
(DUT) was placed in the vacuum chamber, close to a StrontiQrf-8mitting radioactive
source, to ensure sufficient seeding electrons to initiataléipactor breakdown. Two global
(forward/reverse power nulling and 3rd harmonic) and twoaldelectron probe detector and
photo detector) multipactor detection methods were useal [ and Appendix C.2). Then,
the chamber was sealed and pumped for 24 hours for outgassitigreaching a pressure
lower than5 - 10~% mbar. The RF source was configured in pulsed mode, witft auty
cycle and a pulse repetition frequencylokHz. The multipactor test was started with an
input power level oB50 W and the power was then increase@inw steps. The dwell time
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Table 4.7: Multipactor threshold predictions and measar&s)

Filter Thresholds
ECSS MP Tooll| FEST?P | Measured
Rectangular @.5 GHz 447 W 650 W 690 W
Wedge-shaped foil @.45 GHz 558 W 1300 W 850 W

at each power level wal) min. Once multipaction was detected, the power was lowered
back to the previous step. After the discharge has extihgdighe power is risen again, now
in smaller steps of0 W.

All predictions and test measurements have been perforirtbe aentre frequencies of
the filters. In the case of the rectangular filter, this freguyeagrees with thé.5 GHz of
the original design. For the wedge-shaped waveguide, sieciter response is shifted due
to the contact issue already mentioned in Chapter 4.2.3{etfteand the prediction centre
frequency aré).45 GHz. Since the change in the geometry of the filter is minintsipre-
dicted threshold values are almost identical to the hypmthleones of the original design at
9.5 GHz frequency.

4.4.2 Comparison Between Measurements and Predictions

All results are summarised in Table 4.7. The first columnesponds to the “parallel-plate”
model-based predictions, and the second one to the resitsied with our technique (see
Chapter 4.3.1), which has been integrated intoRRS T3 tool. The last column contains
the measurement results.

Regarding the predicted thresholds of ECSS Multipactot, Booinput power ofi47 W
has been obtained for the rectangular filter. In the wedggesth case, the same parallel-
plate technique give§58 W after introducing the trapped trajectory voltage valie=
112V, corresponding ta: = —0.7 mm (see Chapter 4.3.2 and the right-hand side plot of
Fig. 4.27). Introducing the maximum voltage bf= 124.6 V here would result in a lower
power threshold, that would be further apart from the messone. On the other hand, the
rectangular filter predictions with our software indicatineeshold around50 W, which is
very close to the measured threshold6eé W. For the wedge-shaped filter, the threshold
predicted byFEST?P is 1300 W. The difference with regard to the measured valugsofw
is higher than for the rectangular filter case, but this idphdy due to the materials used for
the wedge-shaped case, including the silver plating, winight not be identical to the one
used with the rectangular filter.

Another reason for this discrepancy is the fact that ourwward dimensions and experi-
ment conditions (for both rectangular and wedge-shapexid)iresult in relatively high or-
der multipactor modes, which can affect the accuracy ofithelation model. Nevertheless,
the measurements verify that wedge-shaped bandpass diftersa better multipactor-free
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power range than the rectangular ones, while keeping aasimléctrical response. Hence,
the improvement predicted in Chapter 2 for individual wavdgs can also be translated to
more complex devices. In order to interpret the contribubbthe wedge-shaped geometry
on this achievement correctly, the slightly different bardths between the filters leading
to slightly different voltage values in the cavities, as m@med in Chapter 4.2.4, have to be
considered. The effect of the voltage difference on theipadtor thresholds was quantified
(power factor 0f0.983) to allow a one-to-one comparison of the measured threstuslda-
ble 4.7. Hence, based on the measurements, a final improvémetor between the rectan-
gular and the wedge-shaped filter thresholdf x 0.983/690 = 1.211 = 0.833 dB is ob-
tained, whereas the simulations show a potential improwefaetor of1300 x 0.983 /650 =
1.967 = 2.937 dB.

4.5 Summary

4.5.1 Demonstration of Multipactor Resistance

Conventional bandpass filters are typical passive devigdslyvused at the output (high
power) stage of satellite payloads. In cooperation with EEBVEC, such a filter structure
based on wedge-shaped cavities has been designed and ataradfa This is the first time
that the potential benefit of wedge-shaped waveguides lemsvegified with a real hardware
implementation and test. In this particular case, the westgged multipactor-free power
range was improved fro00 W to 850 W (around0.83 dB after quantifying the bandwidth
difference) with respect to the rectangular waveguide.case

The designed filter structure shows, in addition, that cexphicrowave devices can
be successfully manufactured with wedge-shaped techyologrder to predict the multi-
pactor thresholds for these structures with a certainbiilig specific software tools have
been developed. The measurements indicate a qualitatreeragnt with the simulations,
and serve as a first verification step for the multipactor iptexh algorithm developed for
wedge-shaped waveguides (cf. Chapter 3) and includedmitRS T3P,

4.5.2 Potential Design Improvements

This first experience with wedge-shaped waveguide teclgydias inspired several improve-
ment ideas, with the goal of finding the optimal design sttas well as enhanced electrical
and multipactor performances, and of supporting the sdardature applications:

1. More multipactor threshold measurements are necessargmpletely validate the
accuracy of the wedge-shaped filter structure predictioh to

2. The inclination anglexr = 19° between top and bottom plates improves the multi-
pactor threshold, but it does not seem the optimal one. Aliegito Chapter 3, higher
inclination angles might still enhance the multipactoistsce.
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3. The contact problem in the wedge-shaped filter was causad hneven contact sur-
face (see Chapter 4.2.3). The filters should be manufaciutas symmetrical halves
in order to have a completely flat contact plane. This wouwo aéduce the manufac-
turing complexity and related costs.

4. Out-of-band response degradation: one of the initialgthesriteria of the wedge-
shaped filter was to keep the same input, output and resomat@guide width along
the whole structure, in the same way as done with convertiengngular waveguide
inductive filters. But wedge-shaped waveguides have higinexff frequencies for the
fundamental mode than a rectangular waveguide with the sadie. Consequently,
the difference in\¢ between the rectangular and the wedge-shaped waveguiddslis
the location of the filter response repetitions (see Fig5¥4.2n order to have the
same frequency response as the rectangular filter, botlff eeaeelengths should be
substantially identical. A proposal to achieve this is tigltly modify the wedge-
shape cross-sectional width until the sakges reached.

These “lessons-learned” will help to develop optimal degjgidelines for future multipactor-
free wedge-shaped waveguide microwave devices. In thehagter, we have tried to make
use of them for obtaining an enhanced wedge-shaped wa\efiiteal.






Chapter 5

Optimum Design of Wedge-shaped
Bandpass Filters for Improved
Multipactor Resistance

5.1 Optimisation Studies

5.1.1 New Design Target

The previous chapter has shown a first implementation of aess filter with inclined
top and bottom walls, which shows an improved multipactofggenance with respect to
the equivalent rectangular one. However, a substantiarer@gment of the multipactor be-
haviour can still be achieved by optimising the design pdoice. In order to do so, several
parametric analyses will be performed and modificationdiégnmhanufacturing process will
be proposed.

Another bandpass frequency response has been selectefhenglementing the up-
graded wedge-shaped filter design strategy. It is a thréedpandpass filter centred at
12 GHz (Ku-band) with150 MHz bandwidth. In order to allow more degrees of freedom
in the choice of the wedge-shaped geometry, this time bahebtangular and the wedge-
shaped filters will be designed from scratch. Two copies ohekesign (the first with gold
plating, the second in bare aluminium) will be manufactuse@&SA-ESTEC, The Nether-
lands, having in this way full control of the whole hardwaeydlopment chain. The rectan-
gular waveguide filter to serve as a reference for the coniparstudy will be an equivalent
guasi-inductive filter with the same electrical behaviond & factor as the wedge-shaped
one. The four devices are tested in the Payload Systems &talppiat ESTEC under space
environment conditions, which is useful for increasing tiegturity of this technology for a
potential future application.
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Figure 5.1: Cross-section view of a wedge-shaped (blat#-koe) and a rectangular (red-
dashed line) waveguide with the same area. The region shadgden within the wedge-
shaped geometry contains the multipactor-critical trapgectron trajectories.

5.1.2 Inclination Angle

The selection of the most suitable inclination anglgl{etween the top and the bottom plates
is an essential design criterion for the wedge-shaped. filtee cross sections of a wedge-
shaped waveguide and of its equivalent rectangular waslegue depicted in Fig. 5.1. If the
width aweqgqe IS kept constant and the average height is equal to the grdtamwaveguide
heightb, the sizes of the side-walls directly dependaan

Considering an operating frequencyl@ GHz, a reference rectangular waveguide with
width ¢ = 19.05 mm (WR75) and height = 6.26 mm has been chosen. This particular
height value is equal to the average height of the wedgeeshajveguides applied in the
filter design (described in Chapter 5.2), hence it appeardxta better choice for compa-
rison purposes in terms of multipactor breakdown than thedsird WR75 height. Keeping
the width constant and an equal cross-section area (i.eaviirage height of each wedge-
shaped waveguide fs = 6.26 mm), several waveguide cross sections with a sweep- of
values betweefn® and60° can be conceived, each one with the correspondirig)- and
ho()-values. Note that this is only possible updo~ 35° for the given reference wave-
guide dimensions. A lower boundafy ,,;, > 0.2 mm has been set due to manufacturing
constraints. Once it is reached, highewralues result in average heights larger thhand
consequently larger cross-section areas. Hence, theaticins over35° are not exactly
comparable with the rectangular case, but they are stilidex in the performed analysis.
A sketch with the different cross sections that are consiies presented in Fig. 5.2.

In a first step, for each of the wedge-shaped cross sectiargj@n is identified within
where free electrons can follow a resonant path betweerofhartd bottom inclined walls.
The necessary condition to enable such a resonant patht ihéhaxcited electromagnetic
field generates a Miller force that exactly compensateséh&ifugal effect experienced by
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Figure 5.2: Schematic overview of the cross sections okdifit waveguides covering a
sweep of different inclination angles. The widtR.q,. = a iS kept constant.

the accelerated free electrons (see [46] and Chapter 3 P¥y can be identified as a disk
section close to the centre of the wedge-shaped crossiséstie green highlighted region in
Fig. 5.1). Electrons launched from the top or the bottom swvallthis region are likely to get

trapped in the mentioned resonant trajectories, thus ewgatile possibility of a sustained
electron growth. The most sensitive location for multipaatischarge effects is the part
of the green-highlighted area closer to the broader side-Wwallowing this procedure, the

voltage in the estimated critical radius has been plottatkilue-solid curve) for all wedge-

shaped waveguides considered in this study, as it can bersEen 5.3.

The boundaries of the trapped trajectory region (as inedcaly the green rectangle in
Fig. 5.1) are depicted in Fig. 5.3 as green-dashed curvegresl to the right axis. The
limits are always on the negative side of thaxis, i.e. closer to the narrow side-wall (see
Chapter 3.4). The green-dotted line in Fig. 5.3 presentpdiséion chosen for the calcula-
tion of the voltage, where the maximum multipactor disckasgexpected. The grey-shaded
region shows the-values for which the average height exceeds the valie ©lhe voltage
curve shows a minimum value for ~ 30°, which means that the trapped electrons of this
wedge-shaped waveguide will experience the smallestg®Nkalues of all simulated cases.
Hence, itis expected that the wedge-shaped waveguidehigtintlination angle is the most
resistant to multipactor discharges. Consequently, dmaton of « = 30° has been chosen
for the optimal design of a multipactor resistant wedgepskdavaveguide bandpass filter.

5.1.3 Out-of-band Frequency Response

One of the optimisation goals is to improve the out-of-baesponse of the wedge-shaped
filter, which showed some drawbacks with respect to the ngetiar one in Chapter 4.2.5.
In rectangular waveguides, a typical design criterion aarsminimal losses for a given
operating frequency. This is the case when the rectangrdas section tends to be square,
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Figure 5.3. VWoltage (forl W RF input power) in the critical multipactor radius for all

the wedge-shaped waveguides considered in the inclinanghe sweep: constant width

awedge = @ and, whenever possible, constant cross-section area. efergfe rectangular

waveguide with dimensions = 19.05 mm andb = 6.26 mm has been selected. Operating

frequencyl2 GHz. Green curves are assigned to the right axis and repridmelocation of
the trapped trajectories region.

i.e.b/a — 1 (see Fig.. 2.3). At the same time, it is wished to have a broadamode fre-
guency range. The operating frequency is usually chosghtbliabove the cutoff frequency

of the fundamental mode. The difference between the opgragquency and the one of the
second order mode determines the monomode bandwidth. As ibe seen in Fig. 2.3, for
values oft/a < 0.5, the cutoff frequency of the second order mdde,, keeps a constant
value. Ifb/a > 0.5, the TE,; mode becomes the second order mode, and the monomode
bandwidth systematically decreases with tlie ratio. Therefore, the optimal size ratio is
0.5, since it offers the less possible losses without sacrgiononomode bandwidth.

A similar cutoff frequency analysis can be done for wedgapsld waveguides, as we
did in Chapter 2.2.3. The results are shown in Fig. 5.4 (m&gsolid and orange-dashed
curves) versus the inclination angle, which are very sintdahe ones of the third column
of Table 2.4. As a reference, the(1)..: and fo(2)..; Of the corresponding equivalent
rectangular waveguide were also plotted (brown-dottedgredn-dash-dotted curves).

There are relatively abrupt changes in the slopes of thessulto ~ 30° for fc(2)wedges
a ~ 50° for fo(2)reet @anda = 60° for fo(1)wedqe, CAUSed by changes in the mode order.
For small inclination angleso( < 35°), the wedge-shaped waveguide fundamental mode
has aT'Eq-like electric field pattern, and also simil# values to those of the rectangular
one. For35° < a < 60°, the field patterns have a stronger distortion with respethe
TEo, and the differences betwegn(1)yedge and fc(2)weqqe are gradually reduced to zero.
Within the range ot-values of Fig. 5.4, and especially far < 30°, it can be stated that
the first two propagating modes of the wedge-shaped wavedwde a similar behaviour
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Figure 5.4. Cutoff frequencies of the first two propagatingdes of a wedge-shaped wa-
veguide versus the inclination angle: constant wigih,.. = a and, whenever possible,
constant cross-section area. Values are compared to tlseobiiee reference rectangular
waveguide with dimensions = 19.05 mm andb = 6.26 mm (b remains constant up to
~ 50°).

to the rectangular waveguide ones. However, the wedgesshaytoff frequencyfc(1) is
consistently higher than the rectangular one for the rarigaeterest. This would have a
negative effect on the design of the filter resonators, singleifts the filter repetition band
closer to the pass-band (cf. Chapter 4.2.5).

A solution to avoid this problem is to gradually adapt theueabf the wedge-waveguide
width (i.e. aweage 7# @) in order to obtain arf:(1)-value equal to the one of the reference
rectangular waveguide for each givercase. The average height of the waveguide is still
kept equal to the rectangularThe considered set of cross sections that are considetteid in
analysis was shown for a similar example in the Fig. 3.17 odér 3.4. Considering the
current geometry, the different wedge-shaped geometeaes heen derived and its modal
solutions are summarised in Fig. 5.5. The blue-solid lipeagsents the required variation of
the width with the inclination angle (assigned to the rightid side axis). Its value is always
higher than the width of the rectangular waveguide case ()°), reaching a maximum value
betweer30° and40°. For a constant average height, the fact of modifying thahlwdeans
that the criterion of equal cross-section areas cannotlfibefdl anymore. Nevertheless, to
keep a constant average height or gap has been chosen asshienpartant criterion for
comparison in terms of high-power behaviour. In any case,differences in the cross-
section values keep always small, since the variation in{fig,.-values is less than5%.
For the particular analysis of Fig. 5.5, it must be noted thatmaximum applicable angle is
around37°, since otherwise more than one mode would be able to propag#tte working
frequency ofl2 GHz for the chosen waveguide. However, the reduction of tbeaomode
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Figure 5.5: Cutoff frequencies of the first two propagatingdes of a wedge-shaped wave-
guide inclination angle sweep: constant cutoff frequeficy= 7.869 GHz and, whenever
possible, constant average height. Values are compardtktortes of the reference rec-
tangular waveguide with dimensions= 19.05 mm andb = 6.26 mm. Blue-solid curve
represents the values @feqge.

bandwidth can be acceptable for< 30°.

The analysis of the voltages in the electron trapped trajexst of Chapter 5.1.2 can be
then repeated for the new approach of keeping a congtasince it seems to be more con-
venient for wedge-shaped filters (see Fig. 5.6). Taking atmount that both plots (Fig. 5.3
and Fig. 5.6) are represented with the same axes and s¢aasain difference is that the
voltage curve experiments a deeper minimum here. This istaltiee fact thatuweqdge 1S
gradually increased with, thus enlarging the cross-section area and reducing ttiageol
magnitude for the same normalised input power. The most itapbconclusion is that the
minimum still lies at30°.

Combining the results from this and the previous subchajitean be concluded that
«a = 30° is the most convenient angle for designing a wedge-shapetplaas filter with an
optimal multipactor behaviour, while keeping the ele@tiperformance of the rectangular
reference case.

5.1.4 Manufacturing Enhancements

Several refinements of the manufacturing process are pedgese in order to cope with the
additional complexity of the wedge-shaped topology. Wanesg filters are usually manu-
factured in two halves, which are typically joined togethath screws. The junction plane
is the cut where the internal cavities of the filter make contevhich is essential for the
correct electrical behaviour of the device. The pressua@els the cut where the screws
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Figure 5.6: Voltage (fol W RF input power) in the critical multipactor radius for atlet
wedge-shaped waveguides considered in the inclinatiole amgeep: constarft. and, when-
ever possible, constant average height. A reference mad@nwaveguide with dimensions
a = 19.05 mm andb = 6.26 mm has been selected. Operating frequeritsHz. Green
curves are assigned to the right axis and represent thadoaait the trapped trajectories
region.

that mechanically hold both halves together make contaatedtangular waveguide filters,
it is common that both junction and pressure plane are the sares, so that increasing the
pressure on the screws will directly translate in juncti@ne pressure, avoiding potential
electrical-contact problems. However, when manufactuaizvedge-shaped filter, an impor-
tant aspect is the additional complexity of having non-jp@rgop and bottom walls, which
are also not perpendicular to the vertical side-walls. Tdlateon adopted in Chapter 4.1.2
managed to almost divide by two the manufacturing compfesihce only one of the halves
had to be machined with high accuracy. However, it causethcoproblems that disturbed
the filter frequency response (see Fig. 4.20 in Chaptery fri@e the junction plane was not
the same as the pressure plane of the screws. Therefore ppteddere an approach based
on two completely symmetrical halves, leading to a uniquection- and screw-pressure
plane, namely a horizontal cut trough the middle of the devithis plane is represented by
the z-axis in Fig. 5.1 and is also shown in Fig. 5.7. Although thechiaing process has to
be performed on two pieces, there is no substantial incrieasems of complexity, since
both halves are completely identical.

Another improvement with respect to the approach followedChapter 4.1.2 is that
the four filters, the rectangular and the wedge-shaped glalgd ones and their respective
copies in aluminium, have been manufactured in-house (ESAEC, The Netherlands)
applying a common milling machining process. Hence, theesaraterials have been used,
which ensures a fair comparison procedure. For the wedggestfilter, a relatively coarse
mill with 1.5 mm curvature radius had to be used (instead of a sharp enddoedp the
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Figure 5.7: Wedge-shaped filter halves during the manufiacfyprocess.

non-parallel plates, which generates some rounded coiméhns filter (cf. Fig. 5.7). Since
the drill size was known, this was considered in the finerigmirocedure of the dimensions
before starting the manufacturing process.

From a multipactor test point of view, it has to be ensured tifvere is a sufficient elec-
tron seeding in the inner part of the filter. °ASr 3-emitting radioactive source has been
used for this purpose, which produces two different enstfdSr (half-life of 28 years) and
0y (half-life of just 2 days), with a maximum kinetic energy per electron0df46 MeV
and2.28 MeV, respectively. The maximum penetration depth of’théelectrons in an alu-
minium wall is around5.25 mm. Thus, the external metallic walls of both filter halveséa
to be considerably thinner than this constraint, which &thoat be disregarded when prepar-
ing the manufacturing model, even if this dimension doegeting to the ones defining the
electrical response. For the current design, a thickndas wd1.5 mm has been chosen.

5.2 Second Wedge-shaped Bandpass Design

5.2.1 Structure Characteristics and Requirements

Both filter designs have to meet the same electrical speibifitaof Table 5.1, which are
typical for space applicationd2 GHz centre frequency and0 MHz bandwidth. The input
and output ports are WR75 waveguides, and the order of tleesfitas been fixed to three,
which corresponds to the number of resonators.

They have been designed with the hel@aiST?P [50], which implements the automatic
rectangular filter dimensional synthesis procedure desdrin Chapter 4.1.4. The design of
the wedge-shaped filter is slightly more complex, sincetamtil computations are required
to derive the transfer functions of wedge-to-wedge or weldgectangular waveguide dis-
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Table 5.1: Requirements of the bandpass filters.

Parameter Value
Centre frequency [GHz] 12
Bandwidth [MHz] 150
Order of the filter 3
Return loss 25

Figure 5.8: 3-D views of the quasi-inductive rectanguleft]land the wedge-shaped filters
(right).

continuities. The wedge-shaped filter has been designedviiith an inclination angle of
30° as established in Chapters 5.1.2 and 5.1.3. This inclinasid&ept constant along all
the intermediate stages of the filter, excepting the inpdt@utput waveguides (a drawing
of this filter can be found on the right-hand side of Fig. 5.8he minimum gap has been
fixed to the manufacturing limit, .,;, = 0.2 mm. Larger gaps would result in a RF input
power threshold for multipactor discharges exceeding thasuring range of the available
equipment. The resulting maximum heightfis, ., = 12.323 mm. The width has been
iteratively calculated in order to have the safaevalue as for the WR75 fundamental mode.

The rectangular waveguide filter design is a symmetric sirecoriginally purely induc-
tive (as delivered b¥ EST?P): H-plane topology with constant height. However, the heig
of the intermediate stages of the filter must be decreasede§maonding filter drawing is
shown on the left-hand side of Fig. 5.8) to perfectly mateh@factor of the wedge-shaped
filter (whose simulated value i8140) and to achieve comparable frequency responses. The
reduced height value obtained for this quasi-inductiverfig b,... = 5.05 mm. A compari-
son of their simulated group delay can be seen in Fig. 5.18. factor is directly linked to
the losses in the whole structure, so the rectangular andetge-shaped filter designs have
as well the same insertion losses due to the finite condtictiwithe materials at2 GHz
(0.18 dB for a conductivity value of.1 - 10" S/m). Please note that, due to the Q-factor
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Figure 5.9: 3-D plot of the electric field distribution alotige rectangular (left) and the
non-parallel plate filters (right).
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Figure 5.10: Comparison of the group delays of both designs ¢.1-10” S/m). Simulation
with FEST3P,
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Figure 5.11: Comparative detail of the cross sections ofweeconsidered filter designs.
The mean wedge height is slightly different from the rectdagfilter heighth,.; in order to
match the Q factors.

Table 5.2: Dimensions of the rectangular waveguide barsdfites.

WG a[mm]| b[mm] | |[mm]
Input 19.05 | 9.525 10
Iris 1 9.744 | 5.05 3
Cavity 1| 19.05 | 5.05 | 13.275
Iris 2 6.151 | 5.05 3
Cavity2| 19.05 | 5.05 | 15.062

optimisation, the reduced height of the rectangular fikeslightly smaller than the average
height of the wedge-shaped filtét{; = 5.05mm < "2‘“7;’”‘“ = 6.26mm). This ensures
a fairer comparison between the rectangular and wedgeedtgiers than the one developed
in Chapter 4.

A comparison of the cross sections of both filter designs jsatied in Fig. 5.11, and all
dimensions are listed in Tables 5.2 and 5.3. Both filter desiigave horizontal symmetry, and
are also symmetric with respect to a plane perpendiculdreptopagation energy direction
and placed at equal distance from the input and output pBtighermore, the rectangular
waveguide filter design also has also vertical symmetry Esge5.11).

Fig. 5.12 and Fig. 5.13 show the Autocad drawings of bothr§ijtancluding all dimen-
sions of the different inner cavities.
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Table 5.3: Dimensions of the wedge-shaped waveguide baaditter.
WG a [mm] b [mm] [ [mm]
Input 19.05 9.525 10
hy hy
Iris1 | 10.279| 9.016 | 3.507 3
Cavity 1| 22.622| 12.323| 0.2 | 13.99
Iris 2 6.766 | 8.074 | 4.449 3
Cavity 2| 22.622| 12.323| 0.2 | 15.515
Transéectional View (Upper)
| 13.275 <l ;3.27§
= T I l 8
o |y | 1= | — T
3 3 3 3
< — = <
<l 2 L N
a ) 0 as
Front View 5 Side View
1905 , & 53612
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Figure 5.12: Autocad model of the rectangular bandpass dilieensions.
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Figure 5.14: Comparison between the simulated S-parametdyoth filters (perfect con-
ductor). Simulations have been performed VHIAST?P.

Additionally, and with the help oFEST®P, a tolerance analysis was performed before
proceeding with the filters’ manufacturing process. Forradkpole bandpass filter with
the required characteristics of this design, a valu8.6fum comes out as the dimension
tolerance requested to guarantee aradxindB of return loss, whild2.325 um is required to
achieve20 dB return loss. Hence, a tolerance valué©f:m was fixed for the manufacturing
procedures. In the first pair of filters, a gold layer of arouigim thickness is applied to the
hardware in order to ensure an almost lossless behavionedttucture. This0 um have
to be deducted from the designed dimensions of the cavitiégises before manufacturing.
The filter halves of the second pair are just of bare alumirameshdo not require any special
plating.

5.2.2 Simulation Results

The simulation results of both designs provide a very goottimaith the specifications.
Fig. 5.14 also indicates an almost perfect agreement batthesS-parameter curves of both
filter designs. Note that this simulation has been perforassiliming perfect conductivity
of the involved metals.

5.2.3 Manufactured Hardware

The filters have been manufactured with a milling machinehoein ESA-ESTEC. In fact,

two identical copies of each filter have been done, with tfferdince that a gold layer has
been applied to one pair, and the other one has been left aithdduminium as inner struc-
ture surfaces. Since the hardware was built in-house, thiewas moderate, which allowed
the duplication of the hardware devices in order to test théipactor performance under
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Figure 5.15: Milling process of the two halves of the goldtpt rectangular waveguide
filter. Milling tool (0.5 mm radius of curvature) is also shown in this photo.

different materials. A mill with a sharp peaB.{ mm radius of curvature) was used to manu-
facture the rectangular filters. However, the complexitthefwedge-shaped filters required
a special configuration of the machine, only allowing a lealtt mill of 1.5 mm radius of cur-
vature. Such rounded corners would perturb the electrexbpmance of the device. Hence,
an additional optimisation step of the filter dimensions wexguired, which was originally
not foreseen. The dimensions of the wedge-shaped filteepies in Chapter 5.2.1 already
account for this re-adjustment.

Fig. 5.15 and Fig. 5.16 show photos of the manufactured haehwalves, in the rec-
tangular case for the gold-plated version, and in the westhggyed case for the aluminium
version. The edges of the resonators in Fig. 5.16 clearlyvghe rounded corners pro-
duced by the ball-end mill. The finer mill used for the rectalag waveguides of the filters
(the whole rectangular filter and the input and output waidggiof the wedge-shaped one)
has left small traces on the metallic walls. The illuminatio the photos of Fig. 5.15 and
Fig. 5.16 exaggerates the depth of these traces, sincedtigeréhese are flat surfaces.

After manufacturing the filters in the ESTEC workshop, thegrevcleaned in an ultra-
sonic iso-propanol bath during 15 minutes to remove residédechloroform cleaning was
exclusively applied to the aluminium filters. The filters wéhen transported to the labora-
tory wrapped in lint free tissues and stored in the clean rdaside the nitrogen cabinets,
until the tests took place.
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Figure 5.16: Milling process of the two halves of the alummiwedge-shaped waveguide
filter. Inner cavities have been carved with a milling toottwi.5 mm radius of curvature.

5.3 Electrical Performance

5.3.1 Narrow-band Comparison

The gold-plated manufactured filter pair is shown in Fig.75ahd its scattering parameters
were measured with a network analyser in the ESA-ESTEC Bdy#ystems laboratory. In
Fig. 5.18 and Fig. 5.19, the measured frequency responsies gbld-plated rectangular and
the wedge-shaped filter, respectively, are compared witledinresponding simulations.

The rectangular waveguide filter fulfils almost perfectlg #pecifications (Table 5.1),
just confirming the accuracy of the design process. In theyersthaped waveguide case, the
measured frequency response is slightly shifted{ MHz) towards lower frequencies with
respect to the simulated data, probably due to the loweracgwf the manufacturing pro-
cess. However, the bandwidth and return losses are acgaalihe expected performance,
also considering the tolerance analysis described in @n&pik.

5.3.2 Wide-band Comparison

The S-parameters of the gold-plated pair have also beenumeghsver a wide frequency
range. The objective was to verify whether the out-of-baedqgmances of both the rec-
tangular and the wedge-shaped filters were similar, unhkedesigns of Chapter 4. The
curves are compared in Fig. 5.20, and it can be seen that bothf-dhand behaviours match
quite well, having a repetition of the pass-band @t GHz and19.5 GHz (the simulated

repetition was around9.3 GHz). This result successfully verifies the approach presken
in Chapter 5.1.3. There is a first resonance appearing.atGHz in the wedge-shaped fil-
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Figure 5.17: Photo of the two manufactured gold-platedr§iltevedge-shaped filter (left)
and quasi-inductive rectangular filter (right), both witham of the front view.
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Figure 5.18: Comparison between the simulated and meaSipadameters of the gold-
plated rectangular filter.
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Figure 5.19: Comparison between the simulated and meaStpatameters of the gold-
plated wedge-shaped filter.

ter curve, which is related with the higher-order modes gprd at these frequencies (cf.
Fig. 5.5). In a wedge-shaped waveguide with= 30°, the second- and third-order modes
have a lower cutoff frequency than in the rectangular cab&wmay cause a kind of dual-

mode resonance.

Another advantage of the approach described in Chapted i.1hat both filter designs
have a very similar total length of aroufid mm.

5.4 Multipactor Performance

5.4.1 Multipactor Predictions

The two filter pairs, hence two gold-plated and two aluminidewices, were tested in the
Payload Systems Laboratory at ESA-ESTEC. In this way, tleiracy of the prediction
tools could be verified under different metallic surfaceditions. Apart fromFEST3P, the
ECSS Multipactor Tool [51] was also used for calculatinge#irold values in the different
cases. Proceeding in this way, the relative predictionracoes can be compared.

The form of the SEY function follows (3.8), as proposed in][64 he characteristic
parameter values applied for the prediction simulationetzeen listed in Table 5.4. The
obtained threshold values with our software (in the framvéwaf FEST3P environment)
for the aluminium pair are900 W for the rectangular waveguide filter aBto0 W for the
wedge-shaped one. The threshold of the gold-plated realangaveguide filter i500 W.

No threshold was detected up@® kW for the gold-plated wedge-shaped filter. All these
values have been obtained aftér impacts of each effective electron against the metallic
walls.

As an additional reference, the multipactor predictiongehlaeen also performed with
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Figure 5.20: Measured out-of-band frequency responsdseojald-plated quasi-inductive
and the wedge-shaped filters.

Table 5.4: Values of the characteristic SEY parametersdtat gnd aluminium.

Parameter Variable | Gold | Aluminium
Starting SEEC Ostart 0.5
Maximum SEEC normal impagt d,,.(0) 2 \ 2.98
Fitting constant r 1.125
Fitting constant s 0.35
Fitting constant ks = kw 1
First crossover energy WileV] | 30 23.3
Energy awy,..(0) Winax(0) | 165 150
Fitting constant K1 0.56
Fitting constant Ko 0.25
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the ECSS Multipactor Tool [51]. The same strategy used inp@hal.3.2 was applied here.
The voltage is calculated in the most likely trapped tragegtin this case in the second re-
sonator, which is the central one. Then, this value is agpbehe parallel-plate multipactor
prediction model [3,11, 14], as if it would be a rectanguldefi The conventional approach
is adopted when calculating the voltages and thresholdseaiectangular waveguide filters.

For aluminium, the predicted thresholds as80 W for the rectangular filter andd0 W
for the wedge-shaped one. The predictions for the goldeglaair are:1300 W for the
rectangular filter and600 W for the wedge-shaped one. It has to be noted that the picsct
for the wedge-shaped filters with the ECSS Multipactor Toelraere approximations, since
a wedge has been artificially assumed as a “parallel-plaefrgtry. The gap distance has
been set equal to the section length of the critical radiestified in Chapter 5.1.2, which in
this case is around 6 mm.

5.4.2 Multipactor Test Campaign Results

The test-bed configured for the four experiments (2 filtereet 2 metallic surfaces) is si-
milar to the one described in Chapter 4 and in Appendix C.Laba frequency ot2 GHz

(in the wedge-shaped casd,. 965 GHz accounting for the slight frequency shift observed
in Fig.5.19). In each case, the procedure started by plabmd@®UT in the vacuum cham-
ber, close to the radioactive source, to ensure sufficieadisg electrons to initiate a mul-
tipactor breakdown. Four multipactor detection methodsewesed in each experiment:
forward/reverse power nulling and third-harmonic detatts global methods, and electron
generation and photon emission as local procedures (seenflppC.2 and [3]). Then, the
chamber was sealed and pumped for outgassing during 24, hmiilsreaching a pressure
< 1-1077" mbar at ambient temperature. The RF source was configuredisegmode,
with a 2% duty cycle and a pulse repetition frequencyldfHz; the maximum achievable
RF input power wa$.5 kW. The multipactor test was started with an input power lleve
500 W and the power was then increase@inW steps. The dwell time at each power level
was10 min. Once multipactor was detected, the power steps wereegedto10 W.

All results are summarised in Table 5.5. The first columnesponds to the predictions
with the ECSS Multipactor Tool, and the second one to theltesbtained withFEST3P,
as already presented in Chapter 5.4.1. The last column & Bab offers the experimental
results. Fig. 5.21 and Fig. 5.22 serve as an example of teesshots of the network analyser
indicating a discharge event.

5.4.3 Evaluation of Results

An excellent agreement is obtained for the rectangularfilireshold values betwe®fS T3P
and the measurements (for both metallic wall materials)tipactor discharges occurred at
1400 W with gold and at50 W with aluminium. This means that our tool offered a better
prediction with respect to the ECSS one, especially for theeium filter.

When considering the gold plated wedge-shaped filter,@sterg consequences can be
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Table 5.5: Multipactor (MP) threshold predictions and measents at2 GHz (measure-
ment limit6.5 KW).

Filter Thresholds
ECSS MP Tooll FEST?® | Measured
Rectangular (gold) 1300 W 1500 W 1400 W
Rectangular (aluminium) 580 W 900 W 950 W
Wedge-shaped (gold) 1600 W no detection| no detection

Wedge-shaped (aluminium) 700 W 3000 W 1800 W
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Figure 5.21: Screenshot of the network analyser of themgtlietection chain when indicat-
ing a multipactor discharge in the rectangular waveguiderfil
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Figure 5.22: Screenshot of the network analyser of the haicaaletection chain when
indicating a multipactor discharge in the wedge-shapedgaide filter.
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extracted. Although the ECSS prediction suggests a thigshatie of1600 W, no sustained
electron resonance could be detected HEEST3P: in no case the electron growth was
sufficient to trigger the simulation threshold for multiparcdetermination. In fact, the mea-
surements verified this last prediction, since no dischaoygd be detected for the whole
available test-bed power range. In the same wedge-shapediit with aluminium walls
instead of gold plating, discharges were measured, narhéBoa W input power. The ap-
proximation obtained with the ECSS Multipactor Tool is vegnservative. The predicted
threshold of*EST?P is 3000 W, closer to the measurementi&00 W, but still relatively far
away from the measurement.

The simulations show that the accumulated SEEC values ohaes electrons in wedge-
shaped waveguides are more unstable than for the rectamgsie. In fact, when reducing
the number of impacts of each effective electron, e.g. daw20t while keeping the total
number of launched electrons, the predicted thresholdedses t@500 W, whereas in the
rectangular filter the threshold value is less sensitivehtorhaximum number of impacts
of each electron. Additionally, the high multipactor orakre to the large gap [23] can
explain this discrepancy with the measurements. It shoaild$o noted that, recently, a new
multipactor mode has been discovered [77], which extendgdbion of parameter space
for multipactor growth, and whose consideration might ioyerthe multipactor prediction
accuracy.

Finally, the excellent multipactor performance of the wedfape filter with respect to
the rectangular filter is remarkable. In the case of alunmmitinere is an increase of around
3 dB in the threshold, beating the results of the first wedggpset filter attempt in Chapter 4,
and confirming the success of the design upgrades. Withgatdig, multipactor has even
been completely suppressed in the wedge-shaped filternatitiei available experimental
capabilities, as it is correctly predicted by our softwarel t

5.5 Guidelines for Optimal Design

Having successfully verified the proposed wedge-shapeddaess filter improvements (see
Chapter 4.5), a set of steps can be recommended for desigmidge-shaped waveguide
filters with optimal resistance to the multipactor effect:

1. Determination of the dimensions of a rectangular wawbgappropriate to the appli-
cation, according to the operating frequency and transfectfon requirements.

2. Choice of the inclination angle. The optimum value i80°, but lowera-values are
possible if other constraints are present. Fig. 5.3 sugdkat30° also sets the upper
limit for the improvement.

3. Choice of the minimum heightt, ,,;, of the smallest side-wall, in order to obtain the
desired Q factor without exceeding the manufacturing &olees.
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4. Derivation of the wedge-shaped resonator waveguidehwigt,.., such that thef
value is equal to the one of the equivalent rectangular wadeg This value is slightly
larger than the reference ome In this way, an appropriate out-of-band frequency
response is ensured.

5. Derivation of the filter dimensions based on the speciioatby means of a synthesis
method.

6. Calculation of the theoretical trapped-trajectory eag proposed in Chapter 5.1.2.

7. Multipactor prediction analysis at radii close to thispion in the centre of the inner
resonator of the device, which will provide the power andieajent voltage multi-
pactor thresholds. Alternatively, when a susceptibilitgmsuch as the one in Chap-
ter 3.5 is available for the given material properties, aprapimated estimation of
the power and voltage thresholds can be read from it, affellyeyy suitable voltage
magnification factors.

The multipactor threshold measurements of the wedge-shfdfer have demonstrated
an improvement of dB with respect to the quasi-inductive rectangular one afitiminium,
and the complete suppression of this effect in the goldedladse. The trade-off is obviously
related to a slightly higher design complexity, as it becermbvious from the present and
previous chapters. Including the results of Chapter 4theladvantage of the novel topology
has been verified in filters with metallic walls of three diéfat materials: gold, silver and
aluminium.

The FEST?P multipactor prediction tool is not extremely accurate fog tvedge-shaped
filter cases, as it was justified in the previous subchapteritlis still valuable to have an
approximated indication of the multipactor threshold. Bitheless, the basis is set for the
development of microwave devices that include this kind eflged waveguide topology in
critical gaps to avoid the multipactor breakdown, or shifoihigher power levels.






Chapter 6

Conclusiones y Perspectivas

Durante las Ultimas décadas, la era de las telecomunitagiha supuesto toda una revolu-
cion en la sociedad, fomentando la comunicacion entreleblos y facilitando el acceso
practicamente universal a vastas fuentes de informgoo@mocimiento. Aplicaciones como
la telefonia movil, los receptores de sefales de pasaioento o el acceso a internet se
han convertido en realidades cotidianas indispensahlesdo hace cincuenta afos eran a
lo sumo quimeras de la ciencia ficcibn. Preocupacionesatgsbcomo la meteorologia y
el cambio climatico, la seguridad internacional y la peedin y prevencion de catastrofes
naturales, han sido igualmente un motor de las telecomtinives via satélite. Esta rapida
evolucion ha sido posible gracias a los esfuerzos realzad el desarrollo e innovacion de
las tecnologias de telecomunicaciones, y en particulaudeaplicaciones espaciales. Con
respecto a los dispositivos de microondas embarcados elitesgteste progreso conlleva
un aumento constante de los requerimientos de resolucémclo de banda, lo cual se
puede traducir en la exploracion de bandas a mayores frei@sey en un aumento de las
potencias de trabajo para compensar las mayores pérdigasphgacion. Ademas de a los
instrumentos de teledeteccion, como radares de apentiigdica, altimetros o radiometros,
esto también afecta a los subsistemas de radiofrecuesticadios a la transmision de datos
de telemetria, seguimiento y control, y a los transpondedde retransmision de sefiales de
telecomunicaciones.

El aumento de las potencias de trabajo debe ser compatiblia coinimizacion de los
riesgos y costes de los proyectos de satélites, como senfentado en el Capitulo 1. Uno
de los factores limitantes para las potencias de trabajosgogltivos de microondas en
el espacio, habiendo incluso inutilizado los instrumemo<iertas misiones, es el efecto
multipactor. Por esta razon, cualquier avance en este@anymne un beneficio inmediato
para la industria. El escenario ideal seria la eliminacdompleta del efecto multipactor,
y con €l de la necesidad de costosas campafas de test pactaalos dispositivos para
Su uso en Orbita. En la practica, se persigue el trasladosdembrales de multipactor a
potencias mas elevadas, para asi ampliar las prestaaehdispositivo y para, en la medida
de lo posible, reducir la complejidad y nUmero de tests kzera

Esta tesis ha intentado aportar su contribucion en la seoluclel efecto multipactor al
proponer una nueva geometria en guia de onda con unaggadeis singulares: la guia en
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forma de cuia. Las caracteristicas de esta estructuemnssmparado con las de geometrias
tradicionales como las guias rectangulares. La ventajaipal es su mayor resistencia al
efecto multipactor, ya que la orientacion del campo eléztlel modo fundamental presenta
una trayectoria curvilinea dependiente del angulo diniacion. Esto dificulta la formacion
de las tipicas trayectorias resonantes que pueden llever avalancha de electrones. Hemos
podido comprobar que estas trayectorias también existdaseguias en forma de cufia,
pero estan situadas en regiones de la seccion recta déadagu voltajes mas reducidos
gue en el caso de una guia rectangular con la misma poteeatmtdada. En cuanto a
las dimensiones, el maximo angulo aplicable a las cuigpentle de las dimensiones de
la guia rectangular equivalente. Rectangulos con @tas anchura/altura tipicas.§ of
ligeramente inferiores) pueden ser sustituidos sin proasepor cufias con las inclinaciones
adecuadas (d& a 35°) para mejorar el multipactor. La topologia en cuia es rfavdya
que es posible introducirla Gnicamente en lugares coredd una estructura mas o menos
compleja (filtros, transformadores, multiplexores), doed presuma pueda existir un mayor
riesgo de descarga. Utilizar esta geometria es compatileualquier otra de las técnicas
del estado-del-arte para eliminar el efecto multipacter (vapitulo 1.1), como por ejemplo
el recubrimiento de las superficies metalicas con pelgptotectoras especiales.

El primer paso de la investigacion ha sido el desarrollo ke erramienta basada en
el método BI-RME para el calculo de los campos electroratigos en la guia en forma de
cufa. Para ello se ha presentado la formulacion basads enddos normalizados de una
guia de onda rectangular de referencia (recordar el @agty el Anexo A). Las primeras
experiencias de simulacion han permitido identificartoiproblemas numéricos, que se
han solventado eligiendo una dimension apropiada de lias gectangulares de referencia.
Los resultados han demostrado una suficiente precisioh @loeillo de los campos de la
guia en forma de cufia, manteniendo una alta eficienciao Dad el calculo del campo se
realiza de forma iterativa en diversos bucles y herramsesiaha impuesto la estrategia de
pre-calcular los campos normalizados (independientesahepo y la potencia de entrada)
en una rejilla cubriendo la seccion recta de la guia. Ungutoniento de interpolacion y des-
normalizacion permite recuperar los campos de manerargaediata en cualquier lugar e
instante y a la potencia deseada conforme los bucles devogaslores los necesitan.

Aqui, como en los demas problemas especificos afrontittasite la tesis, se han bus-
cado soluciones a medida con alta precision y eficiencia.alganas ocasiones, se han
empleado métodos conocidos de la literatura, adaptadasnp@stro problema particular.
En otros casos, al carecer de referencias, se han des@oroliavos algoritmos. Por Gltimo,
ha sido necesario programar algunas nuevas herramientasatisis, aun existiendo her-
ramientas comerciales con la capacidad de realizar cal@iinilares. La justificacion es
que, habitualmente, las herramientas comerciales tiengmaposito generalista y ofrecen
una gran flexibilidad. Esto supone como contrapartida qeédaencia suele ser suboptima
para estructuras concretas, lo cual puede dificultar emoente analisis paramétricos como
los que ha requerido esta invesigacion. La utilizacibheleamientas propias muy especia-
lizadas y eficientes, como la implementada para el andksies campos en guias en forma
de cuiia y el método de interpolacion ya citados, han sidispensables para el progreso y
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culminacion exitosa del trabajo de esta tesis doctoral.

El nGcleo del analisis tebrico es la herramienta paraddipcion del efecto multipactor,
tanto en guias de onda en forma de cufia como en rectargyydegsentada en el Capitulo 3.
Esta combina un método numérico para el seguimiento deléotrones en un entorno con
condiciones de vacio y bajo la influencia de un campo elewgmético, con un estudio es-
tadistico de la poblacion de electrones para detectardegos de descarga de multipactor.
Como nuevas aportaciones se pueden destacar la verificdeifa existencia de trayecto-
rias resonantes en guias en forma de cufa, la identiicait®” las posiciones optimas de
lanzamiento de los electrones en las simulaciones, lo cymne un considerable ahorro
computacional, y el estudio paramétrico del comportatoienultipactor de este tipo de
guias. Aunque la herramienta ha sido programada paraialateconductores ideales sin
pérdidas 6hmicas, las formulaciones necesarias pagadatia a metales con conductividad
finita se han incluido en el Apéndice B. También se han éstado los limites practicos del
angulo de inclinacion de las paredes superior e infeggmrencima de los cuales la estructura
perderia sus propiedades beneficiosas. La herramieniddwedidada con referencias de la
literatura y se han podido confirmar te6ricamente las €apieas sobre la nueva topologia
de guia de onda. Por primera vez, se han generado mapasdgptguibdad de multipactor
para este tipo de guias (en la linea de las ya existentaspaaso de placas paralelas), lo
cual es una importante aportacion para facilitar su disefi

El siguiente paso ha sido la implementacion de la estracturforma de cufia en un
dispositivo de microondas complejo, como es un filtro paaodia centrado eén5 GHz y con
un ancho de banda de0 MHz. Una vez realizado el disefio, basado en un filtro egeintal
disponible en guia rectangular, se ha procedido a la ewmwtn y test de la estructura en
el laboratorio, tal y como se describe en el Capitulo 4 y ecdorinacion adicional en el
Anexo C. Ha sido la primera vez que se construye un filtro eractriclinacion del9°) y
que se comprueba en el laboratorio la mejora, aunque leva,enbral de multipactor de
este tipo de topologias con respecto a un filtro equivaletiangular. Conviene destacar
también la validacion del proceso de disefio del filtrapddo con respecto a la sintesis del
caso rectangular, al conseguir una respuesta en frecugrmide con los requerimientos.
La herramienta de prediccion del efecto multipactor sextenelido para aceptar estructuras
con discontinuidades y no s6lo guias infinitas, y los tesldls se han comparado con las
medidas. Se ha comprobado que las predicciones son masagrgae las realizadas con
herramientas basadas en el modelo de placas paralelasni&angs, las discrepancias entre
medidas y predicciobn son mayores en el filtro en cuiia quérestangular. Se han advertido
aspectos con margen de mejora, como la potencia umbral otpubéa tenido un moderado
aumento del dB con respecto a la del filtro rectangular, asi como la resaufuera de
banda y el método de construccion del filtro. Estos degeetola construccion han causado
fallos de contacto entre las piezas que forman la estrudtaraorreccion de este problema
mediante la introduccion de laminas de indio en las jufitas Capitulo 4.2.3) ha supuesto
un desplazamiento en frecuenci@ MHz) y un ligero ensanchamiento de la banda de paso
del filtro (15 MHz). En todo caso, la relevancia de este experimento hétadsda solicitud
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de una patente europea (ver Capitulo E.2 y [41]).

Con la experiencia adquirida en el primer experimento, s#igefiado un segundo filtro
paso-banda en cufla, asi como su equivalente en guiagaldg centrados et2 GHz y
con un ancho de banda dé0 MHz. Para mejorar las prestaciones del filtro con respecto
al presentado en el Capitulo 4, se han intentado optimizargibs criterios de disefo, tal y
como se describe en el Capitulo 5. Un analisis modal dettaatgra en cuiia ha sugerido
la posibilidad de aumentar la anchura de los resonadorasopéener la misma frecuencia
de corte que la del filtro rectangular. Esto ha implicado aesigualar las respuestas fuera
de banda. El filtro se ha construido con la inclinacionrdgtentre la placas superior e in-
ferior en términos de resistencia al efecto multipac36ér), En el proceso de construccion
se han evitado los problemas mecanicos del intento préhodas estas mejoras han sido
verificadas con éxito en el laboratorio. La respuesta esuéecia cumple los requisitos de
disefio, a excepcion de un leve desplazamiento en la fne@ueentral §5 MHz). Los tests
de multipactor han indicado una considerable mejora en bralnde potencia con respecto
a su equivalente rectangular (al mersodB), verificada también por los resultados de la
herramienta de prediccion. La precision en la preditciél umbral del filtro en cuia sigue
sin ser ideal en su comparacion con las medidas, pero seleomsuficiente para nuestros
propositos. El excelente comportamiento respecto alipagitor compensa la mayor com-
plejidad y los costes de disefio y fabricacion. Como oai€idh para disefios futuros, se han
compilado una serie de reglas de disefio para este tipords fikdemas, se ha desarrollado
una formulacion especifica para guias en cuila que edlsipérdidas 6hmicas debidas a la
conductividad finita de las paredes metalicas de la g@iaAxmexo B). Todo esto debe faci-
litar la eventual implementacion de la tecnologia en @#pvos operacionales de las cargas
Utiles a embarcar en satélites.

Las conclusiones expuestas demuestran que se han cungdidbjetivos de la inves-
tigacion definidos en el Capitulo 1.2. Se ha estudiadodadiegia y se han sentado las
bases para su aplicacion en dispositivos espacialegzadiilo la clasificacion de madurez
tecnologica definida por la NASA/ESA (ver Fig. 6.1), se paegignar a los dispositivos
de microondas con topologia en cufia el nivel TRL 5 (“Congmdrand/or breadboard vali-
dation in relevant environment”). Se cumplen las condiegrequeridas por este nivel, ya
que varios prototipos han sido construidos y se han testgadblaboratorio en condiciones
de vacio y alta radiacion (entorno espacial relevantgs tecnologias en TRL 5 pueden
ser ya consideradas en la planificacion de misiones futirasante los primeros ciclos de
preparacion de la mision se suele invertir una parte dedyguesto en que todas las tec-
nologias alcancen la madurez suficiente (TRL 8) para paitermsbarcadas en el satélite.

Los satélites para observacion de la tierra con instraoseBAR son candidatos propi-
cios para implementar las guias en cuiia. En la actualid&B5A esta promoviendo nuevos
desarrollos para permitir en el futuro el lanzamiento derimsentos SAR en banda Ka
(=~ 30 GHz), muy por encima de las Gltimas generaciones, cergraddanda L (ALOS-
PalSAR), C (Envisat, RadarSat-1,2, Sentinel-1) y X (TeNRSX, TanDEM-X, Cosmo-
SkyMed). A30 GHz, las guias de onda tipicas son aproximadamente 3 wexepequenas
que las vistas en banda X en los Capitulos 4 y 5. Las pérdidgsopagacion son pro-
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Figure 6.1: Clasificacion de niveles de madurez tecnokbgi Technology Readiness
Level (TRL). Aplicado por NASA y ESA a todo tipo de tecnolagiespaciales. Source:
https://telecom.esa.int/telecom/media/document/TiRandbook.pdf .

porcionales al cuadrado de la frecuencia, por lo tanto 9svegperiores a las de banda X
para la misma distancia, lo que impondria mayores requemios de potencia al sistema
para mantener la relacion sefal a ruido. Una configunaiifiica del instrumento seria la

utilizacion de reflectores parabolicos alimentados poaway de bocinas para transmitir los
pulsos radar en la direcciobn deseada. Las sefales efegjngticas, a una potencia relati-
vamente elevada, suelen entrar en la bocina a través dautmdeondas, la cual se podria
substituir por una geometria en cufia para aumentar lagatde trabajo o reducir el riesgo

de multipactor. Por otra parte, ese mismo satélite puets fédtros paso-banda como los

analizados en esta tesis en el subsistema de transmisifatatede telemetria, o en el enlace
de descarga de datos a tierra. La demanda de mayores freugmmotencias de trabajo

también existe en estos subsistemas, como demuestrasfueszos de la ESA por reservar
nuevas cuotas del espectro en banda X y Ka para este pmpéasindo tradicionalmente

se utilizaban las bandas S y X. Esto implicaria un mayogadete multipactor, que nuestra
topologia podria subsanar.

En consecuencia, existe una creciente demanda de sols@bmeoblema del efecto
multipactor en la industria espacial. La guia de onda emdaie cuia ha sido patentada por
la ESA [41] y se han publicado diversos articulos demodtiau potencial [44,47,76, 78]
y despertando el interés de la industria. Ahora, las petsjas de esta tecnologia quedan
en manos de la comunidad espacial. Esta decisibn no estdaede riesgos, ya que to-
davia es necesaria una Ultima inversion para alcanzar 8'R poder embarcarse en una
verdadera mision operacional. No debemos olvidar tampgaeda industria espacial es re-
lativamente conservadora. Es reacia al cambio si no ve w@uwh necesidad o una clara
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ventaja econdmica, como seria un ahorro en los costeslidaaian de dispositivos en el
laboratorio. En consecuencia, no cabe esperar una imptaai@m a corto plazo, especial-
mente en tiempos de una crisis tan profunda como la actualep& Sin embargo, el hor-
izonte puede todavia cambiar cuando las misiones SAR eteldéa descritas previamente
alcancen cierta madurez, y este reto técnico tome una npaigoidad en las estrategias de
innovacion. Otra oportunidad puede surgir de la demangeees emergentes en el ambito
econbmico y espacial, como Brasil, India, Corea o China.

Este documento culmina con los Anexos D y E. En el primeronktentado describir
mi perfil profesional y académico. El segundo contiene wmagilacion de contribuciones
cientificas relacionadas con el trabajo de investigadeéasta tesis, que a su vez pueden ser
de utilidad para posibles desarrollos futuros.



Appendix A

Formulation of the Electromagnetic
Fields of Rectangular Waveguides

A.1 Fields and Power

The formulation of the electromagnetic (EM) fields of regfalar waveguides used through-
out this PhD thesis work is defined here. Proposed by [79Maflal solutions are expressed
as power-normalised EM field vectors. The modes can be fiabgn TE- (transverse elec-
tric) and TM- (transverse magnetic) modes, and each oneamacterised by the pair of
indices (n,n). The normalisation fulfils the following unitary and ortanality conditions
between the different non-degenerate modes:

S T hds s At 1=
//(elxhj) ndS—ém—{O L (A.1)
S

being ¢ andﬁ) the normalised electric and magnetic field vectors, regpygt i and j
arbitrary indices for the different possible modgghe transversal cross-section area of the
rectangular waveguide, as shown in Fig. A.1, @nthe unitary vector in the propagation
direction ¢ in Fig. A.1).

If needed, the actual amplitude values of the EM fieIEZsa(ndﬁ ) can be obtained by
applying a transmitted power-dependent factg) fo the normalised fields, as it will be ex-
plained in Appendix A.3 (e.gE, = K - e,). This can considerably save computation time in
routines that have to iteratively calculate the field valaiedifferent time instants and input-
power values. The normalised functions also serve as hastsidns for the determination
of the EM fields in wedge-shaped waveguides by means of tHeNBE method [56].

Please note that several assumptions have been made hmesharmonic excitation
functions, propagation in thedirection and lossless conductors. Considerations abssis
due to the finite conductivity of the metals are reported ipé&pdix B. Other useful EM-field
related magnitudes used throughout this work are alsodedun this appendix.

Usually, the electromagnetic sources follow a sinusoigaétregime. This gives the
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Figure A.1: Cross section of a rectangular waveguide witlhtvi, heightb and infinite in
thez (propagation) direction. The origin of the Cartesian cauate system has been placed
at the geometric centre of the cross-section surface.

following phasorial notation for the electric fields:

E(m, y,z,t) =R [Bcnv(x, Y, z)ej“’t (A.2)

=2 . e :
E being the instantaneous electric field vector= 27 f the angular frequency,the time,
and¥t is the real part operator. Thedependency of the complex envelope of the electric

field (ﬁenv(x, y, z)) is related to the complex propagation exponential. Asagmilossless
medium, this can be expressed as:

Benv(x7 Y, Z) = 3(13 y)e—jﬁz (A3)

B = \/k?* — k% being the propagation constait,= £ the wavenumber in free space,
the speed of light in vacuum artd: =  /kZ + k7 the cutoff wavenumber of the rectangular
waveguide shown in Fig. A.1. The c